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Abstract

The activity of Rho‐specific guanine nucleotide dissociation inhibitor α (RhoGDIα) is

regulated by its own phosphorylation at different amino acid sites. These phosphorylation

sites may have a crucial role in local Rho GTPases activation during cell migration. This

paper is designed to explore the influence of phosphorylation on shear stress‐induced
spatial RhoGDIα activation. Based on the fluorescence resonance energy transfer bio-

sensor sl‐RhoGDIα, which was constructed to test the RhoGDIα activity in living cells,

new RhoGDIα phosphomimetic mutation (sl‐S101E/S174E, sl‐Y156E, sl‐S101E, sl‐S174E)
and phosphorylation‐deficient mutation (sl‐S101A/S174A, sl‐Y156A, sl‐S101A, sl‐S174A)
biosensors were designed to test their effects on RhoGDIα activation upon shear stress

application in human umbilical vein endothelial cells (HUVECs). The results showed lower

RhoGDIα activity at the downstream of HUVECs (the region from the edge of the nucleus

to the edge of the cell along with the flow). The overall decrease in RhoGDIα activity was

inhibited by Y156A‐mutant, whereas the polarized RhoGDIα and Rac1 activity were

blocked by S101A/S174A mutant. It is concluded that the Tyr156 phosphorylation mainly

mediates shear stress‐induced overall RhoGDIα activity, while Ser101/Ser174 phos-

phorylation mediates its polarization. This study demonstrates that differential phos-

phorylation of RhoGDIα regulates shear stress‐induced spatial RhoGDIα activation, which

could be a potential target to control cell migration.
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1 | INTRODUCTION

Fluid shear stress (FSS) directs cell polarity and migration through

polarized signaling, including Rho GTPases signaling (Collins & Tzima,

2014; da Silva et al., 2019; Mitchell, Jacobs, Li, Chien, & Kintner,

2007). For example, shear stress‐induced polarized Rho GTPases

activity is essential for the polar reorientation of the microtubule‐
organizing center and cell alignment in endothelial cells (Collins &

Tzima, 2014). Rho‐specific guanine nucleotide dissociation inhibitor α

(RhoGDIα) is an ubiquitously expressed member of the RhoGDIs

family that is known as a main endogenous negative regulator of Rho

GTPases, which influences the membrane‐cytoplasm cycle of Rho

GTPases (Fujiwara et al., 2016; Hodgson et al., 2016; Li & Lee, 2010;

Tkachenko et al., 2011). Polar RhoGDIα can also regulate Rho

GTPases activation in a spatiotemporal manner, which is vital for cell

directional migration (Hodgson et al., 2016; Lee et al., 2015). Many

studies reveal that mechanical stress could affect RhoGDIα expres-

sion to regulate the Rho GTPases activity (Pan, Wang, Wang, Chen, &

Song, 2014; Qi et al., 2008; Qi et al., 2010; Wu, Song, Li, Zhu, & Pan,

2015). For instance, low shear stress activates Rac1 through
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repressing RhoGDIα expression (Qi et al., 2008), while cyclic strain

increases Rho GTPases activity via downregulating RhoGDIα ex-

pression (Pan et al., 2014; Qi et al., 2010). However, up to now, little

is known about the function of RhoGDIα in the polarity of Rho

GTPases activity in response to shear stress.

Several mechanisms have been reported to mediate the

RhoGDIα activity, such as protein interaction, lipids and post-

translational modification (Garcia‐Mata, Boulter, & Burridge, 2011;

Xie et al., 2017). Thereinto, kinase‐mediated phosphorylation of

RhoGDIα has been recognized as a vital way for regulating the

activity of RhoGDIα (Garcia‐Mata et al., 2011; Sabbatini &

Williams, 2013; Xie et al., 2017). Sequential phosphorylation of

RhoGDIα at Tyr156 and Ser101/Ser174 is coincident with the

glucose‐induced RhoGDIα‐Cdc42 and RhoGDIα‐Rac1 dissociation

in beta cells (Wang & Thurmond, 2010). In addition, phosphoryla-

tion of RhoGDIα by Src at Tyr156 decreases the RhoGDIα activity

and promotes RhoGDIα accumulation at membrane ruffling

(DerMardirossian, Rocklin, Seo, & Bokoch, 2006), and RhoGDIα

returns to cytoplasm from membrane when dephosphorylated by

β8 integrin‐protein tyrosine phosphatase‐PEST complex (Lee et al.,

2015). These reports suggest that protein kinases‐mediated

phosphorylation at different sites of RhoGDIα can alter the ac-

tivity of Rho GTPases by decreasing the affinity of RhoGDIα for

Rho GTPases. To date, whether phosphorylation participates in

regulating RhoGDIα activity upon shear stress application is not

determined.

FSS has been reported to induce polar Rac1 and Cdc42 acti-

vation, but not RhoA (Collins & Tzima, 2014), which may be due to a

selective affinity of RhoGDIα for a different member of Rho

GTPases. With a newly constructed fluorescence resonance energy

transfer (FRET) biosensor, our recent study demonstrated that

shear stress can directly reduce RhoGDIα activity in a nonuniform

manner, which is relatively independent of the Rho GTPases sig-

naling (Shao et al., 2018). This independent regulatory mechanism

determines that the spatial activity of RhoGDIα is vital for Rho

GTPases activation and cell migration (Shao et al., 2018; Shcher-

bakova, Cox Cammer, Huisman, Verkhusha, & Hodgson, 2018). The

phosphorylation of RhoGDIα has been found to regulate the loca-

tion of RhoGDIα and Rho GTPases activities (DerMardirossian

et al., 2006). However, whether phosphorylation participates in the

regulation of shear stress‐mediated RhoGDIα activity is unknown.

In the current study, the role of specific phosphorylation of re-

sidues, Ser101, Ser174, and Thr156, on RhoGDIα in shear stress‐
induced spatiotemporal RhoGDIα activity is further investigated.

The results suggest that shear stress induces downregulation of

RhoGDIα activity in an asymmetric manner, and phosphorylation at

different sites regulates the spatial activity of RhoGDIα differently

upon shear stress application. Besides, this study reveals that polar

RhoGDIα activity regulates shear stress‐induced localized Rac1

activation, which is necessary for shear stress‐induced cytoskeletal

reorganization. This research will help to understand the regulatory

mechanism of shear stress‐induced endothelial cells polarity and

migration.

2 | METHOD

2.1 | Cell culture and shear stress

The cell line of human umbilical vein endothelial cells (HUVECs) was

obtained from American Type Culture Collection (ATCC; Eahy926;

ATCC). The cells were maintained in high glucose of Dulbecco's

modified Eagle's medium (DMEM; Gibco) supplemented with 20%

(vol/vol) fetal bovine serum (FBS; Gibco), 1% (vol/vol) penicillin/

streptomycin (Gibco) at 37°C in a 5% CO2 humidified atmosphere.

HUVECs were exposed to 20 dyn/cm2 shear stress in a parallel‐plate
flow chamber as described previously (Shao et al., 2017).

2.2 | Plasmids and transfection

The sl‐RhoGDIα biosensor was constructed by connecting RhoGDIα,

the switch II domain of Rho GTPases, a linker and a pair of ECFP and

Ypet (Shao et al., 2018). To examine the activity of Tyr156 residues‐
phosphorylated RhoGDIα, Tyr156 in the RhoGDIα domain of

sl‐RhoGDIα biosensor was mutated to Glu to monitor phosphomi-

metic RhoGDIα activity (sl‐Y156E), or Ala to monitor the

phosphorylation‐deficient RhoGDIα activity (sl‐Y156A), respectively.
Similarly, Ser101 residue was mutated from sl‐RhoGDIα biosensor to

Glu and Ala to form sl‐S101E and sl‐S101A, respectively. Similarly,

Ser174 residue was mutated to sl‐S174E, sl‐S174A. Mutant bio-

sensors, sl‐S101E/S174E, and sl‐S101A/S174A were also prepared

by replacing both sites with Glu and Ala, respectively. p21 binding

domain (PBD)‐GFP consisting of PBD of PAK and GFP was used to

detect the distribution of active Rac1 in HUVECs (Shao et al., 2017).

DNA plasmids were transfected into cells using Lipofectamine LTX

(Invitrogen).

2.3 | Microscope, image acquisition, and analysis

Before imaging experiments, HUVECs expressing biosensors or various

exogenous proteins were cultured on glass coverslips and starved with

DMEM supplemented with 0.5% FBS for at least 12 hr. Isolated single‐
cell images were collected by an inverted microscope (Nikon Eclipse Ti

Series, Ti‐Fl Epi‐fl/1, Nikon, Tokyo, Japan) and a cold CCD (Evolve‐512‐
M‐FW‐16‐AC, Photometrics, Tucson, AZ) using MetaMorph software

(Universal Imaging, Downingtown, PA) with a 440DF20 excitation filter,

a 455DRLP dichroic mirror and two emission filters controlled by a

filter controller (480DF30 for ECFP and 535DF25 for YPet). The pixel‐
by‐pixel ratio images were produced after background subtraction

using MetaFluor software (Universal Imaging). The FRET ratio, which is

calculated by FRET/ECFP emission value, were quantified and analyzed

by Excel (Microsoft, Redmond, WA).

The polarity of FRET ratio images and fluorescence images were

analyzed as described previously (B. Liu et al., 2014). In brief, the FRET

ratio images of single‐cell were divided into three regions, including

upstream (region from the edge of cell to the edge of nucleus along the
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flow), midstream (region between the two edges of nucleus along the

flow) and downstream (region from the edge of nucleus to the edge of

cell along the flow) according to the FSS direction. The FRET ratio of the

three regions and the whole cell were quantified by using MetaFluor

(Universal Imaging). To analyze the polar distribution of active Rac1, the

fluorescence images were processed by Matlab (Mathworks). The single‐
cell was segmented from the images by using Otsu's method and equally

divided into 50 regions along the shear stress direction after background

subtraction (Shao et al., 2017). The percentage of fluorescence intensity

in each region occupying the overall was normalized to the same level

before shear stress application. The normalized percentage of fluores-

cence intensity data from different cells in the same group was averaged

and drawn into three‐dimensional images along the time axis. The first 15

regions and last 15 regions were selected as downstream and upstream,

respectively.

2.4 | Statistical analysis

All data were normalized by the value before shear stress stimu-

lation in the same cell. Student's t test was used to compare the

polar difference between the upstream region and downstream

region in the same group, and the overall FRET ratio difference

between two groups. The p value (<.05) showed a significant dif-

ference (two‐tailed t test).

3 | RESULTS

3.1 | Shear stress inhibits the activity of RhoGDIα
in a polarized manner

Since Rho GTPases activation is dependent on the disassociation

of Rho GTPases from the RhoGDIα‐Rho GTPase complex

(Shcherbakova et al., 2018), the regulation of RhoGDIα activity

by shear stress is investigated in HUVECs. The image of single‐
cell was divided into upstream, midstream, downstream as a

previous report described (B. Liu et al., 2014). The region

between the edge of nucleus facing the flow and the edge of cell

facing the flow is selected as upstream, the region around the

nucleus is selected as midstream, and the region between the

edge of nucleus along the flow and the edge of cell along the flow

is selected as downstream (Figure 1a). A RhoGDIα FRET

biosensor (sl‐RhoGDIα) was employed to visualize the RhoGDIα

activity by detecting the binding degree of RhoGDIα to the Rho

GTPases Switch II domain (Shao et al., 2018). The FRET ratio,

which represents the RhoGDIα activity, decreases obviously upon

20 dyn/cm2 shear stress application within 30 min (Figure 1a,b).

In addition, it decreases more in the downstream region than the

upstream region within the cell (p < .05; Figure 1c), indicating that

shear stress induces a stronger inhibition of RhoGDIα activity in

the downstream region of HUVECs.

F IGURE 1 Shear stress inhibits RhoGDIα activity in a polar manner. (a) The representative FRET ratio images of the sl‐RhoGDIα biosensor

under 20 dyn/cm2 of shear stress. The arrow shows the direction of shear stress. (b) The averaged time courses of the FRET/ECFP emission
ratios of a sl‐RhoGDIα biosensor at upstream, midstream and downstream of HUVECs upon 20 dyn/cm2 shear stress application within 30min
(n = 12). (c) Averaged FRET/ECFP emission ratios of a sl‐RhoGDIα biosensor at upstream, midstream and downstream of HUVECs upon
20 dyn/cm2 shear stress application after 30min (*p < .05 when compared to the upstream). RhoGDIα, Rho‐specific guanine nucleotide

dissociation inhibitor α
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3.2 | The polarity of RhoGDIα activity in response
to shear stress is regulated by PAK1‐induced
RhoGDIα Ser101/Ser174 phosphorylation

To determine whether PAK1‐mediated RhoGDIα phosphorylation

participates in the polarized RhoGDIα activity in response to shear

stress, HUVECs transfected with sl‐RhoGDIα biosensor are pre-

treated with 30 μM IPA‐3 (PAK1 inhibitor; Abcam, UK) for 10min to

inhibit the PAK1 activity before shear stress application. The shear

stress‐induced decrease of the sl‐RhoGDIα FRET ratio is depressed

significantly (p < .05) by IPA‐3 pretreatment (Figure 2b,c). However,

no difference is seen between upstream and downstream of IPA‐3
treated HUVECs (p > .05; Figure 2d). It indicates that inhibition of

PAK1 activity blocks both overall and polarized RhoGDIα activity.

Since PAK1 has been reported to phosphorylate RhoGDIα at

Ser101 and Ser174 sites (Chong, Tan, Lim, & Manser, 2001;

DerMardirossian, Schnelzer, & Bokoch, 2004), sl‐S101A/S174A and sl‐
S101E/S174E biosensors are employed to further investigate the role

of RhoGDIα Ser101/Ser174 phosphorylation in shear stress‐caused
polar RhoGDIα activity. The decrease of overall FRET ratio in

sl‐S101A/S174A (RhoGDIα Ser101/Ser174 phosphorylation‐deficient
mutant) group is found lower than sl‐RhoGDIα and IPA‐3 group after

30min of shear stress application (p < .05; Figure 2a–c). While no

significant difference in its FRET ratio is observed between the

upstream and downstream (p > .05), which is similar to the IPA‐3 group

(Figure 2d). In contrast, the FRET ratio of sl‐S101E/S174E at the

upstream is higher than downstream (p < .05), although no obvious

difference (p > .05) of its overall ratio is found (Figures 2b and 2d).

Taken together, these results indicate that shear stress‐induced polar

RhoGDIα activity is mediated by PAK1‐induced RhoGDIα Ser101/

Ser174 phosphorylation.

3.3 | Both Ser101 and Ser174 individually
participate in the regulation of shear stress‐induced
polar RhoGDIα activity

Since some kinases such as PKA can only phosphorylate Ser174 in

RhoGDIα (Oishi, Makita, Sato, & Iiri, 2012), the role of phosphor-

ylation of RhoGDIα at Ser174 and Ser101 in RhoGDIα activity in

response to shear stress is further investigated. sl‐S101A, sl‐S101E, sl
‐S174A, and sl‐S174E biosensors are transfected to HUVECs to ex-

plore the effects of phosphorylation of Ser101 and Ser174, respec-

tively, on shear stress‐induced RhoGDIα activity. After 30min of

shear stress application, the FRET ratio in sl‐S101A is found higher

than in sl‐S101E and sl‐RhoGDIα (p < .05; Figure 3a,b). However, the

F IGURE 2 PAK1 regulates shear stress‐caused polar RhoGDIα activity. The representative FRET ratio images (a) and averaged time courses
(b) of the IPA‐3 pretreated sl‐RhoGDIα (n = 12), sl‐S101A/S174A (n = 14) and sl‐S101E/S174E (n = 16) biosensors to represent the activity of
RhoGDIα and its mutants upon 20 dyn/cm2 shear stress application within 30min. (c) Averaged values of overall FRET/ECFP emission ratios of

the IPA‐3 pretreated sl‐RhoGDIα, sl‐S101A/S174A, and sl‐S101E/S174E biosensors upon 20 dyn/cm2 shear stress application after 30min
(*p < .05 when comparing to the control group, #p < .05 when comparing to the IPA‐3 group). (d) Averaged FRET/ECFP emission ratio values at
upstream and downstream of the IPA‐3 pretreated sl‐RhoGDIα, sl‐S101A/S174A, and sl‐S101E/S174E biosensors upon 20 dyn/cm2 shear stress

application after 30min (*p < .05 when compared to the upstream). FRET, fluorescence resonance energy transfer; RhoGDIα, Rho‐specific
guanine nucleotide dissociation inhibitor α
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FRET ratio of sl‐S174E, but not sl‐S174A, is higher than sl‐RhoGDIα

(p < .05; Figure 3a,b). These results suggest that the interaction of

RhoGDIα for Rho GTPases is protected by RhoGDIα Ser174

phosphorylation, whereas inhibited by RhoGDIα Ser101 phosphor-

ylation in response to shear stress. On the other hand, there is no

difference in the FRET ratio between upstream and downstream of

HUVECs expressing both sl‐S101A and sl‐S174A biosensors (p > .05;

Figure 3c). Furthermore, it is found that the FRET ratio of both

sl‐S101E and sl‐S174E biosensors at the downstream is lower than

upstream (p < .05; Figure 3c). These results demonstrate that shear

stress‐induced polar RhoGDIα activity is regulated by phosphoryla-

tion of both Ser101 and Ser174 separately.

3.4 | The phosphorylation of RhoGDIα at Tyr156
regulates the overall RhoGDIα activity

Single Tyr156 phosphorylation of RhoGDIα decreases its affinity for

Rho GTPases and localizes it in membrane ruffles (DerMardirossian

et al., 2006). To further investigate the role of RhoGDIα Tyr156

residue phosphorylation in RhoGDIα activity in response to shear

stress, sl‐Y156A, and sl‐Y156E biosensors are employed. As shown in

Figure 4b,c, the FRET ratio is found higher in sl‐Y156A, whereas

lower in sl‐Y156E than sl‐RhoGDIα after 30min of shear stress

(p < .05). Lower FRET ratio at the downstream of cells is detected in

both sl‐Y156A and sl‐Y156E (p < .05) as compared to the control

group (Figures 4a and 4d). These results show that shear stress‐
caused overall decreased RhoGDIα activity, not the polarity, is

mediated by RhoGDIα Tyr156 phosphorylation.

3.5 | Shear stress‐caused polarized Rac1 activation
is regulated by RhoGDIα Ser101/Ser174
phosphorylation

Since spatiotemporal affinity of RhoGDIα and Rho GTPases is vital

for Rho GTPases localized activation during cell migration (Hodgson

et al., 2016). Whether RhoGDIα phosphorylation contributes to shear

stress‐induced Rac1 polarized activation is investigated in this study.

PBD‐GFP biosensor is employed to detect the distribution of active

Rac1. Quantitative analysis shows that the PBD‐GFP percentage of

fluorescence intensity at the downstream is higher than upstream

(p < .05; Figure 5c), suggesting that active Rac1 accumulates at the

downstream region of HUVECs after 30min of 20 dyn/cm2 shear

stress stimulation. RhoGDIα phosphomimetic mutant (S101E/S174E)

or phosphorylation‐deficient mutant (S101A/S174A) is overex-

pressed in HUVECs to alter the level of RhoGDIα phosphorylation.

The accumulation of active Rac1 at the downstream region along the

flow is inhibited by overexpression of S101A/S174A, but not by the

S101E/S174E (Figure 5a,b). Similarly, HUVECs pretreated with

30 μM IPA‐3 for 10min show no significant difference (p > .05)

between upstream and downstream upon shear stress stimulation

F IGURE 3 Shear stress‐caused polar inhibition of RhoGDIα activity is dependent on RhoGDIα Ser101 and Ser174 phosphorylation. The

representative FRET ratio images (a) of the sl‐S101A (n = 12), sl‐S101E (n = 14), sl‐S174A (n = 12), and sl‐S174E (n = 10) biosensors to represent
the activity of RhoGDIα and its mutants upon 20 dyn/cm2 shear stress application within 30min. (b) Averaged values of overall FRET/ECFP
emission ratios of the sl‐S101A, sl‐S101E, sl‐S174A, and sl‐S174E biosensors upon 20 dyn/cm2 shear stress application after 30min (*p < .05

when comparing to the control group). (c) Averaged FRET/ECFP emission ratios values at upstream and downstream of the sl‐S101A, sl‐S101E,
sl‐S174A, and sl‐S174E biosensors upon 20 dyn/cm2 shear stress application after 30min (*p < .05 when compared to the upstream).
FRET, fluorescence resonance energy transfer; RhoGDIα, Rho‐specific guanine nucleotide dissociation inhibitor α
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within 30min (Figure 5c). These results indicate that the local

accumulation of active Rac1 requires PAK1‐regulated phosphoryla-

tion of RhoGDIα at Ser101/Ser174 sites.

3.6 | Shear stress causes polarized Rac1 activation
is independent of Tyr156 phosphorylation

Since Rho GTPases activity is regulated by the phosphorylation of

RhoGDIα at Ser101, Ser174, and Tyr156 sites (DerMardirossian et al.,

2004; DerMardirossian et al., 2006), the role of phosphorylation of

RhoGDIα at single Tyr156, Ser101, and Ser174 site in shear stress‐
induced polarized Rac1 activation is further investigated. Different

RhoGDIα mutants (S101A, S174A, Y156A, S101E, S174E, Y156E) are

constructed and cotransfected with PBD‐GFP to HUVECs to alter

phosphorylation level of RhoGDIα. Upon shear stress application within

30min, PBD‐GFP fluorescence is diffusive in cells coexpressing S101A

and S174A but accumulated at the downstream of cells coexpressing

S101E, S174E, Y156A, or Y156E (Figure 6a,b). The percentage of the

fluorescence intensity at the downstream is found higher than

upstream in cells coexpressing S101E, S174E, Y156A, or Y156E

(p < .05), whereas no difference is found in cells coexpressing S101A

and S174A (p > .05; Figure 6c). These results show that polarized Rac1

activity is inhibited by overexpressing RhoGDIα mutants S174A and

S101A, but not by S101E, S174E, Y156A, or Y156E, indicating that

shear stress‐induced polarized Rac1 activation is regulated by the

phosphorylation of RhoGDIα at Ser174 and Ser101, but not at Tyr156.

4 | DISCUSSION

RhoGDIα is the most widely expressed member of RhoGDIs family

(Dai et al., 2019), and it regulates all three canonical Rho GTPases

through different mechanisms (Hodgson et al., 2016; Xie et al., 2017).

Some studies suggested that the phosphorylation of RhoGDIα is a vital

mechanism to regulate the spatial interaction of RhoGDIα with Rho

GTPases (Hodgson et al., 2016; Shcherbakova et al., 2018). Rho

GTPases signaling is influenced by the extracellular environment, and

shear stress can mediate RhoGDIα expression and Rac1 activity (Patel

et al., 2017; Qi et al., 2008). The role of specific phoshphorylations of

RhoGDIα in the regulation of its activity under shear stress is

investigated in the present study. The results show that the shear

stress‐induced overall RhoGDIα activity is mediated by Tyr156 phos-

phorylation of RhoGDIα, whereas the polarity of RhoGDIα activity is

mainly mediated by Ser101 and Ser174 phosphorylation of RhoGDIα.

It is observed that the decreased RhoGDIα activity upon shear

stress application is polarized at the downstream region of the

HUVECs. This might promote Rho GTPases membrane targeting and

RhoGEF‐mediated activation since the downregulated affinity of

RhoGDIα for Rho GTPases promotes epidermal growth factor‐induced
Rho GTPases activation (Xiao et al., 2014). It is well‐recognized that

shear stress regulates Rac1 and Cdc42 activity in a polarized manner,

and then promotes cell directional migration (Collins & Tzima, 2014).

Lower RhoGDIα activity at the downstream edge of flow in HUVECs is

consistent with previous studies that shear stress promotes Rac1

activation at the downstream, whereas depresses the Rac1 activity at

F IGURE 4 Shear stress‐caused overall inhibition of RhoGDIα activity is dependent on RhoGDIα Tyr156 phosphorylation. The representative FRET
ratio images (a) and averaged time courses (b) of the sl‐Y156A (n= 11), sl‐Y156E (n=20) biosensors to represent the activity of RhoGDIα and its
mutants upon 20 dyn/cm2 shear stress application within 30min. (c) Averaged values of overall FRET/ECFP emission ratios of the sl‐Y156A, sl‐Y156E
biosensors upon 20 dyn/cm2 shear stress application after 30min (*p< .05 when comparing to the control group). (d) Averaged FRET/ECFP emission

ratio values at upstream and downstream of the sl‐Y156A, sl‐Y156E biosensors upon 20 dyn/cm2 shear stress application after 30min (*p< .05 when
compared to the upstream). FRET, fluorescence resonance energy transfer; RhoGDIα, Rho‐specific guanine nucleotide dissociation inhibitor α
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the upstream (Zaidel‐Bar, Kam, & Geiger, 2005). In addition, a piece of

evidence shows that RhoGDIα has a lower affinity for active Cdc42

than inactive Cdc42 (Johnson, Erickson, & Cerione, 2009). Conse-

quently, it results in lower mobility of active Cdc42 and promotes the

active Cdc42 polarization in yeast cells (Woods et al., 2016). It has

been reported that integrins disassociate RhoGDIα‐Rac complex and

promote the interaction of Rho GTPases and effectors, which spatially

promotes the clustering of actin at the leading edge of migrating cells

(Abramovici et al., 2009; Sun & Barbieri, 2004). Moreover, protrusion/

retraction cycles, which are dependent on actin polymerization and

myosin contraction (Gagliardi et al., 2015), are influenced by localized

dynamics of the RhoGDIα‐Rho GTPases complex at the cell edge

(Hodgson et al., 2016). Therefore, polar RhoGDIα activity can regulate

the reorganization of actin cytoskeletal through controlling the activity

of Rho GTPases. Our current study confirms that polar RhoGDIα ac-

tivity regulates localized Rac1 activation, which is necessary for shear

stress‐induced cytoskeletal reorganization (Pasapera et al., 2015;

Tzima, del Pozo, Shattil, Chien, & Schwartz, 2001). Therefore, polarized

RhoGDIα activity may provide spatial cues for Rho GTPases localized

activation and directional cell migration. However, our recent study

shows inconsistent findings in different cell species, that RhoGDIα has

a higher, rather than lower activity at the downstream in response to

shear stress in HeLa cells (Shao et al., 2018). It is hypothesized that

this opposite polarization may be the consequence of different sub-

cellular localization of focal adhesion proteins between tumor cells and

ECs in response to shear stress (Li et al., 2002; Mott & Helmke, 2007;

Polacheck, Charest, & Kamm, 2011; Polacheck, German, Mammoto,

Ingber, & Kamm, 2014). Paxillin is a focal adhesion protein and can

recruit active PAK1 and RhoGEFs through its LD motifs (Rajah et al.,

2019; Turner et al., 1999). Previous studies found that shear stress

induces upstream polarization of paxillin in tumor cells (Polacheck

et al., 2011), while it promotes polarized paxillin activity at the

downstream region of ECs (Mott & Helmke, 2007). This difference

might induce opposite the subcellular location of PAK1 and then lead

to different phosphorylation status of RhoGDIα at the downstream

region between tumor cells and ECs.

PAK1 has been reported to be activated by shear stress (Hahn,

Orr, Sanders, Jhaveri, & Schwartz, 2009; Jhaveri, Debnath, Chernoff,

Sanders, & Schwartz, 2012), and then phosphorylates RhoGDIα at

Ser101 and Ser174 sites to promote the disassociation of RhoGDIα

and Rac1 (Castro‐Castro, Muriel, Del Pozo, & Bustelo, 2016). In

addition, Rac1‐mediated cytoskeletal reorganization in response to

F IGURE 5 Phosphorylation of RhoGDIα by

PAK1 regulates the local accumulation of
active Rac1. (a) The representative
fluorescence images of the PBD‐GFP (n = 22),

IPA‐3 pretreated PBD‐GFP (n = 13), PBD‐GFP
cotransfected with S101E/S174E (n = 16), and
PBD‐GFP cotransfected with S101A/S174A

(n = 13) upon 20 dyn/cm2 shear stress
application within 30min. The arrow shows
the direction of shear stress. (b) The average
three‐dimensional figures in different

RhoGDIα phosphorylation states. (c) The
normalized fluorescence intensity at upstream
and downstream of HUVEC in different

RhoGDIα phosphorylation states upon
20 dyn/cm2 shear stress application after
30min (*p < .05 when compared to the

upstream). HUVEC, human umbilical vein
endothelial cell; PBD, p21 binding domain;
RhoGDIα, Rho‐specific guanine nucleotide
dissociation inhibitor α
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shear stress was found dependent on PAK1 activity (Tzima, 2006). The

current results show that shear stress causes polar RhoGDIα activity

through PAK1‐induced RhoGDIα Ser101/Ser174 phosphorylation. It is

speculated that PAK1 may have a polarized activity to enhance

downstream RhoGDIα phosphorylation, and then cause lower RhoG-

DIα activity at the downstream region, because RhoGDIα Ser101/

Ser174 phosphorylation‐deficient mutant S101A/S174A has no

polarized activity after shear stress stimulation. This notion is also

supported by the previous reports that PAK1 activity is polarized and

restricted to the lamellipodia at the leading edge of migrating cells, and

expression of activated PAK1 mutants promote the formation of

polarized lamellipodia and cell migration (Dharmawardhane, Brown-

son, Lennartz, & Bokoch, 1999; Eppinga, Li, Lin, Mak, & Lin, 2006).

Since, ECs migrate alone the flow direction in response to shear stress,

PAK1 might translocate to the actin‐rich lamellipodia and has higher

activity at the downstream region of ECs. Subsequently, this may

induce RhoGDIα Ser101/Ser174 phosphorylation at the downstream

region of ECs. In addition, inhibition of PAK1 activity and S101A/

S174A also inhibits active Rac1 accumulation in the direction of flow,

which implies that PAK1‐mediated RhoGDIα Ser101 and Ser174

phosphorylation might further promote Rac1 activity through redu-

cing RhoGDIα activity at the downstream of ECs. Similarly, recent

findings have revealed that RhoGEFs‐dependent Rho GTPases acti-

vation is rapidly followed by the dissociation of RhoGDIα‐Rho GTPa-

ses complex at the leading edge of migrating cells (Shcherbakova et al.,

2018), and this process is mediated by RhoGDIα phosphorylation

(Hodgson et al., 2016; Shcherbakova et al., 2018). These findings

suggest that PAK1 determines the spatial phosphorylation of RhoG-

DIα, which subsequently regulates the RhoGDIα and Rac1 activity in a

polar manner (DerMardirossian et al., 2004).

On the other hand, active Rac1 or Cdc42 can bind to the PBD of

PAK1, which leads to its autophosphorylation and activation (Pasapera

et al., 2015; Whalley et al., 2015). Therefore, it forms positive feedback

that maintains the polar RhoGDIα activity and active Rac1 along the

direction of flow. RhoGDIα S101A/S174A mutant, which could not be

phosphorylated by PAK1, disrupts this positive feedback and shows no

polarity at the downstream of the cell. Similarly, it is found that PAK1 is

activated and then it restricts the Rac1 activity at the leading edge of

migrating cells (Hall, 2005; Sells, Pfaff, & Chernoff, 2000). Shear stress‐
induced integrin‐ECM binding, which activates Rac1 and PAK1, might

initiate this positive feedback (del Pozo, Price, Alderson, Ren, & Schwartz,

2000; Tzima et al., 2001). The previous study has also reported that

diacylglycerol kinases (DGKs), which is upregulated by integrin activation,

generate phosphatidic acid, and then activates PAK1 and promotes the

release of Rac1 from RhoGDIα in response to PDGF stimulation

(Abramovici et al., 2009). DGKs can also recruit PKCα to phosphorylate

RhoGDIα at Ser34 site, and promote dissociation of RhoA from RhoGDIα

(Ard et al., 2012). Hence, integrin might initiate this positive feedback

through DGKs and PAK1 pathways. Whether PAK1 and DGKs also have

a polarized pattern under shear stress still needs to be explored.

F IGURE 6 Phosphorylation of RhoGDIα
at single Ser174 or Ser101 regulates the local
accumulation of active Rac1. (a) The
representative fluorescence images of the

PBD‐GFP cotransfected with S101E (n = 13),
S101A (n = 6), Y156E (n = 16), Y156A (n = 16),
S174E (n = 21), and S174A (n = 18) upon

20 dyn/cm2 shear stress application within
30min. The arrow shows the direction of
shear stress. (b) The average three‐
dimensional figures in different RhoGDIα
phosphorylation states. (c) The normalized
fluorescence intensity at upstream and
downstream of HUVEC in different RhoGDIα
phosphorylation states upon 20 dyn/cm2

shear stress application after 30min (*p < .05
when compared to the upstream). PBD, p21

binding domain; RhoGDIα, Rho‐specific
guanine nucleotide dissociation inhibitor α
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Evidence has shown that Ser174 can be phosphorylated by PKA

alone and then regulates Rho GTPases activity (Xiao et al., 2014), which

implies that Ser101 and Ser174 may have different contribution to the

regulation of RhoGDIα activity. In contrast to the phosphorylation of

Ser101/Ser174 or Ser101 alone, phosphorylation of Ser174 alone ne-

gatively regulates shear stress‐caused overall downregulated RhoGDIα

activity. This result is consistent with previous studies that phosphor-

ylation of RhoGDIα at Ser174 by PKA could not induce the dis-

association of Rho GTPases from RhoGDIα‐Rho GTPases, and even

negatively regulates RhoA activity (Oishi et al., 2012; Qiao et al., 2008;

Qiao, Huang, & Lum, 2003). Ser174 locates in the geranylgernayl

binding pocket of RhoGDIα, which is vital for the association of Rho

GTPases (Hoffman, Nassar, & Cerione, 2000). It could be the reason

that phosphorylation of RhoGDIα at Ser174 alone induces the con-

formational change in geranylgeranyl binding pocket of RhoGDIα, which

protects RhoGDIα‐Rho GTPases interaction in response to shear stress.

In addition, both Ser101 and Ser174 phosphorylation regulate the

shear stress‐induced polar RhoGDIα and Rac1 activity. These results

are consistent with the observation that both Ser101 and Ser174

residues are important for the dissociation of Rho GTPases

(DerMardirossian et al., 2004). It is possible that Ser101 and Ser174

phosphorylation will promote the binding of RhoGDIα dissociation

factors at the downstream of cells. This notion is underscored by the

observation that 14‐3‐3τ binding to Ser174‐phosphorylated RhoGDIα is

to promote Rho GTPases activation, and the status of Ser101 residue

also affects the interaction of RhoGDIα and 14‐3‐3τ (Xiao et al., 2014).

The phosphorylation of RhoGDIα at Tyr156 by Src is a vital way for

Rho GTPases disassociation from RhoGDIα and it is also involved in

directed cell migration (DerMardirossian et al., 2006; Lee et al., 2015).

The dynamics of RhoGDIα‐Cdc42 interactions and localized Cdc42

activation at cell protrusion are regulated by the Src‐mediated

RhoGDIα phosphorylation (Hodgson et al., 2016). The current results

show that the phosphorylation of RhoGDIα at Tyr156 promotes the

shear stress‐induced overall downregulation of RhoGDIα activity, while

inhibition of Tyr156 phosphorylation mainly inhibits the shear stress‐
induced overall, but not polar RhoGDIα activity. These results imply

that Tyr156 phosphorylation can function as a switch to control the

overall rather than polar RhoGDIα activity in response to shear stress.

Consistently, neither Y156A nor Y156E influences the polarity of active

Rac1. Previous studies revealed that PDGF causes both Rac and Src

activation, and only Rac activity can be polarized at the leading edge of

migrating cells (Ouyang, Sun, Chien, &Wang, 2008). Our previous study

found that high shear stress (65 dyn/cm2) induces polarized Src acti-

vation at the upstream of cells, while no polarity is found under the

physiological level of shear stress (B. Liu et al., 2014). This might lead to

uniform phosphorylation of RhoGDIα at Tyr156 by Src in response to

the physiological level of shear stress. Consistently, shear stress‐
induced Src‐dependent Vav2 phosphorylation can lead to Rac1 overall,

but not polar activation (Collins & Tzima, 2014; Y. Liu et al., 2013; Tzima

et al., 2005). Therefore, Src might cause uniform phosphorylation of

RhoGDIα at Tyr156, which contributes to overall, but not polar Rho

GTPases activation. The mechanism still needs to be elucidated.

5 | CONCLUSION

These results imply that RhoGDIα Tyr156 sites might function as a

switch for the regulation of overall RhoGDIα activity, which might

further mediate the Rho GTPases membrane‐cytoplasm cycle; and

the phosphorylation of RhoGDIα at Ser101/Ser174 sites regulates

polar RhoGDIα activity, which is associated with localized Rho

GTPases activity (Figure 7). Whether the shear stress‐induced

F IGURE 7 Proposed model depicting how

differential phosphorylation regulates shear
stress‐induced RhoGDIα activity. RhoGDIα Y156
phosphorylation mainly mediates overall

RhoGDIα activity, and RhoGDIα S101/S174
phosphorylation mediates its polarization and the
downstream of Rac1 activation upon shear stress

application. RhoGDIα, Rho‐specific guanine
nucleotide dissociation inhibitor α

XIE ET AL. | 9



polarity of several other molecules or structures, including FAK, actin

and focal adhesion (Zhang et al., 2019), is also mediated by the

phosphorylation of RhoGDIα will be worth investigating. However,

this study illustrates a RhoGDIα phosphorylation‐dependent me-

chanism for regulating Rho GTPases activity, which might be vital in

atherogenesis or repair process after vascular injury, and it also

provides a deep understanding of cellular mechanotransduction.
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