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INTRODUCTION 
 

Microparticles (MP) are small pro-inflammatory 

vesicles released by various cells. MP can be generated 

by nearly every cell type during activation, injury or 

apoptosis [1, 2]. They range in size from 0.1 to 1.1 μm, 

and contain a membrane, surface markers, and 

cytoplasmic and nuclear constituents of their original 

cells [3]. Once released into the circulation, MP bind 

and fuse with their target cells through receptor–ligand 

interactions, thereby acting as biological vectors 

mediating vascular inflammation and coagulation [4–6].  

 

In response to apoptotic and other stimuli, vascular 

endothelial cells can release endothelial microparticles 

(EMP) [7]. Although EMP can be found in healthy 

individuals, their high plasma levels have been 

associated with numerous inflammatory diseases, 

including atherosclerosis, sepsis, multiple sclerosis and 

cerebral malaria, supporting their role as effectors and  

 

markers of vascular dysfunction [8–10]. Therefore, a 

better understanding of EMP formation and function 

may facilitate the development of therapies for vascular 

diseases. 

 

Tumor necrosis factor-α (TNF) is a pro-inflammatory 

cytokine that has important roles in regulating cell 

proliferation and apoptosis, inflammation responses, 

and immune functions [11, 12]. Injection of TNF leads 

to a disordered endothelial barrier, increased pulmonary 

microvascular permeability, rearranged cytoskeleton, 

and increased circulating EMP levels [11, 13, 14]. 

Growing evidence shows that TNF is a model agent for 

in vivo and in vitro EMP formation.  

 

In murine models of lung injury, increased levels of 

circulating EMP are accompanied by an inhibition of 

the cytoskeleton regulating protein PAK4 [13, 15], and 

have been proposed as an aspect of cellular dysfunction 

[16]. However, the relationships between EMP and 
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ABSTRACT 
 

Tumor necrosis factor-α (TNF) is a pro-inflammatory cytokine upregulated in many inflammatory diseases, and 
a potent inducer of endothelial cell-derived microparticle (EMP) formation. In this study, we identified the 
protein kinase PAK4 as a key regulator of the TNF-induced EMP release from human umbilical vein endothelial 
cells (HUVECs). TNF induces dose- and time-dependent EMP release and downregulation of PAK4 and upstream 
cdc42 in HUVECs. PAK4 suppression or inhibition of its kinase activity increases TNF-induced EMP release and 
apoptosis in HUVECs, while PAK4 overexpression reduces EMP release and apoptosis in TNF-stimulated cells. 
Collectively, these data indicate that PAK4 suppresses TNF-induced EMP generation occurring during apoptosis, 
and suggest that modulation of PAK4 activity may represent a novel approach to suppress the TNF-induced 
EMP levels in pro-inflammatory disorders and other pathological conditions. 
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PAK4 still remains unclear. p21-activated kinases 

(PAKs) are well known effector proteins of the Rho 

GTPase family [17]. PAK4 is a ubiquitously expressed 

essential group II PAK [18], a subfamily of serine/ 

threonine kinases [19]. PAK4 knock-out mice are 

embryonically lethal due to their defects in the fetal 

heart and in neuronal development [20]. There is also an 

evidence showing that PAK4 promotes tumorigenesis 

and is oncogenic when overexpressed [21–23]. As the 

effector of the Rho GTPase cdc42, PAK4 controls the 

cytoskeleton primarily through the regulation of 

polymerized actin structures, particularly the formation 

of filopodia and lamellipodia, but can also act upon 

microtubule organization [17].  

 

In this study, we analyzed the relationship between 

PAK4 and EMP formation in human umbilical vein 

endothelial cells (HUVECs). Our results indicate that 

PAK4 suppresses TNF-induced EMP generation that 

occurs during apoptosis in HUVECs. 

 

RESULTS 
 

TNF induces EMP release both in HUVECs and in 

mice  

 

First, we analyzed the ability of TNF to induce the EMP 

release in vitro and in vivo. In vitro, the ability of TNF 

to induce EMP was analyzed in human umbilical vein 

endothelial cells (HUVECs) by flow cytometry using 

annexin V-FITC, which binds to phosphatidylserine 

exposed on EMP. As shown in Figure 1A, TNF 

between 20 ng/mL and 100 ng/mL, dose-dependently 

induced the EMP release in comparison with untreated 

control cells; stimulation with a serine protease, 

thrombin, was used as a positive control. The level of 

released EMP in response to thrombin was about half  

of that observed in response to 100 ng/ml TNF  

(Figure 1A). The release of EMP was also time 

dependent, with a significant increase between 3 and 24 

hours (Figure 1B). Thus, the following experiments 

with HUVECs were performed using a 24 h stimulation 

with 100 ng/mL TNF. 

 

Next, we investigated whether TNF induces EMP 

release also in vivo. Male C57BL/6 mice (10 weeks old) 

were randomly assigned to 5 groups (n=10) and treated 

24 h with PBS or increasing doses of TNF (4, 20, 100, 

or 500 µg/kg). As shown in Figure 1C, EMP in mice 

sera increased significantly when treated with 20 and 

100 µg/kg TNF.  

 

TNF induces cytoskeleton rearrangement and down-

regulates PAK4  

 

EMP shed by endothelial cells are associated with 

cytoskeleton disorders [15]. Thus, PAK4 as a regulator 

of cytoskeletal dynamics and cell motility [19] may also

 

 
 

Figure 1. TNF induces EMP release in vitro and in vivo. (A) EMP release analyzed by flow cytometry (FC) in HUVECs treated 24 h with 

increasing TNF concentrations, or thrombin (2 IU/ml). The data represent the mean values based on 1x106 cells; three independent experiments 
were performed. (B) EMP release analyzed by FC in untreated HUVECs, or HUVECs treated with 100 ng/ml TNF for indicated times. The data 
represent the mean values of EMP per 1x106 cells from three independent experiments. (C) EMP release analyzed by FC in sera of TNF-treated 
mice. Male C57BL/6 mice (10 weeks old) were randomly assigned to 5 groups (n=10 mice per group) and treated with PBS or increasing doses of 
TNF for 24 hours. The data represent the mean values of EMP/µl; * P<0.05, ** P<0.01, *** P<0.001, NS indicates no significance.  
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play a role in EMP generation. To test this hypothesis, 

we treated HUVECs with 100 ng/ml TNF for 24 hours, 

and stained the cells with Phalloidin-FITC or anti-

PAK4 polyclonal antibody. Without TNF treatment, the 

F-actin bundles mainly localized at cell border, but in 

TNF-treated cells, the F-actin bundles were throughout 

the cells, and the dense peripheral actin band was 

replaced by thicker stress fibers (Figure 2B, lower 

panel). In untreated cells, PAK4 could be observed at 

the cell-cell contacts, while after TNF stimulation, 

PAK4 staining could hardly be detected (Figure 2B, 

upper panel). Immunoblotting indicated a time 

dependent decrease in the approximately 64 kDa PAK4 

protein band, and the upstream cdc42 protein (Figure 

2A). Although F-actin rearrangement was observed by 

confocal microscopy, TNF did not change the total 

levels of β-actin (Figure 2A); tubulin was used as a 

loading control. These data demonstrate that TNF 

down-regulates PAK4 in HUVECs.  

 

To investigate how TNF down-regulates the PAK4 

levels, HUVECs were treated with TNF alone, or with 

TNF + soluble TNFR1, the soluble part of TNF receptor 

1 that interacts with TNF and inhibits its binding to 

TNFR1 on the cell membrane. After 6 h stimulation 

with TNF, the PAK4 expression decreased, both at 

protein and mRNA levels (Figure 3A left panel, and 

Figure 3B). However, soluble TNFR1 stabilized the 

PAK4 protein levels in TNF-treated cells (Figure 3A, 

right panel). In addition, TNF induced a rapid 

degradation of IκBα, the inhibitor of NF-κB, in 

HUVECs (Figure 3A, right panel), but this degradation 

was prevented by the soluble TNFR1 (Figure 3A, left 

panel). These results indicate that TNF decreases PAK4 

 

 
 

Figure 2. TNF down-regulates PAK4 and cdc42 expression in HUVECs. (A) Western blotting of HUVECs incubated with 100 ng/ml TNF 

for up to 24 hours, analyzed using anti-PAK4, anti-cdc42, anti-β-actin, and control anti-tubulin antibodies. (B) Confocal microscopy of HUVECs 
incubated 0 and 24 h with 100 ng/ml TNF, and stained for PAK4 and F-actin; scale bar = 10 μm.  Cells were counter stained with DAPI. 

 

 
 

Figure 3. TNF decreases PAK4 gene and protein levels in HUVECs. (A) Western blot analysis of PAK4 and IκBα in HUVECs stimulated 

with 100 ng/ml TNF without and with 300 ng/ml soluble TNFR1. (B) Quantitative real-time PCR of PAK4 mRNA in HUVECs treated with 100 
ng/ml TNF. All data are expressed as the mean + SD; *** P<0.001, compared with untreated cells. 
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expression through the TNFR1-dependent pathway that 

might also involve NF-κB signaling. 

 

Involvement of PAK4 in TNF-induced EMP release 

 

To investigate the role of PAK4 in TNF-induced EMP 

generation, we first inhibited PAK4 function in TNF-

stimulated (100 ng/ml) HUVECs by PAK4 inhibitor 

PF-3758309 or PAK4 siRNAs. PF-3758309 is an ATP-

competitive, small-molecule pyrrolopyrazole inhibitor, 

blocking the PAK4 kinase activity and downstream 

pathways [24]. HUVECs were treated with 10 μM PF-

3758309 overnight or transfected with PAK4 siRNAs 

for 48 h, before TNF stimulation. To stably knockdown 

PAK4 and avoid off-target effects, two distinct small 

interfering RNAs targeting PAK4 were used. As shown 

in Figure 4A, PF-3758309 had no obvious effect on 

PAK4 expression, but PAK4 specific siRNAs 

effectively reduced the PAK4 protein levels in 

HUVECs, with an estimated efficiency of ~85% knock-

down (immunoblotting quantification using ImageJ). 

Immunofluorescent staining of PAK4 in PF-3758309 or 

PAK4 siRNAs treated cells showed similar results 

(Figure 4B).  

 

Without TNF stimulation, PF-3758309 or PAK4 

siRNAs treatment did not show any significant effect on 

the basal EMP release, compared to siRNA control 

(Figure 4C, lanes 1, 2, 3). TNF (24 h) stimulation 

significantly increased the EMP release, but this release 

was not substantially affected by PF-3758309 or PAK4 

suppression by siRNA (Figure 4C, lanes 4, 5, 6). Next, 

we examined the time dependent EMP release upon 100 

ng/ml TNF stimulation in PF-3758309 or PAK4 

siRNAs treated HUVECs. Three hours after TNF 

treatment, PAK4 knockdown (siPAK4+TNF) or PAK4 

inhibition (PF-3758309+TNF) markedly increased the 

EMP release (Figure 4D, blue and orange curves vs 

purple curve, P<0.01), indicating that PAK4 

knockdown or inhibition sensitizes HUVECs to TNF-

induced EMP release. 

 

Overexpression of PAK4 decreases TNF-induced 

EMP release 

 

To determine whether activation of PAK4 decreases the 

TNF-induced EMP release, we transiently 

overexpressed GFP-tagged PAK4 in HUVECs. Western 

blot analysis revealed a highly expressed GFP-PAK4 

protein band in addition to the endogenous PAK4 band  

(Figure 5A). Overexpression of GFP-PAK4 reduced the 

TNF-induced EMP release (Figure 5B, lane 5 vs lane 3, 

P<0.01), but had no effect on the basal EMP release 

(Figure 5B, lane 2 vs lane 1). However, in contrast to 

PAK4, the PAK4 kinase mutant (GFP-PAK4KM) did 

not significantly decrease the TNF-induced EMP 

release (Figure 5B, lane 8 vs lane 3). Pre-incubation of 

HUVECs with z-VAD-FMK (2 µM), a pan-caspase 

inhibitor, was sufficient to abrogate the EMP release 

induced by TNF (Figure 5B, lane 7 vs lane 3, P<0.01). 

The effect of z-VAD-FMK on TNF-induced EMP 

release was similar to the overexpressed PAK4 (Figure 

5B, lane 7 vs lane 5). Overexpression of GFP-PAK4 

also markedly prevented the EMP release induced by 

TNF in PAK4 knockdown cells (Figure 5C, lane 6 vs 

lane 4, P<0.01). 
 

 
 

Figure 4. PAK4 inhibition sensitizes HUVECs to TNF-
induced EMP release. (A) Western blotting of HUVECs 

transfected 48 h with PAK4 or control siRNAs, or treated 24 h 
with PAK4 inhibitor PF-3758309, and analyzed by PAK4 and 
control tubulin antibodies. (B) Immunofluorescence of HUVECs 
transfected with PAK4 or control siRNAs, or treated with PF-
3758309, and stained by anti-PAK4 antibody; scale bar = 10 μm. 
(C) EMP release measured by FC in HUVECs transfected 48 h with 
PAK4 or control siRNAs, or treated 24 h with PF-3758309, and 
stimulated 24 h with TNF (100 ng/ml). (D) Time course of EMP 
release in TNF-treated HUVECs transfected 48 h with PAK4 or 
control siRNAs, or incubated 24 h with PF-3758309; * P<0.05,  
** P<0.01. 
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PAK4 prevents TNF-induced caspase activation and 

apoptosis 

 

Caspases mediate the membrane blebbing associated 

with apoptosis [25]. Since the TNF-induced EMP 

release was reduced by the caspase inhibitor z-VAD-

FMK (Figure 5C, lane 5), we examined the PAK4 

involvement in caspase activation and apoptosis. GFP-

PAK4 or PAK4 siRNA were transiently transfected into 

HUVECs and after 48 h, cells were treated with 100 

ng/ml TNF overnight. Flow cytometry analysis using 

FITC-conjugated active caspase-3 antibody revealed 

that GFP-PAK4 or PAK4 siRNA transfection had no 

effect on active caspase-3 in the absence of TNF 

(Figure 6A, upper panels). In the presence of TNF, 

about 40% of un-transfected cells stained as active 

caspase-3 positive; however, GFP-PAK4 over-

expression reduced the percentage of active caspase-3 

positive cells to about 15%, and PAK4 knock- 

down increased it to about 66%, (Figure 6A, lower 

panels). The TNF-induced apoptosis was significantly 

reduced by PAK4 overexpression, but increased by 

PAK4 suppression (Figure 6B). In addition, PAK4 

suppression in TNF-treated cells increased the 

activation of caspase-8 analyzed by immunoblotting 

(Figure 6C). 

 

DISCUSSION 
 

In this study, we found that TNF induces EMP release in a 

dose and time dependent way in HUVECs. Under TNF 

stimulation, cdc42 and its effector, PAK4 protein levels 

were down regulated. PAK4 suppression increased the 

EMP release and apoptosis in TNF-stimulated HUVECs, 

while PAK4 overexpression reduced the EMP release and 

apoptosis in TNF-stimulated cells. These data suggest that 

PAK4 suppresses the EMP generation and apoptosis 

induced by TNF in HUVECs.  

 

 
 

Figure 5. PAK4 overexpression decreases TNF-induced EMPs release. (A) Western blotting of HUVECs transfected 48 h with GFP, 

GFP-PAK4 plasmid, siPAK4 or GFP-PAK4+siPAK4, and analyzed by PAK4 and control tubulin antibodies. (B) EMP release in HUVECs transfected 
with GFP, GFP-PAK4, GFP-PAK4KD, siPAK4 or GFP-PAK4+siPAK4, and stimulated 24 h with TNF (100 ng/ml) or control vehicle. Overexpression 
of GFP-PAK4 significantly inhibits TNF-induced EMP release (lane 5 vs lane 3). The TNF-induced EMP is also inhibited by caspase inhibitor  
z-VAD (lane 7). PAK4 kinase mutant (GFP-PAK4KM) does not reduce the TNF-induced EMP release (lane 8). The values represent the mean of 
three independent experiments. ** P<0.01; NS, not significant. 
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EMP are plasma membrane particles that are shed from 

activated or apoptotic endothelial cells and retain many 

of the ligands and receptor proteins expressed by the 

original cells [7, 11]. Even though EMP are present in 

healthy individuals, they are elevated in patients with 

inflammatory diseases [5, 26] and sepsis [27]. EMP 

release can be stimulated by pro-inflammatory cyto-

kines, oxidative stress, or infectious agents [7, 11]. 

Recent studies suggest a link between endothelial 

damage, EMP release, and the modulation of inflamma-

tory and immune responses.  

 

TNF, together with other cytokines, induces endothelial 

expression of adhesion molecules and augments 

monocyte infiltration [28]. TNF also initiates apoptosis 

in endothelial cells [29]. TNF blood levels in patients 

with inflammatory diseases positively correlate with the 

levels of circulating MP derived from various cells, 

including endothelial cells, erythrocytes, monocytes and 

platelets [30, 31]. In vivo and in vitro studies have shown 

that TNF is a model agent for EMP formation [7, 11, 32]. 

However, the exact mechanism by which TNF induces 

the EMP release has not been characterized. In this study, 

we show that TNF induces EMP in HUVECs in a dose 

and time dependent manner (Figure1). 

 

The p21-activated kinase 4 (PAK4) belongs to the 

serine/threonine kinase family, and serves as a target for 

the Rho GTPase cdc42 [19]. PAK4 has important roles 

in regulating cell adhesion, cytoskeleton remodeling,  

 

 
 

Figure 6. PAK4 inhibits caspase activation and apoptosis in HUVECs. (A) Active caspase-3-FITC staining analyzed by FC in HUVECs 

transfected 48 h with GFP-PAK4 or PAK4 siRNA, and stimulated with TNF (100 ng/ml). (B) Quantitative evaluation of apoptotic cells analyzed 
by FC in panel A. The data represent the mean ± s.d. of three independent experiments. P-values were calculated using Student’s t-test.  
* P<0.05, ** P<0.01. (C) Western analysis of total caspase-8, active caspase-8, and control tubulin in TNF-stimulated HUVECs transfected with 
GFP-PAK4 or PAK4 siRNA.  
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embryonic development, and oncogenesis [15, 20–22]. In 

addition, PAK4 was reported to protect cells from 

apoptosis by phosphorylating the pro-apoptotic protein 

Bad [33]. Micropartical formation is a common 

mechanism of membrane shedding by activated or apop-

totic cells, requiring cytoskeleton rearrangement  

[1, 4, 26]. TNF induced EMP through the cdc42/PAK4 

pathway is consistent with a role of Rho-GTPases in the 

cytoskeletal changes leading to endothelial blebbing  

[6, 34]. Our findings demonstrate the involvement of 

PAK4 in this pathway: TNF significantly reduces the 

PAK4 protein levels in HUVECs, and inhibition of PAK4 

kinase activity or PAK4 suppression sensitize HUVECs to 

TNF-induced EMP release, while PAK4 overexpression 

reduces the TNF-induced EMP release. 

 

Attenuated NF-κB survival signals may lead to a 

decrease in PAK4 expression. Our results indicate that 

NF-kB signaling might be involved in the TNF-induced 

downregulation of PAK4 in HUVECs. This is supported 

by previous studies that have suggested that PAK4 may 

act as a switch between NF-κB survival signaling and 

caspase-8-mediated apoptosis induced by TNF in 

hepatocarcinoma cells [35]. Decreased nuclear levels  

of NF-κB p65 were found in PAK4 knockdown cells  

[35, 36]. In addition, a previous study suggested that 

constitutive activation of NF-κB might compensate for 

the lack of PAK4 [12]. 

 

In conclusion, our data provide evidence that TNF 

induces a dose and time dependent release of EMP in 

HUVECs, by cdc42/PAK4 dependent pathway. Using 

gene expression and gene silencing, we identified PAK4 

as a critical regulator of EMP generation by TNF. TNF 

downregulates the cdc42/PAK4 levels. Our data indicate 

that PAK4 suppresses the TNF-induced EMP generation 

and apoptosis in HUVECs through the TNFR1 signaling 

pathway. Since the increased EMP levels have been 

reported in multiple pro-inflammatory and pathologic 

conditions including sepsis [27], cardiovascular disease 

[37], thrombosis [5], angiogenesis, inflammatory 

response, and hypercoagulability [26], our data suggest 

that modulation of PAK4 activity might represent a novel 

approach to suppress the TNF-induced EMP levels in 

these pathological conditions. 

 

MATERIALS AND METHODS 
 

Animals 
 

Male C57BL/6 mice (weight about 25-29g, 10 weeks 

old) were kept under a conventional 12 hour light-dark 

cycle in a temperature-controlled room with free access 

to water and food. Mice were randomly assigned to 5 

groups (10 mice per group) and treated with PBS or 

different doses of TNF (4 µg/kg, 20 µg/kg, 100 µg/kg or 

500µg/kg) for 24 hours. All experimental protocols 

were approved by the Institutional Animal Care and Use 

Committee of the Shanghai Tongji University and 

performed in accordance with the National Institutes of 

Health Guidelines for the use of experimental animals. 

 

Cell culture 

 

The primary human umbilical vein endothelial cells 

(HUVECs) were purchased from ATCC (PCS-100-010) 

and were grown in vascular cell basal media supplemented 

with endothelial cell growth kit components.  

 

Antibodies, proteins and drugs 

 

Primary antibody against PAK4 was purchased from 

Proteintech. IκBα antibody was from Cell Signalling. 

Antibodies against tubulin, cdc42, β-actin, and IκBα, 

phalloidin-FITC, and horseradish peroxidase (HRP)-

conjugated secondary antibody were purchased from 

Sigma. Alexa 488 and 568-conjugated secondary anti-

bodies were from Molecular Probes. Caspase-8 and active 

caspase-8 antibodies were from Cell Signalling. Purified 

TNF protein and sTNFR1 (soluble part of TNFR1) were 

purchased from Immunotools (Friesoythe, Germany); 

thrombin was from Sigma. The PAK4 inhibitor PF-

3758309 (Pfizer) was used at 10 μM. 

 

Measurements of EMP 

 

Untreated or TNF treated HUVECs (7x105 cells in 12-

well plates) were collected by centrifugation (5000g for 

5 minutes). EMP was measured in supernatants by flow 

cytometry (Beckman Coulter, Fullerton, CA). 10 μl of 

centrifuged media or sera were labelled by annexin V-

FITC and 1 μm latex beads (Beckman Coulter, 

flowcount) were used as gating parameters. Particles 

less than or equal to 1 μm were defined as EMPs. 

Number of EMP was calculated as described5.  

 

HUVEC transfections 

 

For transfection, HUVEC cells were seeded at 85%~90% 

confluency and allowed to adhere overnight. Small 

interfering RNA (siRNA), GFP-PAK4, or GFP-

PAK4KM plasmid were transfected using Lipofectamine 

2000 (Invitrogen) as described by the manufacturers. For 

studies of RNA interference, transfections were 

performed with PAK4 short interfering (si) RNA 

duplexes (two different siRNAs mixed, final 

concentration 50 nM, Life Technologies) or a non-

silencing siRNAs as negative controls (Life 

Technologies). At 48 hours after siRNA transfection, 

cells were harvested to determine the level of PAK4 

proteins by immunoblotting, or were stimulated with 100 

ng/mL TNF. 



 

www.aging-us.com 12747 AGING 

Cloning strategy 
 

Human PAK4 DNA fragment was amplified from 

cDNA bank by PCR and cloned into pGEMTeasy 

(Promega) vector. GFP-PAK4 was cloned into the 

EcoRI/SalI site of EGFP-C2 vector. The GFP fusion 

protein was generated to carry GFP at its N-terminus. 

GFP-PAK4KM was cloned into the EcoRI/SalI site of 

EGFP-C2 vector. This PAK4 kinase mutant contains a 

lysine to methionine mutation at amino acid 350. The 

mutation was generated using site-directed mutagenesis 

kit (Stratagene). 

 

Immuno-fluorescence microscopy 

 

HUVECs were cultured to subconfluence on 8 chamber 

glass slides (BD Falcon, Bedford, MA). After treatment, 

they were fixed in 4% paraformaldehyde (PFA) in 

phosphate-buffered saline (PBS) and permeabilized 

with 0.1% Triton X-100. Actin cytoskeleton was stained 

with Phalloidin-FITC. Cells were incubated with 1:400 

diluted polyclonal anti-PAK4 antibody, followed by a 

sequential incubation with a 1:1000 diluted Alexa 488 

or 568-conjugated secondary antibody. Nuclei were 

counter stained with DAPI (Sigma-Aldrich). The cells 

were imaged using a ZEISS 780 inverted confocal laser 

scanning microscope (ZEISS, Cambridge, UK) and 

analyzed by using Zen software. 

 

Western blotting 
 

Cells were washed with cold PBS and lysed with 1 ml 

RIPA buffer (NEB, Hertfordshire, UK) containing 

protease inhibitor cocktail (Roche) on ice. 

Homogenized samples were microcentrifuged at full 

speed for 15 min at 4°C. The supernatants were 

subjected to SDS-PAGE. Separated proteins were 

transferred onto nitrocellulose membrane and probed 

with primary antibodies and HRP-conjugated secondary 

antibodies. 

 

Quantitative real time PCR 

 

Total RNA was extracted from cultured HUVECs using 

Trizol solution (Invitrogen) and reverse transcribed into 

cDNA with a Reverse Transcriptase kit (Invitrogen) 

according to manufacturer’s instructions. The 

expression of PAK4 were detected using a TagMan 

mRNA assay kit (Biosystems). The relative expression 

was determined by the 2-ΔΔCt method with GAPDH as 

the internal reference. Samples were analysed in 

triplicate. The primer sequences used were the 

following. PAK4-F: ATGTGGTGGAGATGTACA 

ACA, PAK4-R: GTTCATCCTGGTGTGGGTGAC, 

GAPDH-F: GGAGCGAGATCCCTCCAAAAT, 

GAPDH-R: GGCTGTTGTCATACTTCTCATGG 

Apoptotic assay 

 

Cells were fixed with the Cytofix/Cytoperm fixation 

and permeabilization solution kit (BD Pharmingen), 

stained with FITC-conjugated anti-caspase-3 antibody 

(BD Pharmingen), and analyzed using CyAn flow 

cytometer (Beckman Coulter, Fullerton, CA). Data were 

evaluated using Flowjo (Tree Star Inc., Ashland, 

Oregon). 

 

Statistics 
 

Results are expressed as mean ± SD. The statistical 

significance was assessed using analysis of variance 

(ANOVA), followed by Student’s t-test. A P value of 

<0.05 was considered significant. 

 

Abbreviations 
 

TNF: Tumor necrosis factor-α; EMP: Endothelial cell-

derived microparticle; HUVECs: Human umbilical vein 

endothelial cells; PAK4: p21-activated kinase 4; 

siRNA: Small interfering RNA; MP: Microparticle; 

sTNFR1: soluble TNF receptor 1. 

 

ACKNOWLEDGMENTS 
 

We thank all the study participants.  

 

CONFLICTS OF INTEREST 
 

The authors have declared no conflicts of interest. 

 

FUNDING 
 

This research was supported by grants from the 

Shanghai Science and Technology Commission 

Research Project (15ZR1433100). 

 

REFERENCES 
 
1. Ardoin SP, Shanahan JC, Pisetsky DS. The role of 

microparticles in inflammation and thrombosis. Scand J 
Immunol. 2007; 66:159–65. 

 https://doi.org/10.1111/j.1365-3083.2007.01984.x 
 PMID:17635793 

2. Piccin A, Murphy WG, Smith OP. Circulating 
microparticles: pathophysiology and clinical 
implications. Blood Rev. 2007; 21:157–71. 

 https://doi.org/10.1016/j.blre.2006.09.001 
 PMID:17118501 

3. Milbank E, Soleti R, Martinez E, Lahouel B, Hilairet G, 
Martinez MC, Andriantsitohaina R, Noireaud J. 
Microparticles from apoptotic RAW 264.7 macrophage 
cells carry tumour necrosis factor-α functionally active 

https://doi.org/10.1111/j.1365-3083.2007.01984.x
https://pubmed.ncbi.nlm.nih.gov/17635793
https://doi.org/10.1016/j.blre.2006.09.001
https://pubmed.ncbi.nlm.nih.gov/17118501


 

www.aging-us.com 12748 AGING 

on cardiomyocytes from adult mice. J Extracell 
Vesicles. 2015; 4:28621. 

 https://doi.org/10.3402/jev.v4.28621 
 PMID:26498917 

4. Diehl P, Fricke A, Sander L, Stamm J, Bassler N, Htun N, 
Ziemann M, Helbing T, El-Osta A, Jowett JB, Peter K. 
Microparticles: major transport vehicles for distinct 
microRNAs in circulation. Cardiovasc Res. 2012; 
93:633–44. 

 https://doi.org/10.1093/cvr/cvs007 
 PMID:22258631 

5. Sapet C, Simoncini S, Loriod B, Puthier D, Sampol J, 
Nguyen C, Dignat-George F, Anfosso F. Thrombin-
induced endothelial microparticle generation: 
identification of a novel pathway involving ROCK-II 
activation by caspase-2. Blood. 2006; 108:1868–76. 

 https://doi.org/10.1182/blood-2006-04-014175 
 PMID:16720831 

6. Torgerson RR, McNiven MA. The actin-myosin 
cytoskeleton mediates reversible agonist-induced 
membrane blebbing. J Cell Sci. 1998; 111:2911–22. 

 PMID:9730983 

7. Combes V, Simon AC, Grau GE, Arnoux D, Camoin L, 
Sabatier F, Mutin M, Sanmarco M, Sampol J, Dignat-
George F. In vitro generation of endothelial 
microparticles and possible prothrombotic activity in 
patients with lupus anticoagulant. J Clin Invest. 1999; 
104:93–102. 

 https://doi.org/10.1172/JCI4985 
 PMID:10393703 

8. Combes V, El-Assaad F, Faille D, Jambou R, Hunt NH, 
Grau GE. Microvesiculation and cell interactions at the 
brain-endothelial interface in cerebral malaria 
pathogenesis. Prog Neurobiol. 2010; 91:140–51. 

 https://doi.org/10.1016/j.pneurobio.2010.01.007 
 PMID:20117166 

9. VanWijk MJ, VanBavel E, Sturk A, Nieuwland R. 
Microparticles in cardiovascular diseases. Cardiovasc 
Res. 2003; 59:277–87. 

 https://doi.org/10.1016/s0008-6363(03)00367-5 
 PMID:12909311 

10. Burger D, Schock S, Thompson CS, Montezano AC, 
Hakim AM, Touyz RM. Microparticles: biomarkers and 
beyond. Clin Sci (Lond). 2013; 124:423–41. 

 https://doi.org/10.1042/CS20120309 PMID:23249271 

11. Lee SK, Yang SH, Kwon I, Lee OH, Heo JH. Role of 
tumour necrosis factor receptor-1 and nuclear factor-
κB in production of TNF-α-induced pro-inflammatory 
microparticles in endothelial cells. Thromb Haemost. 
2014; 112:580–88. 

 https://doi.org/10.1160/TH13-11-0975 
 PMID:25008247 

12. Li X, Minden A. PAK4 functions in tumor necrosis factor 
(TNF) alpha-induced survival pathways by facilitating 
TRADD binding to the TNF receptor. J Biol Chem. 2005; 
280:41192–200. 

 https://doi.org/10.1074/jbc.M506884200 
 PMID:16227624 

13. Yu Y, Jing L, Zhang X, Gao C. Simvastatin attenuates 
acute lung injury via regulating CDC42-PAK4 and 
endothelial microparticles. Shock. 2017; 47:378–84. 

 https://doi.org/10.1097/SHK.0000000000000723 
 PMID:27513084 

14. Wang H, Chen Y, Li W, Li C, Zhang X, Peng H, Gao C. 
Ligustrazine effect on lipopolysaccharide-induced 
pulmonary damage in rats. Burns. 2015; 41:1235–41. 

 https://doi.org/10.1016/j.burns.2015.02.010 
 PMID:26088147 

15. Pan S, Fei A, Jing L, Zhang X, Gao C. Increased 
circulating endothelial microparticles associated with 
PAK4 play a key role in ventilation-induced lung injury 
process. Biomed Res Int. 2017; 2017:4902084. 

 https://doi.org/10.1155/2017/4902084 
 PMID:28261612 

16. Gordon C, Gudi K, Krause A, Sackrowitz R, Harvey BG, 
Strulovici-Barel Y, Mezey JG, Crystal RG. Circulating 
endothelial microparticles as a measure of early lung 
destruction in cigarette smokers. Am J Respir Crit Care 
Med. 2011; 184:224–32. 

 https://doi.org/10.1164/rccm.201012-2061OC 
 PMID:21471087 

17. Wells CM, Whale AD, Parsons M, Masters JR, Jones GE. 
PAK4: a pluripotent kinase that regulates prostate 
cancer cell adhesion. J Cell Sci. 2010; 123:1663–73. 

 https://doi.org/10.1242/jcs.055707 
 PMID:20406887 

18. Dart AE, Wells CM. P21-activated kinase 4—not just 
one of the PAK. Eur J Cell Biol. 2013; 92:129–38. 

 https://doi.org/10.1016/j.ejcb.2013.03.002 
 PMID:23642861 

19. Jin D, Durgan J, Hall A. Functional cross-talk between 
Cdc42 and two downstream targets, Par6B and PAK4. 
Biochem J. 2015; 467:293–302. 

 https://doi.org/10.1042/BJ20141352 
 PMID:25662318 

20. Qu J, Li X, Novitch BG, Zheng Y, Kohn M, Xie JM, 
Kozinn S, Bronson R, Beg AA, Minden A. PAK4  
kinase is essential for embryonic viability and for 
proper neuronal development. Mol Cell Biol. 2003; 
23:7122–33. 

 https://doi.org/10.1128/mcb.23.20.7122-7133.2003 
 PMID:14517283 

21. Callow MG, Clairvoyant F, Zhu S, Schryver B, Whyte DB, 
Bischoff JR, Jallal B, Smeal T. Requirement for PAK4 in 

https://doi.org/10.3402/jev.v4.28621
https://pubmed.ncbi.nlm.nih.gov/26498917
https://doi.org/10.1093/cvr/cvs007
https://pubmed.ncbi.nlm.nih.gov/22258631
https://doi.org/10.1182/blood-2006-04-014175
https://pubmed.ncbi.nlm.nih.gov/16720831
https://pubmed.ncbi.nlm.nih.gov/9730983
https://doi.org/10.1172/JCI4985
https://pubmed.ncbi.nlm.nih.gov/10393703
https://doi.org/10.1016/j.pneurobio.2010.01.007
https://pubmed.ncbi.nlm.nih.gov/20117166
https://doi.org/10.1016/s0008-6363(03)00367-5
https://pubmed.ncbi.nlm.nih.gov/12909311
https://doi.org/10.1042/CS20120309
https://pubmed.ncbi.nlm.nih.gov/23249271
https://doi.org/10.1160/TH13-11-0975
https://pubmed.ncbi.nlm.nih.gov/25008247
https://doi.org/10.1074/jbc.M506884200
https://pubmed.ncbi.nlm.nih.gov/16227624
https://doi.org/10.1097/SHK.0000000000000723
https://pubmed.ncbi.nlm.nih.gov/27513084
https://doi.org/10.1016/j.burns.2015.02.010
https://pubmed.ncbi.nlm.nih.gov/26088147
https://doi.org/10.1155/2017/4902084
https://pubmed.ncbi.nlm.nih.gov/28261612
https://doi.org/10.1164/rccm.201012-2061OC
https://pubmed.ncbi.nlm.nih.gov/21471087
https://doi.org/10.1242/jcs.055707
https://pubmed.ncbi.nlm.nih.gov/20406887
https://doi.org/10.1016/j.ejcb.2013.03.002
https://pubmed.ncbi.nlm.nih.gov/23642861
https://doi.org/10.1042/BJ20141352
https://pubmed.ncbi.nlm.nih.gov/25662318
https://doi.org/10.1128/mcb.23.20.7122-7133.2003
https://pubmed.ncbi.nlm.nih.gov/14517283


 

www.aging-us.com 12749 AGING 

the anchorage-independent growth of human cancer 
cell lines. J Biol Chem. 2002; 277:550–58. 

 https://doi.org/10.1074/jbc.M105732200 
 PMID:11668177 

22. Liu Y, Xiao H, Tian Y, Nekrasova T, Hao X, Lee HJ, Suh N, 
Yang CS, Minden A. The pak4 protein kinase plays a key 
role in cell survival and tumorigenesis in athymic mice. 
Mol Cancer Res. 2008; 6:1215–24. 

 https://doi.org/10.1158/1541-7786.MCR-08-0087 
 PMID:18644984 

23. Kimmelman AC, Hezel AF, Aguirre AJ, Zheng H, Paik JH, 
Ying H, Chu GC, Zhang JX, Sahin E, Yeo G, Ponugoti A, 
Nabioullin R, Deroo S, et al. Genomic alterations link 
rho family of GTPases to the highly invasive phenotype 
of pancreas cancer. Proc Natl Acad Sci USA. 2008; 
105:19372–77. 

 https://doi.org/10.1073/pnas.0809966105 
 PMID:19050074 

24. Murray BW, Guo C, Piraino J, Westwick JK, Zhang C, 
Lamerdin J, Dagostino E, Knighton D, Loi CM, Zager M, 
Kraynov E, Popoff I, Christensen JG, et al. Small-
molecule p21-activated kinase inhibitor PF-3758309 is 
a potent inhibitor of oncogenic signaling and tumor 
growth. Proc Natl Acad Sci USA. 2010; 107:9446–51. 

 https://doi.org/10.1073/pnas.0911863107 
 PMID:20439741 

25. Tomiyoshi G, Horita Y, Nishita M, Ohashi K, Mizuno K. 
Caspase-mediated cleavage and activation of LIM-
kinase 1 and its role in apoptotic membrane blebbing. 
Genes Cells. 2004; 9:591–600. 

 https://doi.org/10.1111/j.1356-9597.2004.00745.x 
 PMID:15189451 

26. Gao C, Li R, Liu Y, Ma L, Wang S. Rho-kinase-dependent 
f-actin rearrangement is involved in the release of 
endothelial microparticles during IFN-α-induced 
endothelial cell apoptosis. J Trauma Acute Care Surg. 
2012; 73:1152–60. 

 https://doi.org/10.1097/TA.0b013e318265d04b 
 PMID:23117378 

27. Souza AC, Yuen PS, Star RA. Microparticles: markers 
and mediators of sepsis-induced microvascular 
dysfunction, immunosuppression, and AKI. Kidney Int. 
2015; 87:1100–08. 

 https://doi.org/10.1038/ki.2015.26 PMID:25692956 

28. Kobawala TP, Trivedi TI, Gajjar KK, Patel DH, Patel GH, 
Ghosh NR. Significance of TNF-α and the adhesion 
molecules: l-selectin and VCAM-1 in papillary thyroid 
carcinoma. J Thyroid Res. 2016; 2016:8143695. 

 https://doi.org/10.1155/2016/8143695 
 PMID:26881177 

29. Madge LA, Pober JS. TNF signaling in vascular 
endothelial cells. Exp Mol Pathol. 2001; 70:317–25. 

 https://doi.org/10.1006/exmp.2001.2368 
 PMID:11418010 

30. Pelletier F, Garnache-Ottou F, Biichlé S, Vivot A, 
Humbert P, Saas P, Seillès E, Aubin F. Effects of anti-
TNF-α agents on circulating endothelial-derived and 
platelet-derived microparticles in psoriasis. Exp 
Dermatol. 2014; 23:924–25. 

 https://doi.org/10.1111/exd.12551 
 PMID:25255926 

31. Sahu U, Sahoo PK, Kar SK, Mohapatra BN, Ranjit M. 
Association of TNF level with production of circulating 
cellular microparticles during clinical manifestation of 
human cerebral malaria. Hum Immunol. 2013; 
74:713–21. 

 https://doi.org/10.1016/j.humimm.2013.02.006 
 PMID:23459075 

32. Johnson BL 3rd, Goetzman HS, Prakash PS, Caldwell CC. 
Mechanisms underlying mouse TNF-α stimulated 
neutrophil derived microparticle generation. Biochem 
Biophys Res Commun. 2013; 437:591–96. 

 https://doi.org/10.1016/j.bbrc.2013.06.118 
 PMID:23850678 

33. Gnesutta N, Qu J, Minden A. The serine/threonine 
kinase PAK4 prevents caspase activation and protects 
cells from apoptosis. J Biol Chem. 2001; 276:14414–19. 

 https://doi.org/10.1074/jbc.M011046200 
 PMID:11278822 

34. Narumiya S, Ishizaki T, Watanabe N. Rho effectors and 
reorganization of actin cytoskeleton. FEBS Lett. 1997; 
410:68–72. 

 https://doi.org/10.1016/s0014-5793(97)00317-7 
 PMID:9247125 

35. Li Q, Zhang X, Wei N, Liu S, Ling Y, Wang H. P21-
activated kinase 4 as a switch between caspase-8 
apoptosis and NF-κB survival signals in response to 
TNF-α in hepatocarcinoma cells. Biochem Biophys Res 
Commun. 2018; 503:3003–10. 

 https://doi.org/10.1016/j.bbrc.2018.08.085 
 PMID:30149917 

36. Wang M, Gao Q, Chen Y, Li Z, Yue L, Cao Y. PAK4, a 
target of miR-9-5p, promotes cell proliferation and 
inhibits apoptosis in colorectal cancer. Cell Mol Biol 
Lett. 2019; 24:58. 

 https://doi.org/10.1186/s11658-019-0182-9 
 PMID:31728150 

37. Jansen F, Yang X, Baumann K, Przybilla D, Schmitz T, 
Flender A, Paul K, Alhusseiny A, Nickenig G, Werner N. 
Endothelial microparticles reduce ICAM-1 expression in 
a microRNA-222-dependent mechanism. J Cell Mol 
Med. 2015; 19:2202–14. 

 https://doi.org/10.1111/jcmm.12607 
 PMID:26081516 

https://doi.org/10.1074/jbc.M105732200
https://pubmed.ncbi.nlm.nih.gov/11668177
https://doi.org/10.1158/1541-7786.MCR-08-0087
https://pubmed.ncbi.nlm.nih.gov/18644984
https://doi.org/10.1073/pnas.0809966105
https://pubmed.ncbi.nlm.nih.gov/19050074
https://doi.org/10.1073/pnas.0911863107
https://pubmed.ncbi.nlm.nih.gov/20439741
https://doi.org/10.1111/j.1356-9597.2004.00745.x
https://pubmed.ncbi.nlm.nih.gov/15189451
https://doi.org/10.1097/TA.0b013e318265d04b
https://pubmed.ncbi.nlm.nih.gov/23117378
https://doi.org/10.1038/ki.2015.26
https://pubmed.ncbi.nlm.nih.gov/25692956
https://doi.org/10.1155/2016/8143695
https://pubmed.ncbi.nlm.nih.gov/26881177
https://doi.org/10.1006/exmp.2001.2368
https://pubmed.ncbi.nlm.nih.gov/11418010
https://doi.org/10.1111/exd.12551
https://pubmed.ncbi.nlm.nih.gov/25255926
https://doi.org/10.1016/j.humimm.2013.02.006
https://pubmed.ncbi.nlm.nih.gov/23459075
https://doi.org/10.1016/j.bbrc.2013.06.118
https://pubmed.ncbi.nlm.nih.gov/23850678
https://doi.org/10.1074/jbc.M011046200
https://pubmed.ncbi.nlm.nih.gov/11278822
https://doi.org/10.1016/s0014-5793(97)00317-7
https://pubmed.ncbi.nlm.nih.gov/9247125
https://doi.org/10.1016/j.bbrc.2018.08.085
https://pubmed.ncbi.nlm.nih.gov/30149917
https://doi.org/10.1186/s11658-019-0182-9
https://pubmed.ncbi.nlm.nih.gov/31728150
https://doi.org/10.1111/jcmm.12607
https://pubmed.ncbi.nlm.nih.gov/26081516

