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Abstract. The members of the Rho family of small
GTPases are involved in an array of cellular processes,
including regulation of the actin cytoskeleton, cell
polarity, microtubule dynamics, membrane transport,
and transcription factor activity. Recent findings have

implicated the Rho-proteins as key regulators of
angiogenesis, modulating a diversity of cellular proc-
esses, including vascular permeability, extracellular
matrix remodeling, migration, proliferation, morpho-
genesis, and survival.
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Introduction

Angiogenesis, in a number of physiological and
aberrant conditions, coincides with vascular perme-
ability increases that allow extravasation of plasma
proteins, which lay down a provisional scaffold for
migrating endothelial cells (ECs). Subsequent to
increases in EC permeability, degradation of the
extracellular matrix (ECM) by matrix-metallopro-
teases (MMPs) relieves pericyte-EC contacts and
liberates ECM-sequestered growth factors. ECs then
proliferate and migrate to their perivascular destina-
tion, where they undergo a complex morphogenesis to
assemble as lumen-bearing cords with branching
structure (Fig. 1). These processes are largely con-
trolled by the angiogenic factor VEGF and its specific
binding to the integral membrane tyrosine receptor
kinases VEGFR-1 and VEGFR-2. VEGF stimulation
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of the VEGF receptors leads to activation of a number
of downstream signaling cascades, including the
MAPK, PI3K, and PLCy pathways, which ultimately
manage the multifaceted processes that occur during
angiogenesis [1]. Significant research is directed
toward examining the complex intracellular signal
transduction pathways downstream of VEGF during
angiogenesis, and in recent years a growing number of
studies have implicated the Rho-family of small
GTPases as essential downstream effectors of VEGF
signaling in the angiogenic process.

The Rho-family of small GTPases as downstream
effectors of VEGF

The Rho-proteins control an incredibly diverse array
of cellular processes, including cytoskeletal dynamics,
cell polarity, membrane transport, gene expression,
cell proliferation, apoptosis, and transcription factor
activity [2], in both normal and aberrant cellular
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Figure 1. The angiogenic cascade. During the process of angiogenesis, stable vessels (a) undergo a vascular permeability increase (this has
been demonstrated only under certain conditions — see text), which allows extravasation of plasma proteins (b). Degradation of the ECM
by MMPs relieves pericyte-EC contacts and liberates ECM-sequestered growth factors (c). ECs then proliferate and migrate to their final
destination (d) and assemble as lumen-bearing cords (¢). ECM, extracellular matrix; MMPs, matrix-metalloproteases; EC, endothelial cell.

processes. The processes include, but certainly are not
limited to, neuronal outgrowth and pathfinding [3],
skeletal myogenesis [4-5], tumorigenesis [6], and
inflammation [7]. The Rho-proteins — whose most
studied members are RhoA, Racl, and Cdc42 - are
molecular switches cycling between an inactive gua-
nosine diphosphate (GDP)-bound and an active
guanosine triphosphate (GTP)-bound state. Control
of this cyclic activation/inactivation process is modu-
lated by three known classes of regulatory proteins:
GTPase-activating proteins (GAPs), guanine nucleo-
tide dissociation inhibitors (GDIs), and guanine
nucleotide exchange factors (GEFs) [8-10]. GAPs
negatively regulate Rho GTPase activation by pro-
moting their inactive GDP-bound state, while GDIs
modulate RhoA activity by sequestration of Rho
proteins in the GDP or GTP-bound state. Activation

of the Rho family is directly controlled by GEFs,
which stimulate the exchange of GDP for GTP. These
three classes of regulatory molecules work immedi-
ately upstream of Rho proteins to provide a molecular
link between Rho-protein activation status and cell-
surface receptors for various cytokines, growth fac-
tors, adhesion molecules, and G-protein-coupled
receptors. An increasing number of downstream
effectors mediating the cellular effects of the Rho-
protein signaling cascades are well reported in the
literature [11-13]. The most extensively studied
RhoA effectors are the serine/threonine Rho-associ-
ated kinases (ROCKs), which exist in a cytoplasmi-
cally-localized autoinhibited state that is disrupted
and transported to the plasma membrane upon
association with active RhoA [14-17]. The Rho
associated kinases are best known for their regulation
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Table 1. Rho-GTPase roles during angiogenesis.

Review Article 2055

Cdc42

RhoA Racl
EC barrier induces loss of barrier  latent restoration of barrier function
function function in response to
inflammatory mediators
Basement increases MMP increases MMP expression + secretion to
membrane expression + secretion  promote ECM degradation.; latent increase in
degradation to promote ECM TIMP expression + activity to inhibit ECM
degradation degradation
Migration promotes contraction at promotes lamellipodia at leading edge of cell

rear of cell

Proliferation ~ promotes G1/S promotes G1/S transition
transition

Morphogenesis regulates capillary promotes vacuole/lumen formation; regulates
branching capillary branching

Capillary pro- or anti-apoptotic ~ pro- or anti-apoptotic depending on

Survival depending on environmental cues

environmental cues

latent restoration of barrier function

increases MMP expression + secretion to
promote ECM degradation; latent increase in
TIMP expression + activity to inhibit ECM
degradation

promotes filopodia at leading edge of cell
promotes G1/S transition

promotes vacuole/lumen formation; regulates
capillary branching

pro- or anti-apoptotic depending on
environmental cues

of actomyosin contractility via a direct phosphoryla-
tion of myosin light chain (MLC) and phosphorylation
and inactivation of the myosin-binding subunit of
myosin phosphatase that is responsible for dephos-
phorylation of MLC [14]. Moreover, ROCK has been
reported to phosphorylate LIM-kinase, which subse-
quently phosphorylates the actin-regulatory protein
cofilin to contribute to Rho-induced reorganization of
the actin cytoskeleton [18]. The most-studied effec-
tors of both Racl and Cdc42 are the p21-activated
kinase (PAK) family of serine/threonine kinases. PAK
proteins contain an N-terminal autoinhibitory region,
and association with GTP-bound Rac or Cdc42
disrupts the autoinhibition, resulting in autophosphor-
ylation and membrane localization of PAK, and leads
to phosphorylation of LIM-kinase and its phosphor-
ylation of cofilin [19-20].

The Rho-family of small GTPases as downstream
effectors of VEGF

While the MAPK, PI3K, and PLCy pathways are
reported to be the major downstream effectors in
VEGTF signaling, multiple reports have suggested that
the Rho-family of small GTPases plays an essential
role in transmitting signals downstream of VEGE.
With the use of bacterial toxins and chemical agents
known to inhibit Rho-proteins, as well as adenoviral
overexpression of constitutively active (ca) and dom-
inant negative (dn) Rho-proteins, it has been reported
that Rho signaling is essential for in vivo angiogenesis
and in vitro capillary formation in a VEGF-dependent
manner [21-23]. Indeed, the Rho-proteins appear to
be direct downstream targets of VEGF-mediated EC
signaling whereby VEGF stimulation leads to a

dramatically rapid activation of RhoA, Racl, and
Cdc42 within several minutes of stimulation (gener-
ally 1-5min varying by report), resulting in their
increased GTP-bound state and enhanced membrane
localization [24]. This very rapid activation of the
Rho-proteins then returns to basal levels within 5—
30 min (varying by report), suggesting that these
proteins may be important during the very early
stages of VEGF-mediated angiogenesis. These studies
suggest that Rho-proteins and their downstream
effectors could function as key mediators of VEGF-
induced capillary formation. While only a handful of
molecular details exist as to how the Rho-proteins
control the complex multi-step processes involved in
capillary formation, this manuscript examines what is
known of the major members of Rho signaling in
capillary formation by reviewing the present knowl-
edge of these proteins’ role in EC function and tube
formation, and, for areas that are largely unknown,
extrapolating potential roles in ECs from findings in
non-EC systems. [t is interesting that a large amount of
literature suggests that the Rho-pathway may impinge
on nearly every aspect of the angiogenic process
(Table 1).

Vascular permeability

Enhanced vascular permeability is associated with
pathological neovascularization, however a topic of
debate remains as to whether this process occurs
during development. In response to inflammatory
mediators, EC permeability is controlled by numerous
intracellular signaling pathways activated by mole-
cules such as VEGF, thrombin, and sphingosine 1-
phosphate, all leading to a highly coordinated rever-
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sible loss of junctional integrity mediated by alter-
ations in adherens and tight junctions [25]. This
process allows recoil of adjacent cells, creating space
between bordering cells to facilitate the flux of fluid
and macromolecules across the endothelium. Inhib-
ition of Rho-ROCK signaling with the ROCK-selec-
tive inhibitor Y-27632 leads to ablation of cell perme-
ability in ECs by inhibiting the ROCK-dependent
formation of transcellular gaps, vesiculo-vacuolar
organelles, and fenestrations involving alterations in
myosin-light-chain phosphorylation and actin stress
fiber formation [26-27], suggesting that Rho signal-
ing is partially responsible for destabilizing adherins
and tight junctions, thereby increasing EC permeabil-
ity (Fig.2). Activation of RhoA during thrombin-
induced EC barrier loss occurs in part via p115Rho-
GEF [28] and GEFH1 [29] activation and PKC-
mediated inactivation of the RhoA-inhibitor Rho-
GDI [30], all of which are heavily implicated in
regulating junctional assembly and EC permeability.
In many cell types, including ECs, Racl and Cdc42
appear in most instances to regulate barrier function
antagonistically to RhoA by stabilizing the integrity of
junctional complexes, thereby inhibiting loss of EC
barrier function (Fig.?2). Indeed, overexpression of
caRacl has been shown to stabilize adherins junctions,
whereas overexpression of dnRacl dissolves this
complex [31]. In ECs with stabilized junctions, Racl
and Cdc42 are highly localized at cell-cell contacts,
and are inactivated and rapidly dissociated from these
complexes during permeability increases [30, 32-33].
Interestingly, a transient loss of EC barrier function is
latently restored via a p190-RhoGAP-mediated in-
activation of RhoA [34] and subsequent activation of
Racl1/Cdc42/PAK signaling by Tiam-GEF, which
stabilizes cadherin/catenin/actin complexes and pro-
motes stability [35-39]. This cyclic coordination of
activation/inactivation suggests that timely regulation
of Rho-protein activity is balanced by inhibitory and
stimulatory proteins, and interference with this bal-
ance may dramatically shift EC permeability. Thus far,
the activation status of RhoA, Racl, and Cdc42
following VEGF stimulation have only been exam-
ined for a short time following treatment (30 min or
less); however, restoration of barrier function is
known to occur within several hours following
VEGEF treatment. Given that Racl and Cdc42 appear
to inhibit endothelial permeability in ECs, future
studies examine the activation status and subcellular
localization of these proteins throughout the cycle of
VEGF-induced barrier loss and subsequent barrier
restoration.

Rho-GTPase control of angiogenesis
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Figure 2. Rho-protein modulation of endothelial permeability.
Treatment of ECs with molecules such as VEGF, thrombin, and
sphingosine 1-phosphate leads to a highly coordinated reversible
loss of junctional integrity between cells mediated by the rapid
activation of RhoA signaling to the Rho-kinase (ROCK)-depend-
ent formation of trancellular gaps, vesiculo-vacuolar organelles,
and fenestrations. Barrier function is restored and maintained by
the latent activation of Racl, Cdc42, and their common down-
stream effector, PAK, which stabilizes the integrity of junctional
complexes. VEGF, vascular endothelial growth factor; PAK, p21-
activated kinase.

ECM remodeling

Degradation of the basement membrane and remod-
eling of the ECM allows EC-pericyte detachment and
EC invasion into the surrounding tissue by providing
organizational cues in the absence of cell-cell contact.
Additionally, the ECM controls the EC cytoskeleton
in an integrin-dependent manner to orchestrate a
process by which proliferating ECs organize into
multicellular tubes containing functional lumens. The
Rho-proteins have been implicated in ECM degrada-
tion via modulation of MMP expression/secretion
largely in non-EC cell types [40—41]. Indeed, MMP
synthesis is known to be oxidant dependent [42] and is
triggered by activation of redox-sensitive transcrip-
tion factors such as NFkB and AP-1 [43-44], both of
which are known downstream effectors of Rho signal-
ing [45-46]. In keratinocytes, MMP expression de-
pends on two distinct pathways involving Rac1/Cdc42
control of p38 activation and RhoA-mediated JNK
stimulation [40, 47]. Racl has also been shown to
inhibit the activity of MMPs by promoting TIMP
(tissue inhibitors of MMPs) expression and activity in
renal carcinoma cells via a reactive oxygen species-
dependent activation of MAPK and AP1 [48], sug-
gesting that in addition to promoting MMP expres-
sion, Racl induces a feedback loop responsible for
repressing MMP activity. Analogous mechanisms of
Rho-protein-mediated control of MMP and TIMP do
exist in ECs (Fig. 3). Indeed, ectopic expression of
caRhoA in ECs induces an enhancement of MMP-9
transcription, followed by an increase in MMP
subcellular localization to apical vesicles and advanc-
ing lamellipodia, where it colocalizes with RhoA [49].
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This finding corroborates data from a report demon-
strating that TIMP overexpression in ECs significantly
reduces the invasive phenotype of ectopic caRhoA,
suggesting ECM reorganization, which is dependent
on MMP expression and activity, is a critical mecha-
nism for the RhoA-induced EC invasion. While
multiple studies suggest that Racl and Cdc42 are
important mediators of MMP and TIMP expression/
activity in non-ECs, it is unknown whether such
mechanisms exist in ECs. However, it has been
reported that TIMP-2 overexpression in human
microvascular ECs leads to migratory inhibition via
disassembly of the paxillin-Crk-DOCK180 complex
and subsequent inactivation of Racl [50], suggesting
MMP degradation of the extracellular matrix is
essential for Racl-mediated cell migration. Further-
more, VEGF is known to upregulate MMPs as well as
inhibit TIMPs [51-52]. Given that the Rho-proteins
function as downstream mediators of this cytokine, it
is surprising that no reports to date have linked Rho-
proteins as downstream effectors of VEGF-mediated
MMP expression. It would be interesting and likely
promising to investigate the role of Rho-proteins in
this VEGF-mediated process.

\ J

Figure 3. Extracellular matrix remodeling of ECs by Rho-protein
mediated signaling. MMP-mediated degradation of the ECM
surrounding ECs permits endothelial-pericyte detachment, release
of ECM-bound growth factors, and EC invasion into the surround-
ing area. The Rho-proteins play an essential part in this process by
increasing the transcriptional expression of MMPs through mito-
gen-activated protein kinase (MAPK) signaling and generation of
reactive oxygen species (ROS). Based on findings in non-ECs,
Racl has been shown to upregulate transcription of the MMP
inhibitor tissue inhibitor of MMPs (TIMP) through ROS produc-
tion, thus activating a feedback loop which suppresses MMP
activity.
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Migration

During EC migration, the cytoskeleton generates a
protrusive force at the leading edge of the cell
simultaneous with adhesion release at the rear of the
cell. This process proceeds by the coordinated spatial
activation of each GTPase, whereby Cdc42 activation
promotes the formation of fine, actin-rich protrusions
called filopodia in the direction of the pro-migratory
signal, followed by localized Racl-dependent actin
polymerization at the cell periphery. This results in
forward movement of the cell, and Rho-induced
actomyosin-based contractility inducing cytoskeletal
contraction toward the rear of the cell reviewed in
depth by [53]. Given the enormous amount of
literature supporting a role for Rho-proteins in cell
morphology, migration, and polarity, it is not at all
surprising to find multiple reports indicating that
inhibition of Rho-signaling disrupts EC migration via
interruptions in cytoskeletal remodeling [54-57]
(Fig. 4). Indeed, VEGF-mediated EC migration im-
pinges on the coordination of Rho-protein dependent
actin polymerizing and depolymerizing processes. For
instance, VEGF treatment activates the Racl/Cdc42
effector, neural Wiskott-Aldrich syndrome protein
(N-WASP), to promote actin nucleation [58]. More-
over, VEGF stimulation leads to the rapid phosphor-
ylation and inactivation of the actin depolymerization
factor cofilin, and its upstream regulator LIM-kinase
(LIMK) [58]. Some very interesting recent findings,
primarily using non-ECs, demonstrates the mecha-
nisms dictating the very precise orchestration of
spatial activation/inhibition of the Rho-proteins with-
in a migrating cell that leads to this coordinate actin
polymerization and depolymerization [S9-60]. For
instance, in migrating fibroblasts and epithelial cells,
RhoA activity is high both at the contractile tail and at
the leading edge, whereas Racl and Cdc42 activities
are high primarily at the leading edge [61]. Moreover,
in cells stimulated with epidermal growth factor
(EGF), the activities of Racl and Cdc42 are reported
to transiently elevate diffusely around the plasma
membrane, while RhoA activity decreased near the
plasma membrane. A handful of key studies in non-
ECs have examined the molecular mechanisms under-
lying this spatiotemporal activity of the Rho-GTPases
in migrating and protruding cells, and have demon-
strated localized Smurfl-mediated proteasomal deg-
radation of RhoA at the leading edge of the cell,
followed by receptor-stimulated activation of Racl-
and Cdc42-signaling cascades at cellular protusions
that coordinately lead to cellular migration [59-60,
62]. As in non-ECs, temporal and spatial modulation
of Rho-proteins appears to be involved in EC migra-
tion [63]. In unstimulated ECs, RhoA and Racl are
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Figure 4. Rho-protein control of endothelial migration. Relief from pericyte-EC contacts and degradation of the ECM allows ECs to
migrate to their perivascular destination. Given the depth of literature illustrating the essential role of the Rho-proteins in cell migration,
significantly more is known about this aspect of angiogenesis than any other. At the leading edge of the cell, Cdc42 and Racl promote cell
motility by stimulating actin polymerization in the direction of movement to change membrane shape and extend the cytoplasm forward.
Racl and Cdc42, through their respective downstream effectors WAVE and WASP, orchestrate the proper spatio-temporal activation of
the Arp2/3 complex to initiate the growth of a branching network of actin filaments that generate a protrusive force at the leading edge of
the cell. Additionally, Racl and Cdc42 prevent cell spreading and actin depolymerization through Pak-mediated inhibition of myosin-light-
chain kinase (MLCK), thus preventing its phosphorylation of the regulatory myosin light chain (Myosin), and by activation of LIM-kinase
(LIMK), which subsequently inhibits cofilin-induced actin depolymerization. At the trailing edge of the cell, two major RhoA target
molecules, Rho ROCK and mDia, assist in promoting tail detachment. ROCK induces stress fiber formation and retraction/formation of
focal adhesions through precise spatial control of MLC by direct phosphorylation and inhibitory phosphorylation of myosin phosphatase

(MP). mDia triggers the nucleation and polymerization of unbranched actin filaments and microtubule capping.

largely found in the cytosolic region of the cell.
However, angiopoietin stimulation leads to greatly
enhanced perinuclear RhoA localization and its
association with stress fibers, while activated Racl
becomes partially colocalized with F-actin at the
leading edge of the cell and at cell-cell contacts.
Ultimately, this coordinated control of Rho-proteins
at discreet cellular regions is believed to modulate
local areas of cytoskeletal rearrangements leading to
EC migration and cell-matrix/cell-to-cell contacts,
both of which are necessary for capillary formation.
While many of these studies examine migration in a
2D context, many cells display differing morphologies
when migrating in 3D matrices versus the 2D tissue
culture systems that are typically used in standard lab
experiments. For instance, bovine aortic ECs grown in
3D matrices form cylindrical branching pseudopodia,
yet on 2D substrata they form wide flat lamellae [64].
While the mechanism controlling this phenomenon is
unknown in ECs, analogous mechanisms could be
derived from tumor cells whereby during 3D invasion
assays of cancer cell lines and in vivo tumor cell
migration assays, the inhibition of Smurfl1, and there-
fore the stabilization of RhoA, induces a mesenchy-

mal-amoeboid-like transition that is associated with a
more invasive phenotype [65]. Further experiments,
perhaps using fluorescence resonance energy transfer
analysis on growth factor-stimulated EC or activation/
inhibition of Rho-protein signaling in 2D verses 3D
cultures, will help elucidate how the Rho-proteins
precisely control EC migration during the process of
capillary formation.

Proliferation

Formation of branching capillary networks requires
that, in response to mitogenic factors, local spatial
differentials of cell proliferation be established. While
signaling cascades such as the RassMAPK pathway
are well known to regulate cell cycle progression in
ECs, modulation of the cytoskeleton by the Rho-
proteins is also central to this process. Indeed,
pharmacological disruption of cytoskeletal integrity
has been shown to inhibit early mitogenic signaling
leading to cell cycle arrest in G1 [66], suggesting that
modulation of the actin cytoskeleton is necessary for
progression through G1 and entry into S phase. The
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requirement for Rho-protein function in the prolifer-
ation of numerous cell types has been revealed by
studies utilizing selective inhibitors and dn/caRho-
protein mutants whereby Rho/ROCK signaling uti-
lizes multiple independent mechanisms to alter the
levels of cell cycle regulatory proteins such as cyclin
D1 and p21(Cip) elevation via Ras and MAPK
signaling, cyclin A elevation via LIM-kinase signaling,
and p27(Kip1) reduction via an unknown mechanism
[67] (Fig. 5). Additionally, Racl and Cdc42 enhance
cyclin D1 via MAPK signaling [68], increase cyclin A
expression via a synergistic mechanism involving Ras
[69], and activate the proteasomal degradation of
p21(Cip) via an integrin-induced pathway [70]. In-
deed, Rho-protein activity is reportedly essential for
EC cell cycle progression in ways largely similar to
those found in non-Ecs — stimulation of p27 degrada-
tion, Rb hyperphosphorylation, ERK activation, and
cyclin-D1 expression [71-73], suggesting a major role
in controlling the G1/S transition.

However, some controversy exists regarding the role
of Racl in EC proliferation. VEGFR2 signaling has
been demonstrated to induce EC proliferation parti-
ally via a Racl-mediated activation of the NADPH
oxidase complex which generates reactive oxygen
species and leads to multiple effects, including EC
migration, proliferation, and post-natal angiogenesis
[74]; however, one study suggests the anti-prolifera-
tive effect of VEGFRI1 in ECs is dependent on PI3K
modulation of VEGFR1/Racl/Cdc42 signaling to
mediate intracellular calcium mobilization [75]. It is
possible there exists dual regulation of Racl by VEGF
receptors, leading to opposing cellular outcomes
dependent on differential signaling; however, the
VEGFR1/Racl report is complicated by the fact that
the authors utilize an EGF-stimulated EGF-VEGFR1
chimera to activate Rho-protein signaling, likely
exhibiting different kinetics than VEGFRI1, and
possibly manifesting in differing cellular outcomes.
More studies will be necessary to shed light on this
issue.

Morphogenesis

Arguably the most complex and least-understood
process in angiogenesis is vascular morphogenesis,
which involves two separate processes: branching of
endothelial cell cords into vascular networks and
lumen formation [76-77]. Data from multiple labo-
ratories suggest a critical role for integrin-ECM
interactions, cytoskeletal reorganization, and MMPs
in regulating capillary network formation, indicating
the involvement of Rho-protein control of the cytos-
keleton in this process. Indeed, increased expression
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Figure 5. Endothelial proliferation is controlled by the Rho-
GTPases. Capillary formation depends in part on the formation
of new ECs, which undergo proliferation in response to cellular
mitogens. While several reports suggest the Rho-proteins are
essential in many parts of the cell cycle and during cytokinesis, in
ECs they have only been extensively studied with regard to
progression through the G1 phase. RhoA, Racl, and Cdc42 have
been shown to promote the G1/S transition via upregulation of
cyclin D1 and cyclin A expression and inhibition of the cell cycle
inhibitors p21 and p27.

of RhoA or Cdc4?2 results in enhanced branching and
sprouting of vessels; however, little effect is seen with
overexpression of Racl [78]. Moreover, disruption of
Pak localization specifically blocks the formation of
multicellular networks using in vitro tube-forming
assays and chick chorioallantoic membrane assays
[79]. The formation of complex, branched micro-
vascular beds likely depends on the hemodynamic,
hormonal and metabolic responses in the local micro-
environment that may either promote or inhibit
further angiogenesis. Indeed, morphogenesis in
many tissue types including ECs is believed to be
influenced by local alterations in Rho-protein-medi-
ated cellular isometric tension [80]. For instance, loss
of cytoskeletal tension in embryonic mouse lung
rudiments by RhoA inhibition results in significant
disruption of capillary networks, while increasing cell
tension through RhoA activation increases capillary
elongation [81]. These observations suggest that
changes in cytoskeletal tension mediated by Rho
signaling play an important role in the establishment
of the spatial differentials in cell growth and ECM
remodeling that drive angiogenesis. In addition to the
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modulation of cytoskeletal architecture, Rho-protein-
mediated MMP expression could hypothetically play
arole in capillary morphogenesis. For instance, MMP-
mediated ECM degradation is essential for EC
morphogenesis in 3D gels [82-83], and TIMP-2
overexpression completely blocks morphogenesis
[84]. Moreover, MMP-2 and MMP-9 knockout mice
have revealed the essential roles for these proteins in
angiogenesis in vivo [85-86]. While unknown to date,
it is likely that capillary network remodeling is
dependent on Rho-mediated MMP expression and
activation given that Rho-proteins have been shown
to modulate MMPs in ECs (see above).

EC intracellular vacuoles have been observed both in
vivo and in vitro by many investigators as early as the
1930’s [87]. While still a matter of debate, mounting in
vitro evidence suggests that endocytotic vesicle as-
sembly and coalescence may control lumen formation
[88-90], and the Rho-proteins may be central in this
process (Fig. 6). Clostridium difficile toxin B (which
blocks all three Rho GTPases) completely inhibits EC
lumen formation in 3D matrices, whereas C3 trans-
ferase, a selective inhibitor of Rho, does not [91],
directly implicating Racl and Cdc4?2 in lumen assem-
bly during in vitro capillary formation. In this study,
both vacuole and lumen formation were initiated in
ECs overexpressing dnRacl, but later collapsed,
indicating a role for Racl during later stages of vessel
development. In a number of cell types, including ECs,
a matrix-integrin-cytoskeletal signaling axis controls
Racl and Cdc4?2 subcellular localization, where they
modulate actin reorganization during pinocytosis and
phagocytosis [89, 92—94] through signaling pathways
involving WASP, whose deficiency in Wiscott-Aldrich
syndrome patients results in defective phagocytosis
[95], and PAK, which localizes to phagocytic cups and
macropinosomes [96-97]. Specifically, Racl is con-
centrated throughout the phagocytic cup, and upon
closure, Racl transiently redistributes to the actin-
poor region of the phagosomal membrane [98],
indicating that coordinated regulation of Racl occurs
during phagocytosis and endocytic vesicle formation.
Though the majority of studies suggest that Racl and
Cdc42 are the primary GTPases involved in lumen
formation, one study has reported that inhibition of
RhoA/ROCK signaling appears to disrupt EC vacuole
and lumen formation [71], suggesting that under some
conditions RhoA potentially plays a still unidentified
role in lumen formation. While EC lumen formation
in a 3-D matrix offers insights into the physiological
mechanisms of capillary morphogenesis, the validity
of these assays must be mirrored by experiments
performed in vivo, and due to the technical difficulties
associated with imaging dynamic EC lumen formation
within living animals, few studies have been able to
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address this issue. However, using high-resolution
time-lapse two-photon imaging of transgenic zebra-
fish, one study corroborates the reported in vitro data
by demonstrating that Cdc42 localizes in vivo to highly
dynamic vacuoles that fuse together to create a
lumenal space encompassing most of the volume of
the cell [90]. Though in vivo examination of EC lumen
formation has thus far proven technically difficult,
novel imaging techniques will greatly enhance our
understanding of the molecular mechanisms control-
ling this process.

Capillary survival

Angiogenesis is dependent on the balance between
the promotion of capillary formation by pro-angio-
genic factors and capillary regression in response to
lack of survival factors or the presence of inhibitors.
The regulation of microvascular survival impacts both
developmental remodeling of the vasculature, micro-
vascular pathologies, and, importantly, chemothera-
peutic de-stabilization of tumor vasculature. Support
for a Rho signaling role in cell survival comes
primarily from studies in non-ECs, whereby inhibition
of Rho signaling manifests in cell apoptosis via
alterations in cell adhesion and induction in p53 and
other pro-apoptotic proteins [99-102]. In contrast,
some studies have suggested that Rho signaling
induces apoptosis via Racl-mediated Fas-ligand up-
regulation, RhoA/Racl-mediated ceramide upregu-
lation, and Cdc42-mediated JNK signaling - all
leading to caspase cleavage and activation [103—
108]. These contradictory results are likely due to
variations in experimental conditions ranging from
the method of Rho-protein activation/inhibition,
serum conditions, and cell-type dependency. How-
ever, based on the majority of reported literature, the
Rho pathway appears to promote survival in EC
through mechanisms similar to those found in non-EC
cells. Indeed, inhibition of RhoA signaling in human
umbilical vein epithelial cells increases pro-apoptotic
caspase and Bid activation, and decreases antiapop-
totic Bcl-2 and Mcl-1 [107, 109], demonstrating that
Rho-A promotes survival in ECs. It is worth mention-
ing that RhoB knockout in mice leads to apoptosis of
newly formed retinal vasculature as a result of Akt
nuclear exclusion and degradation [110]. Addition-
ally, depletion of RhoB expression/activity with anti-
sense technology, dominant negative mutants, or
specific pharmaceuticals in neonatal rats and primary
EC cultures is associated with apoptosis in the
sprouting endothelial cells of newly forming vessels.
These findings in ECs are in contrast to reports
demonstrating that steady-state levels of cyclin B1 and
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Figure 6. Rho-protein regulation of lumen formation. Mounting evidence suggests that endocytotic vesicle assembly and coalescence may
control lumen formation; however, the mechanisms by which this occurs are largely unknown. In ECs, Racl and Cdc42 localize to EC
vacuoles, and these proteins, as well as their downstream effectors Pak and Wasp, have been shown to be essential for lumen formation.

Cdk1 were suppressed in a RhoB-dependent manner
in cells fated to undergo apoptosis [111-112], sug-
gesting that the Rho-proteins may mediate survival or
apoptosis in a cell type and/or context-dependent
manner. Indeed, while the Rho-proteins appear to
promote survival in actively proliferating monolayers
of ECs, few studies have examined the survival role of
Rho-proteins specifically during the process of capil-
lary formation. As dual-survival roles in non-ECs are
reported for the Rho-proteins, it is possible these
proteins perform similar functions as the capillary bed
forms, stabilizes, and regresses, responding to alter-
native signaling crosstalk at differing stages of capil-
lary development. A recent report indicates that
inhibition of RhoA/ROCK signaling in an EC/fibro-
blast co-culture system immediately prior to the point
of vessel regression results in enhanced vessel stability
[113], suggesting that, in contrast to other findings in
ECs, Rho-proteins may reduce stability of pre-formed
vessels in a context-dependent manner. Little has
been reported regarding the survival/apoptotic role of
Racl and Cdc4?2 in ECs grown either in proliferative
monolayers or during the process of capillary forma-
tion. Reactive oxygen species, which are generated by
Racl-mediated activation of NADPH oxidase, are
conversely implicated as both mediators of tumor
necrosis factor (TNF)-induced apoptosis and in the

promotion of cell growth and survival. It is reported
that inhibition of Racl in HUVEC blocks TNF-
induced intracellular bursts of reactive oxygen species,
and leads to activation of NFkB, increases in caspase-3
activity, and augments the EC susceptibility to TNF-
induced apoptosis [114], suggesting that Racl-de-
pendent reactive oxygen species generation leads to
protection against TNF-induced cell death. Future
studies should define the temporal pro- and anti-
survival roles of the Rho-proteins using unstable EC
monoculture and stabilized EC/fibroblast coculture
systems, and examine differing signaling pathways
that control Rho-protein function in capillary survival.

Conclusion

Given the necessity of the Rho-proteins in cellular
processes such as permeability, ECM remodeling,
migration, proliferation, morphogenesis, and survival,
it is not surprising that these proteins play essential
roles in many angiogenic processes. Significant
amounts of research have led to the observation that
Rho-proteins play important roles in capillary forma-
tion; however, future studies should examine Rho-
protein activation in a stage-specific manner during
the angiogenic process. These findings would likely
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lead to a complex and coordinated interplay of Rho-
protein activation/inactivation in a defined spatial and
temporal manner. While this review examines the
major members of the Rho-proteins, this family of
proteins consists of over 20 members, with a multitude
of activators and repressors. One study suggests
unique roles for the less-known Rho-proteins in EC
cytoskeletal reorganization, migration, and morpho-
genesis [115]; however, further assessment of these
proteins during angiogenesis will provide a better
understanding of the spatial and temporal control of
capillary formation from its onset to completion.
Considering the central role Rho-proteins play in
mediating the angiogenic cascade, it is imperative that
we further study this signaling pathway, as it may serve
as an excellent target for therapeutic treatment of
diseases of aberrant angiogenesis.
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