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Mechanical forces influence 
many biological processes via 

activation of signaling molecules, 
including the family of Rho GTPases. 
Within the endothelium, the mechanical 
force of fluid shear stress regulates 
the spatiotemporal activation of Rho 
GTPases, including Rac1. Shear stress-
induced Rac1 activation is required for 
numerous essential biological processes, 
including changes in permeability, 
alignment of the actin cytoskeleton, 
redox signaling, and changes in 
gene expression. Thus, identifying 
mechanisms of Rac1 activation and the 
spatial cues that direct proper localization 
of the GTPase is essential in order to gain 
a comprehensive understanding the role 
of Rac1 in shear stress responses. This 
commentary will highlight our current 
understanding of how Rac1 activity is 
regulated in response to shear stress, as 
well as the downstream consequences of 
Rac1 activation.

Introduction

Rho GTPases are central regulators 
of the actin cytoskeleton and have been 
implicated in numerous cellular processes 
including proliferation, apoptosis, 
and changes in gene expression.1 
Interestingly, all of these cellular 
processes are mechanically regulated. 
Therefore, it is not surprising that 
Rho GTPases, including Rac1, can be 
activated by mechanical forces and are 
essential for mediating several cellular 
responses to force. For instance, Rac1 is 

rapidly activated in response to tension 
on integrin receptors that couple the 
extraceullar matrix (ECM) to the actin 
cytoskeleton.2 In these studies, optical 
twisting cytometry was used to apply 
force to ECM-coated beads attached 
to integrin receptors on the surface of 
human airway smooth muscle cells. Force 
application on integrins induced rapid 
activation of Rac1.2 Other studies have 
highlighted the functional consequences 
of force-dependent Rac activation. 
For example, mechanical signaling via 
integrins promotes apoptosis by a Rac/
PAK/p38 pathway.3 Rac1 has also been 
implicated in formation of adherens 
junctions at cell-cell contacts.4 Growth of 
adherens junctions promotes cell junction 
assembly by dissipating high forces that 
may otherwise disrupt cell-cell contacts 
and provides a platform for the assembly 
of structural and signaling complexes 
that are required for maintenance of cell-
cell contacts. Importantly, mechanically 
tugging at cell-cell junctions activates 
Rac1 and activation of the GTPase is 
required for force-dependent growth of 
adherens junctions.5 Mechanical loading 
of bone influences bone growth and 
is essential for maintenance, and Rac1 
mediates force-dependent shear stress 
signaling in osteoblasts.6 Rac1 is also 
activated in endothelial cells (ECs) as a 
result of fluid shear stress produced by 
blood flow,7-9 and flow-induced Rac1 
activation in ECs is critical for numerous 
vascular responses. The mechanisms and 
consequences of flow-mediated Rac1 
activation in the endothelium will be the 
focus of this commentary.
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Mechanisms of Shear Stress-
Mediated Rac1 Activation

Biochemical and immunofluorescence 
analyses have shown that Rac1 is activated 
in response to fluid shear stress. Previous 
studies indicated that the GTPase is acti-
vated within 5 min of exposure to shear 
stress and activity returns to basal levels at 
later time points.7,8 However, 10 y passed 
before the molecular mechanisms of flow-
mediated Rac activation were investigated. 
Work over the past several years has identi-
fied a mechanosensory complex at cell-cell 
junctions that consists of platelet endothe-
lial cell adhesion molecule-1 (PECAM-
1), vascular endothelial cadherin 
(VE-cadherin), and vascular endothelial 
growth factor receptor 2 (VEGFR2).10 
Previous studies have indicated that mech-
anosignaling initiated by this complex is 
required for two Rac-dependent processes 
in response to shear stress: alignment of 
the actin cytoskeleton in the direction of 
flow and activation of the transcription 
factor NF-κB.7,10 Thus, we recently set out 
to investigate the role of these junctional 
proteins (PECAM-1 and VE-cadherin) in 
shear stress-induced Rac1 activation. We 
revealed that PECAM-1 is required for 
Rac1 GTP-loading in response to shear 
stress, whereas, surprisingly, VE-cadherin 
is not.9 Our data suggest that PECAM-1 
mechanosignaling results in Src activa-
tion, and Src phosphorylates and activates 
the Rac guanine nucleotide exchange fac-
tor (GEF) Vav2. In support of this model, 
ECs depleted of Vav2 do not activate Rac1 
in response to shear stress. However, it is 
important to note that previous work indi-
cated that new integrin-ligand binding 
also regulates shear-induced Rac1 activa-
tion.7 At this point, it is unknown if Vav2 
activation is downstream of integrin acti-
vation or if multiple parallel mechanisms 
work in concert to regulate Rac1 activation 
in response to shear stress, but these stud-
ies are the focus of current investigations.

Rac1 Function in ECs and Shear 
Stress-Dependent Responses

Rac1 is a multifunctional protein 
that has been implicated in numerous 
EC functions. For example, Rac1−/− ECs 

exhibit impaired migration, adhesion, 
and permeability in response to vascular 
endothelial growth factor (VEGF) and 
sphingosine-1-phosphate (S1P).11 Other 
studies revealed reduced endothelial nitric 
oxide synthase expression (eNOS) and 
activity in Rac1 haploinsufficient ECs.12 
Our recent work showed that shear stress-
dependent Rac1 activation and polariza-
tion is essential for flow-induced ROS 
production. Therefore, the remainder of 
this commentary will focus on the role of 
the GTPase in shear stress-dependent EC 
responses.

Rac1 activation has been implicated 
in numerous EC responses to shear stress, 
including regulation of endothelial barrier 
function. Laminar shear stress increases 
endothelial cell barrier function,13 and 
changes in junctional integrity are medi-
ated, in part, by RhoA and Rac1. RhoA 
activity is tightly linked to cell-generated 
contractility. Therefore, increased RhoA 
activity is thought to disrupt junctional 
integrity by increasing cell-generated 
forces that breakdown established junc-
tions. Conversely, increased Rac1 activ-
ity stabilizes junctions and coincides with 
increased transendothelial resistance.13,14 
Thus, in this context shear stress-induced 
activation of Rac appears to have anti-
inflammatory effects on the endothelium, 
as stabilization of endothelial cell-cell 
junctions corresponds with decreased per-
meability and leukocyte transendothelial 
migration. However, it is interesting to 
note that shear stress-mediated Rac activa-
tion has also been linked to pro-inflam-
matory signaling, described in further 
detail below.

Shear stress regulates gene expression 
in ECs via activation of numerous tran-
scription factors, including NF-κB.15,16 In 
unstimulated cells, the NF-κB heterodi-
mer is normally sequestered to the cyto-
plasm via association with members of 
the IκB inhibitor proteins. Upon activa-
tion, IκB is phosphorylated and degraded, 
allowing NF-κB to translocate to the 
nucleus, where it can bind promoter ele-
ments in numerous genes. The transcrip-
tion factor is activated by shear stress, 
and regulates expression of the cell adhe-
sion molecules ICAM-1, VCAM-1, and 
E-selectin, which promote leukocyte adhe-
sion and transendothelial migration.7,17,18 

To this end, NF-κB activation has been 
directly linked to atherosclerotic plaque 
formation in vivo.19 Previous studies have 
demonstrated that Rac1 is required for 
cytokine-stimulated NF-κB activation 
and we have shown that Rac mediates 
shear stress-induced NF-κB activation. 
Expression of a dominant negative Rac1 
mutant (N17Rac) blunted flow-mediated 
NF-κB translocation to the nucleus and, 
thus, also inhibited flow-induced upreg-
ulation of the cell adhesion molecule 
ICAM-1.7 These data suggest that Rac1 
activity may have profound effects on ath-
erosclerotic plaque development in vivo.

Rac is a component of the nicotin-
amide adenine dinucleotide phosphate 
(NADPH) oxidase20,21 which mediates 
production of reactive oxygen species 
(ROS), and NAPDH oxidase activity is 
influenced by the nucleotide state of Rac1. 
Therefore, it is not surprising that Rac1 
has been implicated in ROS production 
in numerous cell types and biological con-
texts, including ECs in response to shear 
stress.22,23 ROS have been implicated in 
numerous biological processes, including 
cell growth, differentiation, apoptosis, 
angiogenesis, and cytoskeletal remodel-
ing. Within the endothelium, ROS are 
required for proliferation and migration 
during angiogenesis.24 In addition, ROS 
activate matrix metalloproteases, which 
are crucial during flow-mediated vascular 
remodeling.25 Thus, shear stress-depen-
dent ROS production clearly has critical 
roles in cell biology and vascular physiol-
ogy. Our recent work highlighted a novel 
and interesting aspect of flow-induced 
ROS production: bulk Rac1 activation is 
not sufficient to induce ROS production, 
but, rather, the proper spatial localization 
of Rac1 activity is essential for increased 
ROS, which we will now discuss in fur-
ther detail.

Polarization of Rac1 Activity

Many ECs responses to shear stress are 
directional and result in polarized signal-
ing and structural remodeling. Perhaps 
the best-characterized remodeling event 
is the breakdown of cytoskeletal filaments 
and re-emergence of actin stress fibers 
aligned in the direction of flow. Similarly, 
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focal adhesions remodel and elongate in 
the direction of flow in response to shear 
stress26 and live-cell imaging has revealed 
rapid and directional rearrangement of 
intermediate filaments in ECs exposed to 
shear stress.27 Polarization of active signal-
ing molecules has also been demonstrated 
and we have previously shown that Rho 
GTPases exhibit directional activation in 
response to shear stress. Cdc42 is acti-
vated in response to shear stress and active 
Cdc42 localizes at the downstream edge 
of the cell (relative to the direction of 
flow).28 Furthermore, localized activation 
of Cdc42 influences the microtubule cyto-
skeleton and mediates polarization of the 
microtubule organizing center (MTOC) 
to the downstream side of the nucleus.28

Similarly, Rac1 has also been impli-
cated in directional responses to shear 
stress. Rac1 is required for alignment of 
the actin cytoskeleton in the direction of 
flow7 and EC polarization in response to 
shear.8 While ECs expressing dominant 
negative Rac (N17Rac) or constitutively 
active Rac (L61Rac) exhibit a breakdown 
of the actin cytoskeleton followed by the 
re-emergence of stress fibers in response to 
shear stress, the resulting stress fibers are 
random in orientation and do not align 
in the direction of flow.7,8 These results 
suggest that the GTPase must provide 
spatial cues that influence cell behav-
ior. This result is not surprising given 
the polarized activation of Rac1 itself in 
ECs exposed to shear stress.7 In previous 
studies, FLAIR (Fluorescence Activation 
Indicator for Rho proteins) and fluores-
cence energy transfer (FRET) techniques 
were utilized in order to visualize spatial 
localization of activated Rac1 in response 
to shear stress. Interestingly, Rac1 activity 
is strongly polarized to the downstream 
edge of the cell, and localized activation 
of the GTPase appears to be critical for 
Rac1 functions in response to shear stress7 
(Fig. 1).

Our recent work further highlights 
the importance of polarized Rac1 acti-
vation in redox signaling. As previously 
mentioned, Rac1 activity is also linked 
to activity of the NAPDH oxidase and 
ROS production. Exposure to shear stress 
results in an increase in ROS produc-
tion in ECs and is dependent on Rac1 
activity.23 Interestingly, ECs expressing a 

constitutively active Rac (V12Rac) exhibit 
increased basal ROS production, but do 
not increase ROS production in response 
to shear stress.9 These results indicate 
that directional activation of the GTPase 
(rather than bulk activation) is essential 
for shear stress-induced redox signaling.

How is Rac1 activity polarized in 
response to shear stress? As previously indi-
cated, we recently investigated the roles of 
the junctional proteins PECAM-1 and 
VE-cadherin in flow-mediated Rac activa-
tion. This work revealed that PECAM-1 
is essential for shear stress-induced Rac1 
GTP loading via activation of Vav2.9 
Given that PECAM-1 and VE-cadherin 
are part of a mechanosensory complex 
that transduces hemodynamic forces, we 
hypothesized that VE-cadherin is also 
essential for flow-dependent Rac1 activa-
tion. Surprisingly, loss of VE-cadherin did 
not affect flow-mediated changes in Rac 
GTP loading. However, FRET analyses 
revealed that VE-cadherin is essential for 
polarized Rac activation, as VE-cadherin−/− 
ECs displayed random, rather than polar-
ized Rac1 activity in response to shear 
stress (Fig.  1). Further immunofluores-
cence and biochemical studies revealed 
that VE-cadherin functions as a platform 

that provides a docking site for the recruit-
ment of other proteins to the downstream 
edge of the cell, and shear stress-induced 
association of this complex mediates 
polarized Rac1 activation. Components 
of this novel polarity complex include 
VE-cadherin, Par3/6 (which are thought 
to provide the polarity cue), p67phox (of 
the NAPDH oxidase), and perhaps most 
surprisingly, the Rac GEF Tiam19 (Fig. 2). 
Furthermore, Tiam1 appears to play a non-
canonical role in shear stress-induced Rac 
activation, as depletion of the GEF does 
not inhibit GTP loading of Rac1, but only 
disrupts its polarization to downstream 
edge of the cell. In further support of this 
non-canonical role for the GEF, expres-
sion of a Tiam1 mutant lacking GEF-
activity does not affect Rac1 activation or 
polarization in response to shear. These 
results indicate that, in certain contexts, 
GEFs may play a critical role in regulat-
ing GTPase localization, rather than activ-
ity. Indeed, this is not the first time that a 
GEF has been shown to regulate GTPase 
localization: Tiam1 helps restrict the 
activity of Rac to dendritic spines via its 
interaction with the PDZ protein Par3,29 
and PDZRhoGEF cooperatively works 
with myosin II to polarize RhoA activity 

Figure 1. Shear stress induces polarized activation of Rac1 in endothelial cells. Confluent bovine 
aortic endothelial cells were transiently transfected an expression vector for GFP fused to wild-
type Rac1 (GFP–WTRac) and were shear loaded with Alexa-PBD. Cells were sheared for 30 min. Rac 
activation (FRET) is shown. In the color intensity scale, red represents high and blue low (image 
courtesy of Bill Kiosses at The Scripps Research Institute).
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in neutrophil-like cells.30 Furthermore, 
more recent work has suggested that 
p190RhoGEF is required for proper FAK 
localization to peripheral adhesions in 
mouse embryonic fibroblasts.31 Thus, it 
may be interesting to investigate a role for 
other GEFs in directional EC signaling in 
response to shear stress in future studies.

It is also important to note that other 
pathways have also been shown to influ-
ence Rac1 localization in response to shear 
stress. Previous work has demonstrated 
that flow-induced PKA-dependent phos-
phorylation of α4 integrin at the down-
stream edge of the cells promotes polarized 
Rac activation and is required for align-
ment of the actin cytoskeleton.32 In addi-
tion, in subconfluent ECs, Rac1 activity 
is decreased at the upstream edge of ECs 
exposed to flow via a paxillin-p130Cas 
pathway.33 Thus, multiple pathways may 
influence flow-induced Rac polarization 
in different biological contexts.

Mechanical activation of Rac1 has 
been implicated in numerous cell types 
and contexts and flow-mediated Rac1 
activation is clearly crucial for numerous 

EC responses to shear stress. Activation 
of the GTPase is required for alignment 
of the actin cytoskeleton, NF-κB activa-
tion, changes in gene expression, perme-
ability and ROS production. Interestingly, 
all of these processes can also influence 
onset and progression of disease. In this 
vein, endothelial-specific haploinsuffi-
cient mice have been shown to have mild 
hypertension due to decreased expression 
and activity of eNOS.12 In concordance, 
recovery from hindlimb ischemia was 
impaired in endothelial-specific haplo-
insufficient Rac1 mice, suggesting that 
therapeutic strategies to enhance Rac1 
function might be important for prevent-
ing diseases associated with EC dysfunc-
tion.12 On the other hand, Rac1 might 
also have roles in disease via its role in 
ROS production; for example, EC ROS 
production (which is influenced by Rac1 
activity and localization) influences cell 
growth, hypertrophy, apoptosis, and EC 
adhesiveness which can contribute to 
the development of numerous diseases, 
including diabetes, heart failure, isch-
emia reperfusion, and atherosclerosis.34 

While these are all cardiovascular-related 
diseases, it is important to note that Rac1 
has also been implicated in numerous 
other diseases and many types of can-
cers. Nonetheless, tightly controlled Rac1 
activity and localization is clearly critical 
for EC and cardiovascular function. Our 
recent work highlights the notion that 
spatial activation of Rac1 is also essential 
for some responses to shear stress, includ-
ing ROS production. This underscores 
the importance of studies that are geared 
toward understanding the molecular 
mechanisms that govern both spatial and 
temporal activation of Rho GTPases in 
mechanotransduction.
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Figure  2. Current understanding of flow-induced Rac1 polarization in endothelial cells. Mechanotransduction of shear stress results in PECAM-
1-dependent Src activation. Src activates the GEF Vav2, which promotes Rac1 GTP-loading. Rac associates with a polarity complex consisting of 
VE-cadherin, Tiam1, p67phox, and Nox and the downstream edge of the cell and results in ROS production.
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