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Introduction
Shear stress, the frictional force produced by blood flow, is a  
critical regulator of cardiovascular development and function.  
Endothelial cells lining blood vessels are equipped with numerous 
mechanoreceptors that function to convert mechanical force into 
signaling cascades that regulate diverse EC responses, such as oxi-
dative balance, gene expression, and alignment of cytoskeletal 
filaments (Hahn and Schwartz, 2009). The Rho family of small 
GTPases are master regulators of many cellular activities (Etienne-
Manneville and Hall, 2002), and are critical for the shear stress re-
sponse (Tzima, 2006). The family of small GTPases cycle between 
inactive GDP-bound and active GTP-bound states to regulate nu-
merous EC responses to shear stress. In particular, Rac1 signal-
ing regulates EC alignment and polarization (Tzima et al., 2002; 
Wojciak-Stothard and Ridley, 2003), NF-B–dependent gene ex-
pression (Tzima et al., 2002), and reactive oxygen species (ROS) 
production (Yeh et al., 1999) in response to flow. However, the 

mechanisms by which hemodynamic forces activate Rac1 and 
orchestrate such diverse cellular responses remain unknown.

Work over the past few years has identified a mechano-
sensory complex at cell junctions consisting of PECAM-1, 
VE-cadherin, and VEGFR2, that is required for the activation  
of a number of shear-dependent signaling pathways. Interest-
ingly, ECs lacking PECAM-1 or VE-cadherin exhibit impaired 
NF-B activation and alignment in response to shear stress 
(Tzima et al., 2005). As NF-B activation and EC alignment are 
both Rac1-dependent processes, we hypothesized that PECAM-1 
and VE-cadherin may play a role in the regulation of flow- 
induced Rac1 activity.

Results
PECAM-1 is required for flow-induced 
Rac1 activation, whereas VE-cadherin is 
essential for polarization of active Rac1
To gain insights into the pathway that regulates flow-induced Rac1 
activation, we first tested the role of the junctional components 

Hemodynamic forces regulate embryonic organ de-
velopment, hematopoiesis, vascular remodeling, 
and atherogenesis. The mechanosensory stimulus 

of blood flow initiates a complex network of intracellular 
pathways, including activation of Rac1 GTPase, establish-
ment of endothelial cell (EC) polarity, and redox signal-
ing. The activity of the nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase can be modulated by the 
GTP/GDP state of Rac1; however, the molecular mecha-
nisms of Rac1 activation by flow are poorly understood. 
Here, we identify a novel polarity complex that directs 

localized Rac1 activation required for downstream reac-
tive oxygen species (ROS) production. Vav2 is required 
for Rac1 GTP loading, whereas, surprisingly, Tiam1 func-
tions as an adaptor in a VE-cadherin–p67phox–Par3 po-
larity complex that directs localized activation of Rac1. 
Furthermore, loss of Tiam1 led to the disruption of redox 
signaling both in vitro and in vivo. Our results describe a 
novel molecular cascade that regulates redox signaling by 
the coordinated regulation of Rac1 and by linking com-
ponents of the polarity complex to the NADPH oxidase.
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signaling events (Rajagopal et al., 2010). Vav2 mediates Rac 
activation in ECs in response to VEGF (Gavard and Gutkind, 
2006) and is activated downstream of multiple receptor tyrosine 
kinases (Schiller, 2006). We therefore interrogated whether shear 
stress can also activate Vav2. Phosphorylation of Tyr172 revealed 
that shear stress induced rapid activation of Vav2 (Fig. 2 A). 
Interestingly, Vav2 activation was dependent on PECAM-1, as 
well as Src tyrosine kinase activity (Fig. 2 B; Fig. S2 C), suggest-
ing that PECAM-1–mediated mechanotransduction and down-
stream Src activation (Tzima et. al, 2005) are required for shear 
stress–induced Vav2 activation. To study the role of Vav2 in shear 
stress–induced Rac1 activation, we used siRNAs against Vav2 to 
decrease its expression in ECs. Two siRNA sequences were used 
to rule out the possibility of the off-target effects (Fig. S2 A). As 
shown in Fig. 2 C, shear stress–induced Rac1 GTP loading was 
compromised in Vav2-depleted ECs, whereas nonspecific siRNA 
had no effect, suggesting that Vav2 mediates flow-induced GTP 
loading of Rac. Thus, Vav2 facilitates GTP loading of Rac1 in 
response to shear stress.

In contrast to Vav2, silencing Tiam1 with siRNAs (Fig. S2 B) 
did not affect the overall GTP loading of Rac1 by flow (Fig. 2 C; 
Fig. S2 D), suggesting that Tiam1 is not the GEF responsible for 
flow-induced Rac1 activity. To assess whether Tiam1 is impor-
tant for localized activation of Rac1 in response to flow, we used 
the FRET-based Rac1 biosensor. As observed with the affinity-
based pull-down assay, when we compared the average overall 
Rac1 activity levels using the average Rac1 FRET values in each 
cell, we could not detect a difference between the Tiam1-depleted 
cells and control siRNA-transfected cells. However, when scored 
for spatial distribution, Rac activity was randomly oriented in 
Tiam1-depleted cells, whereas control siRNA-transfected cells 
exhibited an obvious directionality of activated Rac1 relative to 
the flow direction (Fig. 2 D). Overall, these data demonstrate 
distinct yet synergistic roles for two Rac GEFs in shear stress 
signaling: Vav2 is required for GTP-loading of Rac1, and thus 
functions as a canonical GEF, whereas Tiam1 is important for 
localized activation of Rac1.

Spatial activation of Rac1 is mediated  
by VE-cadherin and is required for  
ROS production
Rac1 is a component of the nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase (Abo et al., 1991; Knaus et al., 1991) 
and is widely known to act upstream of ROS production in a 
variety of cell types, including ECs in response to shear stress 
(Chiu et al., 1997; Yeh et al., 1999). Interestingly, ROS pro-
duction is temporally and spatially regulated to facilitate com-
partmentalization of redox signaling (Ushio-Fukai, 2009). As 
exposure of ECs to shear stress elicits directional cellular be-
haviors, including cell alignment and directional Rac activation, 
we hypothesized that ROS production may require both global 
and directional Rac1 activation in response to flow. To further 
test the idea that polarized Rac activity may be important for 
ROS production, we examined ECs transfected with a constitu-
tively active Rac variant, V12Rac, which induces uniform high 
levels of Rac activity without detectable polarization toward the 
downstream edge (Tzima et al., 2002). Expression of V12Rac 

of the mechanosensory complex. As flow-induced cell align-
ment and NF-B activation are downstream of PECAM-1 and 
VE-cadherin (Tzima et al., 2005), and mediated by Rac1 (Tzima 
et al., 2002), we hypothesized that activation of Rac1 is depen-
dent on these adhesion receptors. Pull-down assays were performed 
in which Rac1 GTP loading was determined by specific binding 
of the active GTPase to the p21-binding domain of PAK1 (PBD). 
PECAM-1/ ECs (PE-KO) failed to show activation of Rac 
after onset of flow, whereas null cells engineered to reexpress 
PECAM-1 (PE-RC) showed an increase in Rac1 GTP loading in 
response to flow (Fig. 1 A), similar to that seen in wild-type ECs 
(Tzima et al., 2002; Wojciak-Stothard and Ridley, 2003). Sur-
prisingly, despite defects in responses downstream of Rac (Tzima 
et al., 2005), VE-cadherin/ ECs (VE-KO) showed normal lev-
els of Rac1 activation, similar to those seen in VE-cadherin–
expressing ECs (VE-RC; Fig. 1 B), suggesting that VE-cadherin 
is not required for flow-induced GTP loading of Rac1.

Rho GTPase activation is highly spatially and temporally 
regulated to permit localized signaling responses. In particular, 
shear stress induces localized activation of Rac1, and Rac1 ac-
tivity has to be spatially restricted in order for cells to align in the 
direction of flow (Tzima et al., 2002). To assess whether VE-
cadherin is important for localized activation of Rac1 in response 
to flow, we used FLAIR (fluorescence activation indicator for 
Rho proteins; Kraynov et al., 2000). Fluorescence resonance en-
ergy transfer (FRET) images showed high Rac1 activity in both 
VE-RC and VE-KO ECs subjected to shear stress (Fig. 1 C). 
Quantitation revealed a substantial increase in the fraction of both 
VE-KO and VE-RC cells that scored positive for FRET (Fig. 1 D). 
However, when cells were scored for spatial distribution of Rac1-
FRET (Fig. S1 A), we found that in the majority of VE-RC cells, 
Rac1 activity was strongly localized to the downstream edge, 
whereas Rac1 activity was randomly oriented in VE-KO ECs 
(Fig. 1 D). It is important to note that processing of our samples 
did not alter FRET observed in live ECs (Fig. S1 B). Taken to-
gether, these data demonstrate that PECAM-1 is required for 
global changes in Rac activation (GTP loading), whereas VE-
cadherin is essential for providing the spatial information needed 
to polarize Rac1 activity in response to flow.

Vav2 mediates flow-induced Rac1 
activation, whereas Tiam1 regulates spatial 
organization of activated Rac1
The activation of Rho proteins is mediated by specific guanine 
nucleotide exchange factors (GEFs) that catalyze the exchange 
of GDP for GTP (Hall, 2005). The mechanisms by which cells 
coordinate distinct sets of GEFs, GTPases, and effectors in re-
sponse to a diverse array of biological stimuli remains an un-
answered fundamental question (García-Mata and Burridge, 
2007). We therefore sought to identify the specific GEFs that 
are involved in Rac1 activation in response to shear stress. We 
considered Vav2 and Tiam1 as candidate GEFs and examined 
their contribution to both GTP-loading and spatial localization of 
activated Rac. Tiam1 helps restrict the activity of Rac to dendritic 
spines via its interaction with the PDZ protein Par3 (Nishimura 
et al., 2005; Zhang and Macara, 2006), and Tiam1 scaffolding 
is also important for coupling upstream signals to downstream 
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Tiam1 is required for flow-induced ROS 
production in vitro and in vivo
Our results indicate that polarized Rac1 activation is required 
for flow-induced ROS production. In light of our data suggest-
ing that Tiam1 is required for polarized Rac1 activation, we 
hypothesized that Tiam1 is also essential for flow-induced 
ROS production. Consistent with this hypothesis, ROS pro-
duction was dramatically attenuated in Tiam1-depleted ECs 
(Fig. 4 A). Furthermore, our data indicate that Tiam1 is not 
required for GTP loading of Rac1, suggesting the hypothe-
sis that Tiam1 GEF activity is not required for ROS produc-
tion. We next tested the requirement for Tiam1 GEF activity 
in flow-induced ROS production. Rescue experiments were per-
formed using siRNA-resistant wild-type Tiam1 and a GEF-
deficient variant, 1047/1232ATiam1 (Fig. 4 B; Worthylake  
et al., 2000). As shown in Fig. 4 B, the wild type and a GEF-
deficient Tiam1 mutant rescued flow-induced ROS production 
to a similar extent, suggesting that Tiam1 controls Rac1 acti-
vation and downstream redox signaling independent of its 
GEF activity.

increased basal ROS production, consistent with previous reports 
(Sundaresan et al., 1996; Joneson and Bar-Sagi, 1998; Cheng et al., 
2006). However, when generation of ROS was measured after 
shear stress, cells transfected with V12Rac showed a much smaller 
increase in ROS production compared with ECs transfected with 
wild-type Rac (Fig. 3 A). Thus, despite the presence of a con-
stitutively active form of Rac1, loss of directionality of active 
Rac1 impairs flow-induced ROS production.

Our data suggest that although bulk Rac1 activation is nor-
mal, directional Rac activation is disrupted in the absence of VE-
cadherin. As it appears that VE-cadherin can influence Rac1 
localization, we next considered whether VE-cadherin regulates 
flow-induced ROS production downstream of Rac1. As shown 
in Fig. 3 B, onset of shear stress readily induced ROS production 
in VE-cadherin–expressing ECs (VE-RC). In contrast, markedly 
decreased ROS production was detected in VE-cadherin/ 
cells (VE-KO). These data demonstrate that VE-cadherin is re-
quired for shear stress–induced ROS production, and suggest 
that flow-induced redox signaling requires both global and spa-
tially regulated activation of Rac1.

Figure 1. PECAM-1 is required for flow-induced Rac1 activation, whereas VE-cadherin is essential for polarization of active Rac1. (A and B) Rac activation 
was assessed by Rac1-GTP pull-down assays in PE-RC vs. PE-KO (A) and VE-RC vs. VE-KO (B) ECs. The GTP-Rac1/total Rac1 ratio was quantified using 
ImageJ (National Institutes of Health). (C and D) ECs plated on fibronectin were transiently transfected with EGFP-Rac and mCherry-PBD. 24 h after transfec-
tion, cells were subjected to shear stress or kept as static control. FRET images were obtained using MetaMorph software (MDS Analytical Technologies) 
to show spatial Rac1 activation. Cells were first scored for total FRET signal. Cells showing a positive FRET signal were then scored for FRET directionality. 
Values are mean ± SEM, n = 3 and >100 cells were scored per condition. *, P < 0.05; **, P < 0.01. Bar, 10 µm.
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the shear stress–mediated ROS production in ECs, thereby 
establishing that Tiam1 is an important mediator of the ef-
fect of shear stress in redox signaling.

Tiam1, Nox2, and Par3 polarize in 
response to shear stress
VE-cadherin and Tiam1 are clearly crucial for proper localiza-
tion of active Rac1, which is instrumental for the subsequent 
activation of biological signaling events. Next, we considered 
whether the subcellular localization of Tiam1 itself may estab-
lish localized Rac1 activation. The onset of shear stress induced 
polarization Tiam1 to the downstream edge of the cell (Fig. 5 A), 
similar to the pattern of Rac1 activation induced by flow (Fig. 1 C). 
Interestingly, we did not observe polarization of VE-cadherin in 
response to shear stress (Fig. 5 A), suggesting that VE-cadherin 
itself does not redistribute under flow, but rather provides a plat-
form for the recruitment of other proteins, such as Tiam1 and active 
Rac1 to the downstream edge of the cell. In light of our evi-
dence suggesting that polarized Rac1 activation is required for 

Our data suggest that Tiam1 controls ROS production 
by its ability to regulate spatial activation of Rac1. Similarly, 
in contrast to the in vivo situation (in which the levels of ac-
tive GTPases are tightly regulated and occur in highly de-
fined subcellular regions), when a Rho GTPase is globally 
activated, its effectors might aberrantly signal outside of  
the spatio-temporal context of their specific signaling mod-
ules (Pertz, 2010). To further evaluate the relevance of this 
pathway, we assessed the role of Tiam1 in ROS production 
in vivo. We developed a fluorescence-based assay to specifi-
cally monitor ROS production in the mouse aorta and veri-
fied that the measured fluorescence is solely due to ROS 
production, as it was absent in aortas treated with the ROS 
inhibitor diphenyleneiodonium (DPI; Fig. S3). As shown in 
Fig. 4 C and Fig. S4, in vivo knockdown of Tiam1 led to a 
marked decrease in ROS production. In this in vivo setting, 
we cannot distinguish between the role of Tiam1 in ECs and 
the contribution of other vascular cell types to ROS production. 
However, our in vitro data document that Tiam1 is required for 

Figure 2. Vav2 is required for flow-induced Rac1 GTP loading, whereas Tiam1 regulates spatial activation of Rac1. (A) VE-RC or VE-KO ECs were plated 
on fibronectin-coated slides and shear stress applied for the indicated times. Cell lysates were subjected to SDS-PAGE followed by immunoblotting with 
phospho- and total Vav2 antibodies. Three experiments were performed and numbers under the gel panels represent the ratio of pVav2/total Vav2 normal-
ized to t = 0. (B) PE-RC or PE-KO ECs were plated on fibronectin-coated slides and shear stress applied for the indicated times. Total Vav2 protein was 
immunoprecipitated from cell lysates and subjected to SDS-PAGE, followed by immunoblotting with phospho- and total Vav2 antibodies. Three experiments 
were performed and numbers under the gel panels represent the ratio of pVav2/total Vav2 normalized to t = 0 (top). Shear stress was applied to HUVECs 
on fibronectin-coated slides and shear stress was applied in the presence of DMSO or the Src family kinase inihibitor, SU6656. Total Vav2 was immuno-
precipitated from cell lysates and immune complexes were subjected to SDS-PAGE. Western blots were performed to assess phospho-Vav2 levels (bottom).  
(C) ECs were transfected with control siRNA, siVav2#1 or siTiam1#1. 72 h after transfections, cells were plated on fibronectin-coated slides and shear 
stress applied for the indicated times. Rac1-GTP pull-down assays were performed to assess the Rac1-GTP loading. (D) HUVECs were transfected with 
indicated siRNAs and subsequently sheared or kept as static control. FRET images were obtained and cells scored for total FRET and downstream FRET. 
Values are mean ± SEM, n = 3 and >100 cells were scored per condition. *, P < 0.05; **, P < 0.01. Bar, 10 µm.
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required for polarization of the microtubule-organizing center 
in ECs in response to flow (Tzima et al., 2003). Indeed, we ob-
served flow-induced polarization of Par3 to the downstream edge 
of the cell (Fig. 5 A); additionally, expression of a dominant-
negative Par6 (DN Par6) abolished shear-induced Tiam1 polar-
ization (Fig. 5 B), whereas Tiam1 polarization in ECs expressing 
wild-type Par6 (WT Par6) was unaffected. These data suggest 
that the flow-induced polarization of Par3/6 provides a spatial cue 
for the recruitment of other proteins (such as Tiam1) to the down-
stream edge of the cell that direct proper localization of activated 
Rac1 and subsequent redox signaling. Next, we hypothesized that 
depletion of Par3 would eliminate the polarity cue for the re-
cruitment of other proteins, and thus disrupt flow-induced ROS 
production. In agreement with this hypothesis, ECs depleted of 
Par3 using specific siRNAs displayed blunted ROS production 
compared with ECs transfected with a control siRNA (Fig. 5 C).

A novel signaling complex that couples 
spatial Rac1 activation to NADPH oxidase
Par3/6 have been shown to complex with Tiam1 to provide polar-
ity cues in numerous cell types and organisms (Chen and Macara, 
2005; Mertens et al., 2005; Nishimura et al., 2005). Therefore, 
we investigated if these proteins also interact with each other to 
provide polarity cues in response to shear stress. Onset of flow 
induced the formation of a Par3–Tiam1 complex, which, unex-
pectedly, also contained VE-cadherin (Fig. 6 A). In contrast, 
flow did not promote increased association of Par3 with Tiam1 
in the absence of VE-cadherin (Fig. 6 A). Surprisingly, shear 
stress also induced the association of Tiam1 and VE-cadherin 
with the p67phox subunit of NADPH oxidase (Fig. 6, B and C). 
Notably, the level of Tiam1 coimmunoprecipitation with p67phox 
was not increased by shear stress stimulation in the absence of 
VE-cadherin (Fig. 6 B), suggesting that VE-cadherin mediates 
ROS production by regulating Tiam1 association with p67phox. 
We next addressed the possibility of a direct interaction between 
Tiam1 and p67phox. In GST pull-down assays using recombi-
nant proteins (Fig. 6 C), direct binding was observed between 
p67phox and the PHn-PHc Tiam1 variant, which encompasses the 
majority of the protein (Fig. 6 D). Moreover, the PHn-CC-Ex 
domain also associated with p67phox directly (Fig. 6 D), sug-
gesting this region is primarily responsible for the direct inter-
action. Interestingly, the PDZ domain of Tiam1 did not bind to 
p67phox. Additionally, we performed NMR-based titration ex-
periments where a VE-cadherin peptide comprising the last 16 
amino acids was titrated into a sample containing 15N-labeled 
Tiam1 PDZ domain. Addition of the VE-cadherin peptide caused 
chemical shift perturbations in residues that are known to be 
important for ligand binding (Fig. S5; Shepherd et al., 2010; 
Shepherd and Fuentes, 2011), indicating a direct, but weak inter-
action. Importantly, a similar approach was used to show an inter-
action of the VE-cadherin C-terminal tail with the PDZ domain of 
Par3 (Tyler et al., 2010). Overall, these data show that Tiam1 
binds to p67phox via its PHn-CC-Ex domain and that VE-cadherin 
binds the Tiam1 PDZ domain. Previous studies have shown that 
Par3 binds to the PHn-CC-Ex domain of Tiam1 through its  
CC domain and the C terminus of VE-cadherin through its third 
PDZ domain, both of which are direct (Nishimura et al., 2005; 

flow-induced ROS production, we next tested if specific com-
ponents of the NADPH oxidase also display redistribution in re-
sponse to shear stress. The Nox2 component of the NADPH is 
highly expressed in ECs and is a major source of EC ROS pro-
duction (Brown and Griendling, 2009). In agreement with our 
hypothesis, Nox2 was highly polarized to the downstream edge 
of the cell in ECs under flow (Fig. 5 A).

A possible candidate for providing spatial cues for polar-
ization of proteins, such as Tiam1, in response to shear stress is 
the polarity complex consisting of the partitioning-defective (Par) 
proteins (Par3 and Par6), which is necessary for establishment of 
polarity in various cells types and organisms (Macara, 2004). In 
this complex, Par3 acts as a scaffolding protein which, through 
direct interactions assembles Par6, aPKC, and Tiam1 in close prox-
imity (Chen and Macara, 2005; Mertens et al., 2005; Nishimura  
et al., 2005). Importantly, the Par3/6 polarity complex is also 

Figure 3. Proper spatial activation of Rac1 is required for flow-induced 
ROS production. (A) ECs were transiently transfected with wild-type Rac 
(RacWT) or constitutively active Rac (RacV12) constructs. 24 h after trans-
fection, ECs were loaded with 2,7-dichlorodihydrofluorescein diacetate 
(H2-DCFDA) at 37°C for 30 min before the onset of flow shear stress was 
applied to the cells and ROS production was assessed by measuring the 
fluorescence of the cell lysates at excitation 485 nm/emission 535 nm.  
(B) VE-RC or VE-KO cells grown to confluence were loaded with H2-DCFDAat 
37°C for 30 min before the onset of flow. Shear stress was subsequently 
applied in continued presence of the H2-DCFDA dye for the indicated 
times. ROS production was assessed by measuring the fluorescence of the 
cell lysates at excitation 485 nm/emission 535 nm.
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achieved via the formation of a VE-cadherin–Par3–Tiam1 com-
plex, which allows its coupling to the p67phox subunit of the 
NADPH oxidase and downstream redox signaling. In support 
of this model, ECs depleted of VE-cadherin, Tiam1, or Par3 show 
impaired ROS production in response to shear stress. Our find-
ing that knockdown of Tiam1 in the mouse aorta also reduces 
ROS production clearly points to the functional relevance of 
this pathway in vivo.

The mechanisms that determine polarity, including that of 
Rac1, in response to shear stress is a longstanding question in the 
field and is an intense area of study. Recent work modeling po-
larized Rac1 activation in ECs predicts that an endothelial cell in 
a confluent monolayer would experience compression at the up-
stream edge of the cell and tension at the downstream edge when 
exposed to flow (Allen et al., 2011). Therefore, mechanosensitive 

Iden et al., 2006; Tyler et al., 2010). These data suggest a direct 
association between components of the polarity complex and 
the NADPH oxidase. Some of these interactions are likely sta-
bilized by the simultaneous interactions between multiple com-
ponents of the VE-cadherin–Tiam1–p67 ternary complex.

Discussion
In this study we identify a molecular mechanism by which shear 
stress activates Rac1 and regulates downstream ROS production. 
We reveal differential roles for two components of the mecha-
nosensory complex in this pathway: PECAM-1 is required for 
GTP loading of Rac; in contrast, VE-cadherin is not required 
for GTP loading, but is essential for polarized activation of Rac1 
in response to shear stress. This polarized activation of Rac1 is 

Figure 4. Tiam1 is required for flow-induced ROS production in vitro and in vivo. (A) ECs were transfected with control or Tiam1-specific siRNAs. 72 h  
after transfection, cells were incubated with the H2-DCFDA dye and sheared for indicated times. Shear stress was subsequently applied in continued pres-
ence of the H2-DCFDA dye for the indicated times. ROS production was assessed by measuring the fluorescence of the cell lysates at excitation 485 nm/
emission 535 nm. (B) Human ECs were transfected with indicated combinations of siRNAs and rescue plasmids. 48 h after transfections, cells were lysed 
and lysates resolved on SDS-PAGE and analyzed by Western blotting using Tiam1-specific and actin-specific antibodies. 48 h after the transfections, cells 
were loaded with the H2-DCFDA dye, sheared for 30 min, or kept as static control and ROS production measured as described above. (C) Control or mouse 
Tiam1-specific siRNAs were introduced into C57BL/6 mice (>30 wk) through retro-orbital injection for two consecutive days. 72 h after the initial injection, 
the aortas were isolated and processed for en face staining. ROS production was visualized by incubating the tissue sections with H2-DCFDA dye at 37°C 
for 1 h. Images of aorta tissues were obtained immediately after processing the sections. Values are mean ± SEM, n = 4; *, P < 0.05; **, P < 0.01.
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demonstrate that polarization of Rac1 signaling is a biologically 
meaningful event, as disruption of Rac polarity impairs flow-
induced ROS production.

The establishment and maintenance of cell polarity is cru-
cial for many biological functions and is regulated by conserved 
protein complexes. Interactions between Par complex proteins 
and Rho GTPases are essential for the proper regulation of cell 
and cytoskeletal polarity in a wide variety of polarized cell types. 
For example, Par3 functions to restrict Rac-GTP formation to 
dendritic spines by binding to Tiam1 (Nishimura et al., 2005; 
Zhang and Macara, 2006). Similarly, the Par3/6 polarity complex, 
in conjunction with Tiam1-mediated Rac1 signaling, controls 

signaling, such as Rac activation, would occur at the downstream 
edge of the cell under mechanical stress. Other studies support 
the idea of a transfer of stress to the downstream edge of the cell, 
as rapid and directional rearrangement of intermediate filaments 
upon exposure to shear stress has been previously shown (Helmke 
et al., 2000). Furthermore, it has been shown that Rac activity is 
decreased at the upstream edge ECs under flow via a paxillin–
p130Cas pathway. However, these experiments were performed 
in ECs subjected to a scratch wound (to reveal an upstream la-
mellipodium) and not in confluent monolayers (Zaidel-Bar et al., 
2005). Our work identifies the molecular players required for po-
larized Rac1 activation in response to fluid shear stress. We further 

Figure 5. Tiam1, Nox2, and Par3 polarize in response to shear stress. (A) ECs were transfected with myc-tagged Par3, GFP-Tiam1, or myc-Nox2. 48 h 
after transfection, shear stress was applied or cells were left as static controls. Cells were immediately fixed and immunostained with anti–VE-cadherin or 
anti-myc antibodies. Total fluorescence intensity was measured at the upstream and downstream regions of the cell. The ratio of downstream fluorescence 
to upstream fluorescence for each cell was calculated, and sheared values were normalized to static controls. n = 3 and >60 cells per condition were 
analyzed. Bar, 10 µm. (B) BAECs were cotransfected with WT-Par6 or DN-Par6 and wild-type GFP-Tiam1. 48 h after transfection, shear stress was applied 
or cells were left as static controls. Total fluorescence intensity was measured at the upstream and downstream regions of the cell. The ratio of downstream 
fluorescence to upstream fluorescence for each cell was calculated, and sheared values were normalized to static controls. n = 3 and >15 cells per con-
dition were analyzed. Bar, 10 µm. (C) ECs were transfected with control or Par3-specific siRNAs. 72 h after transfection, cells were incubated with the 
H2-DCFDA dye and sheared for indicated times. Shear stress was subsequently applied in continued presence of the H2-DCFDA dye for the indicated times. 
ROS production was assessed by measuring the fluorescence of the cell lysates at excitation 485 nm/emission 535 nm. Bar graph is representative of three 
independent experiments. For all panels, values are mean ± SEM; *, P < 0.05.
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VE-cadherin is required for flow-induced association of Tiam1with 
p67phox, suggesting that VE-cadherin mediates ROS production 
by regulating the association of these proteins. During the prepara-
tion of this manuscript, another group reported that VE-cadherin 
and Tiam1 mediate shear-induced Rac1 GTP loading and barrier 
enhancement in brain microvascular ECs (Walsh et al., 2011). 
Our data show that VE-cadherin and Tiam1 are not required for 
GTP loading of Rac1 but are important for polarized activation  
of Rac1. A possible reason for this discrepancy could be the ori-
gin of ECs used in that study and/or the approaches used to  
inhibit VE-cadherin and Tiam1. Here, we identify Vav2 as the 
critical GEF for shear-induced GTP-loading of Rac1. Our data in-
dicate impaired Rac1 activation in Vav2-depleted ECs. Notably, 
Vav2 localization is not polarized under flow (unpublished data). 

apical–basal cell polarity in contacting epithelial cells (Mertens 
et al., 2005). A recent study reported that Tiam1 interactions with 
different scaffolding proteins couple distinct upstream signals 
to localized Rac1 activation and specific downstream pathways 
(Rajagopal et al., 2010). Our results now identify a novel role 
for Tiam1 as an adaptor in a VE-cadherin–p67phox–Par3 polar-
ity complex that provides the spatial cues required for ROS pro-
duction. We show that shear stress induces polarization of Par3/6, 
which mediates the polarization of Tiam1; Tiam1 binds to p67phox 
via its PHn-CC-Ex domain and to VE-cadherin via its PDZ do-
main. Surprisingly, VE-cadherin does not polarize under shear 
forces. These data suggest that VE-cadherin provides the mem-
brane anchor that stabilizes other polarized proteins, such as the 
Par complex, to the downstream edge of the cell. Interestingly, 

Figure 6. A novel signaling complex that couples spatial Rac1 activation to the NADPH oxidase. (A) VE-RC or VE-KO ECs were transiently transfected 
with HA-tagged Tiam1 expression construct. 24 h after transfection, cells were sheared for indicated times or kept as static control. Cell lysates were  
immunoprecipitated with an anti-HA antibody followed by immunoblotting with anti-Par3, anti–VE-cadherin, or anti-HA antibodies. Three experiments were 
performed for each cell type and numbers below the gel panels represent the fold of band intensity relative to t = 0 min. (B) VE-RC or VE-KO ECs were 
transiently transfected with HA-tagged Tiam1 and Flag-tagged p67phox. 24 h after transfection, cells were sheared for indicated times or kept as static 
control and cell lysates immunoprecipitated with anti-Flag M2 agarose. The immune complexes were subjected to SDS-PAGE followed by immunoblotting 
with anti-HA and anti-Flag antibodies. Three experiments were performed for each cell type and numbers below the gel panels represent the fold of band 
intensity relative to t = 0. (C) Tiam1 variants used in the in vitro direct binding assays. (D) Equal amounts of GST or GST-p67 fusions were incubated with 
indicated His-tagged Tiam1 variants in vitro. Bound proteins were detected by immunoblotting with an anti-6xHis monoclonal antibody. The white line 
indicates where the Western blot was cut to remove irrelevant lanes. (E) Shear stress regulates Rac1 activation through two distinct GEFs, Vav2 and Tiam1. 
Vav2 controls the global Rac1 GTP loading while Tiam1 links Rac1 to the flow-dependent polarity complex composed of Par3 and VE-cadherin. Tiam1 also 
couples the polarity complex to the NADPH oxidase for ROS production in a flow-dependent manner.
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human VE-cadherin. VE-RC and VE-KO cells were grown in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Invitrogen) containing 10% FBS (Invitrogen), 
5 µg/ml endothelial cell growth supplement (ECGS; Sigma-Aldrich), and 
100 µg/ml heparin and penicillin/streptomycin (Invitrogen). PECAM-1 knock-
out (PE-KO) and reconstituted (PE-RC) cells were cultured in DMEM contain-
ing 10% FBS, 10 µM 2-mercaptoethanol (Invitrogen), 1× nonessential amino 
acids (NEAA; Invitrogen), and penicillin/streptomycin. Human umbilical vein 
endothelial cells (HUVECs) were cultured in EGM medium (Lonza) according 
to the manufacturer’s suggested procedure. Bovine aortic endothelial cells 
(BAECs) were cultured in DMEM supplemented with 10% FBS and penicillin/
streptomycin. For shear stress experiments, endothelial cells were plated on 
10 µg/ml fibronectin and allowed to grow for 5 h in medium containing 10% 
FBS. Cells were then starved overnight in medium containing 0.5% FBS. 
Slides were loaded onto a parallel plate flow chamber in 0.5% FBS and 
12 dynes/cm2 of shear stress was applied for indicated times. The starva-
tion time was shortened to 1 h if HUVECs were used in shear stress.

Antibodies and inhibitors
Src inhibitors SU6656 and PP2 were purchased from EMD Millipore. Vav2, 
phospho-Vav2, and Tiam1 were purchased from Santa Cruz Biotechnol-
ogy, Inc. The Vav2 antibody used for immunoprecipitation, anti-myc, and anti-
HA antibodies were from Cell Signaling Technology. The Rac1 antibody was 
obtained from BD and the VE-cadherin antibody was from Enzo Life Sciences. 
The anti-FLAG and actin antibodies were purchased from Sigma-Aldrich and 
the anti-Par3 antibody was from EMD Millipore.

RNA interference and plasmid transfections
The siRNA sequences used in the study were as follows: siControl, 5-UAA-
GGCUAUGAAGAGAUAC-3; human siTiam1#1, 5-GCGAAGGAGC-
AGGUUUUCU-3; human siTiam1#2, 5-GAACCGAAGCUGUAAAGAA-3; 
human siVav2#1, 5-GGAACAGCGAGCUGUUUGA-3; human siVav2#2,  
5-AGUCCGGUCCAUAGUCAAC-3; mouse siTiam1#1, 5-UCAAGACU-
AUGAACAAGGU-3; mouse siTiam1#2, 5-GCGAAGGAGCAGGUU-
UUCU-3; mouse siPar3, 5-CGUUAAAUCCAUUAUCAAU-3. The siRNAs 
were introduced into the cells as described previously using a calcium phos-
phate method (Liu et al., 2008). Plasmid constructs were transfected into 
VE-RC or VE-KO cells using Lipofectamine LTX (Invitrogen). To transfect  
HUVECs with plasmids or siRNA, the Amaxa Nucleofector kit and Nucleofec-
tor program A-034 were used. The wild-type pcDNA3-Tiam1 and the GEF-
deficient mutant pcDNA3-Tiam1-1047/1232A were generous gifts from 
Dr. Channing J. Der (UNC-Chapel Hill, Chapel Hill, NC). The siRNA-resistant 
Tiam1 rescue plasmids were generated by changing the target sequence 
of human siTiam1#2 to 5-GGACUGAGGCUGUAAAGAA-3 (mutated 
nucleotides underlined) in the context of wild-type pcDNA3-Tiam1 or 1047A/ 
1232A-Tiam1. Plasmid constructs (GFP-hTiam1-WT, myc-Par3, myc-Nox2, 
WT-Par6, and DN-Par6) were transfected into BAECs using the Effectene 
Transfection Reagent (QIAGEN) according the manufacturer’s protocol. Con-
fluent monolayers were sheared 48 h after transfection.

Rac pull-down assays
Cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed in 
Rac pull-down buffer containing 50 mM Tris, pH 7.6, 150 mM NaCl, 0.5 mM 
MgCl2, 1% Triton X-100 supplemented with 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), 1 µg/ml aprotinin, and 1 µg/ml leupeptin. The cell lysates were 
spun at 15,000 g for 5 min and the cleared supernatant incubated with 
20 µg of purified recombinant GST-PBD for 30 min at 4°C. The beads were 
subsequently washed with Rac pull-down buffer and bound proteins eluted 
with SDS sample buffer and analyzed by Western blotting using a monoclo-
nal anti-Rac antibody (BD). Whole-cell lysates were also analyzed for the nor-
malization of protein loading.

FRET assays
EGFP-Rac and mCherry-PBD were validated as an appropriated fluorophore 
pair for FRET analysis. EGFP-tagged Rac and pcDNA3.1(+)-mCherry-PBD 
were cotransfected into endothelial cells using Lipofectamine LTX or Amaxa 
Nucleofector and subjected to shear stress for 0 or 30 min. Images of fixed 
cells were acquired using a laser scanning confocal microscope (710 LSCM; 
Carl Zeiss). Calculations to account for bleedthrough and background 
were performed as described previously (Kraynov et al., 2000; Tzima et al., 
2002). In brief, after subtracting the background from all images, the EGFP-
Rac images were thresholded and used to generate a binary image with 
values within the cell = 1 and outside the cell = 0. The FRET and mCherry-
PBD images were multiplied by the binary image and a fraction of the EGFP-
Rac and mCherry-PBD images was subtracted from the FRET image. The 
corrected 8-bit FRET images were displayed using pseudocolor, where blue 
is closest to 0 and red closest to 100.

This result agrees with our results indicating Tiam1 as the GEF re-
quired for Rac1 polarization. ECs depleted of Tiam1 (with Vav2 
expression intact) globally activate Rac1 in response to shear, but 
lack downstream Rac1 polarity (Fig. 2 D). These results highlight 
the differential roles of the two GEFs in this system: Vav2 is re-
quired for global GTP loading and activation of Rac1, whereas 
Tiam1 is required for recruitment of activated Rac1 to the down-
stream edge of the cell.

The Nox family of proteins is essential in normal physiology 
(Brown and Griendling, 2009). Nox proteins and ROS have been 
shown to regulate many fundamental physiological processes, in-
cluding cell growth, differentiation, apoptosis, angiogenesis, and 
cytoskeletal remodeling. In the vasculature, ROS are required for 
endothelial cell proliferation and migration during angiogenesis 
(Ushio-Fukai, 2007), as well as flow-mediated vascular remod-
eling via activation of MMPs (Castier et al., 2005). Within the 
endothelium, the membrane-bound Nox2 subunit of the NAPDH 
oxidase has been shown to be a major source to EC ROS produc-
tion (Brown and Griendling, 2009). Our data suggest that Nox2 
may also play a role in flow-mediated ROS production. In addition, 
NADPH oxidases are now recognized to have specific subcellu-
lar localizations, and compartmentalization of redox signaling 
is thought to involve the interaction of NADPH oxidase subunits 
with distinct signaling platforms associated with different sub-
cellular sites (Ushio-Fukai, 2009). Thus, recruitment of p67phox 
to a VE-cadherin–Tiam1 scaffold in response to flow may reflect 
a general strategy of targeting oxidant production to particular sub-
cellular sites as a means to gain signal specificity (Ushio-Fukai, 
2009). Overall, these results indicate that VE-cadherin is required 
for the flow-induced Par3–Tiam1 complex formation and that 
these proteins might be components of a pathway that links spa-
tial cues with redox signaling (Fig. 6 E). Importantly, E-cadherin 
was similarly required for establishing polarity during cell mi-
gration (Desai et al., 2009), indicating that this pathway may rep-
resent a general role for cell–cell adhesion in polarization.

The work described here identifies a novel signaling mod-
ule that links cell–cell junctions, polarity cues, and redox signal-
ing in response to blood flow. This signaling pathway constitutes 
a novel paradigm that demonstrates distinct yet synergistic roles 
for two Rac GEFs; one GEF regulates global Rac1 activation, 
while the second determines spatial activation of Rac1. Compart-
mentalization of Rac1 activity is achieved via formation of a VE-
cadherin–Par3–Tiam1 complex and is required for coupling to 
the p67phox subunit of the NADPH oxidase and downstream 
redox signaling. The identification of a molecular cascade required 
for spatial mechanosignaling and NADPH oxidase activation 
provides new insights into mechanisms of ROS signaling in cel-
lular responses related to signal transduction, inflammatory dis-
eases, and atherosclerosis.

Materials and methods
Cell culture and shear stress
VE-cadherin null (VE-KO) and reconstituted (VE-RC) cells were prepared as 
described previously (Carmeliet et al., 1999). In brief, ECs were derived from 
undifferentiated mouse embryonic stem cells from VE-cadherin–null embryos 
and were transduced with a retrovirus expressing the Polyoma middle-T 
oncogene (VE-KO). VE-RC cells were obtained generated by reintroducing 

 on D
ecem

ber 31, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/


JCB • VOLUME 201 • NUMBER 6 • 2013 872

Immunofluorescence and microscopy
BAECs were fixed in 2% formaldehyde, permeabilized in 0.2% Triton X-100 
for 20 min, and then blocked in 10% goat serum for 1 h at RT. Cells were 
stained with anti–VE-cadherin (Enzo Life Sciences) or anti-myc (Invitrogen) 
antibodies (1:100). Slides were mounted in Vectashield mounting medium 
(Vector Laboratories). Images were obtained using the 60× 1.40 NA oil 
objective on a microscope (Eclipse E800; Nikon) equipped with a digital 
camera (ORCA-ER; Hamamatsu Photonics) and MetaMorph software (MDS 
Analytical Technologies). Confocal images were obtained using the 60× 
1.40 NA oil objective on a microscope (FV500; Olympus) equipped with 
a digital camera (ORCA-ER; Hamamatsu Photonics) and were analyzed 
using ImageJ software (National Institutes of Health).

Quantification and statistical analysis
The intensities of immunoblotting or immunofluorescence staining were 
quantified using ImageJ. Data were analyzed by performing two-tailed Stu-
dent’s t test (between two groups) and one-way ANOVA (among multiple 
groups) as appropriate. Statistical significance was defined as P < 0.05.

Online supplemental material
Fig. S1 provides additional information on FRET analysis. Fig. S2 provides ad-
ditional siRNA and inhibitors studies that demonstrate shear-induced activa-
tion of Vav2 is required for Rac1 GTP-loading. Fig. S3 demonstrates specific 
detection of ROS production in vivo. Fig. S4 shows that successful knockdown 
of Tiam1 in vivo blunts ROS production in the mouse aorta. Fig. S5 dem-
onstrates that Tiam1 binds to VE-cadherin. Online supplemental material is 
available at http://www.jcb.org/cgi/content/full/jcb.201207115/DC1.
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Figure S1.  Quantification of polarized Rac activation. (A) Images of sheared or static cells were divided into quadrants, where Q1 was deemed “down-
stream” and Q2 was deemed “upstream” relative to the direction of flow. FRET signal at the cell periphery was assessed by visual inspection in a blinded 
fashion. Polarity was defined when the majority (90%) of the signal existed in one quadrant. Bar, 10 µm. (B) Images were acquired and analyzed for FRET 
in living ECs expressing the RhoA biosensor. Cells were fixed and subsequently analyzed for FRET after fixation. Whole-cell FRET ratios were calculated for 
each condition (n = 8 cells). Images are representative of a cell pre- and post-fixation. Bar, 10 µm.
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Figure S2.  Depletion of Vav2 and Tiam1 expression using siRNAs. (A and B) ECs were transfected with Vav2-specific (A) or Tiam1-specific (B) siRNAs. 
48–96 h after transfections, cells were lysed and lysates resolved on SDS-PAGE and analyzed by Western blotting using Vav2 or Tiam1 antibodies. Actin 
levels were also assessed for appropriate normalization. Black lines indicate where intervening lanes have been removed for presentation purposes. For 
both A and B, the data represent mean ± SEM of n = 3 (**, P < 0.01). (C) Shear stress was applied to BAECs on fibronectin-coated slides and shear stress 
was applied in the presence of DMSO or the Src family kinase inhibitor, PP2 (1 µM). Total vav2 was immunoprecipitated and Western blots were performed 
to assess phospho-Vav2 levels (n = 3). (D) To rule out the possibility of the off-target effects of siRNAs, ECs were transfected with siVav2#2 or siTiam1#2. 
72 h after transfections, cells were plated on fibronectin-coated slides and shear stress applied for indicated times. Rac1-GTP pull-down assays were per-
formed as in Fig. 2 A.
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Figure S3.  H2-DCFDA specifically stains ROS in mouse tissue. The aortic arch near the tri-branches of brachiocephalic, left carotid, and subclavian arteries 
were isolated from C57BL/6 mice and incubated sequentially with 10 µM DPI (diphenyleneiodonium) or DMSO control, and 10 µM H2-DCFDA. Images 
of aortas were obtained and fluorescence intensity quantified as described in Materials and methods. Bar, 150 µm. The data represent mean ± SEM of n 
= 3 (*, P < 0.05).
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Figure S4.  Knockdown of Tiam1 in vivo. (A) Control or mouse Tiam1-specific siRNAs were introduced into C57BL/6 mice (>30 wk) through retro-orbital 
injection for two consecutive days. 72–96 h after the initial injection, aortas were isolated and homogenized and the homogenates analyzed for Tiam1 
and actin levels by Western blotting using Tiam1-specific or actin-specific antibodies. (B) Control or mouse Tiam1-specific siRNAs were introduced into 
C57BL/6 mice (>30 wk) through retro-orbital injection for two consecutive days. 72 h after the initial injection, the aortas were isolated and processed for 
en face staining. ROS production was visualized by incubating tissue sections with H2DCFDA dye at 37°C for 1 h. Images were obtained immediately after 
processing the sections. Bar, 150 µm. The data represent mean ± SEM of n = 4 (**, P < 0.01).

Figure S5.  The Tiam1 PDZ domain binds a C-terminal VE-cadherin peptide. (Left) 1H-15N-HSQC spectra of a titration experiment showing the ligand-free 
PDZ protein (black peaks) as a function of VE-cadherin peptide (red peaks). (Right) An expanded region of the HSQC spectrum showing residues surround-
ing the PDZ domain peptide binding cleft whose chemical shifts were perturbed upon addition of the VE-cadherin peptide.




