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p21-Activated Kinase 4 Signaling Promotes Japanese Encephalitis Virus-Mediated Inflammation in Astrocytes









	
	ORIGINAL RESEARCH
published: 21 June 2017
doi: 10.3389/fcimb.2017.00271





[image: image2]

p21-Activated Kinase 4 Signaling Promotes Japanese Encephalitis Virus-Mediated Inflammation in Astrocytes


Wen He1,2,3†, Zikai Zhao1,2,3†, Awais Anees1,2,3, Yunchuan Li1,2,3, Usama Ashraf1,2,3, Zheng Chen1,2,3, Yunfeng Song1,2,3, Huanchun Chen1,2,3, Shengbo Cao1,2,3 and Jing Ye1,2,3,4*


1State Key Laboratory of Agricultural Microbiology, Huazhong Agricultural University, Wuhan, China

2Laboratory of Animal Virology, College of Veterinary Medicine, Huazhong Agricultural University, Wuhan, China

3The Cooperative Innovation Center for Sustainable Pig Production, Huazhong Agricultural University, Wuhan, China

4College of Life Science and Technology, Huazhong Agricultural University, Wuhan, China

Edited by:
Gong Cheng, Tsinghua University, China

Reviewed by:
Tonya Michelle Colpitts, University of South Carolina, United States
 Long Yang, New York Medical College, United States
 Jianfeng Dai, Soochow University, China

* Correspondence: Jing Ye, yej@webmail.hzau.edu.cn

†These authors have contributed equally to this work.

Received: 22 January 2017
 Accepted: 06 June 2017
 Published: 21 June 2017

Citation: He W, Zhao Z, Anees A, Li Y, Ashraf U, Chen Z, Song Y, Chen H, Cao S and Ye J (2017) p21-Activated Kinase 4 Signaling Promotes Japanese Encephalitis Virus-Mediated Inflammation in Astrocytes. Front. Cell. Infect. Microbiol. 7:271. doi: 10.3389/fcimb.2017.00271



Japanese encephalitis virus (JEV) targets central nervous system, resulting in neuroinflammation with typical features of neuronal death along with hyper activation of glial cells. Exploring the mechanisms responsible for the JEV-caused inflammatory response remains a pivotal area of research. In the present study, we have explored the function of p21-activated kinase 4 (PAK4) in JEV-mediated inflammatory response in human astrocytes. The results showed that JEV infection enhances the phosphorylation of PAK4 in U251 cells and mouse brain. Knockdown of PAK4 resulted in decreased expression of inflammatory cytokines that include tumor necrosis factor alpha, interleukin-6, interleukin-1β, and chemokine (C-C motif) ligand 5 and interferon β upon JEV infection, suggesting that PAK4 signaling promotes JEV-mediated inflammation. In addition, we found that knockdown of PAK4 led to the inhibition of MAPK signaling including ERK, p38 MAPK and JNK, and also resulted in the reduced nuclear translocation of NF-κB and phosphorylation of AP-1. These results demonstrate that PAK4 signaling actively promotes JEV-mediated inflammation in human astrocytes via MAPK-NF-κB/AP-1 pathway, which will provide a new insight into the molecular mechanism of the JEV-induced inflammatory response.
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INTRODUCTION

Japanese encephalitis virus (JEV) is a mosquito-borne virus belonging to the Flaviviridae family of the viruses. JEV is highly prevalent cause of acute viral encephalitis in the Southeast Asian and the Western Pacific region of the world. Approximately, 35,000–50,000 Japanese encephalitis (JE) cases are recorded annually in the region with 10,000 deaths; nearly half of the survivors suffer from permanent neuropsychiatric sequelae (Vaughn and Hoke, 1992; Endy and Nisalak, 2002). Pathologically, infection of central nervous system (CNS) with JEV leads to severe disease, even fatal encephalitis (Solomon et al., 2000). Activation of glia (microglia and astrocytes), encroachment of inflammatory cells, rampant production of proinflammatory cytokines, and neuropathy are the idiosyncratic features of JE (German et al., 2006; Ghoshal et al., 2007).

Glial cells are the resident immune cells in the brain, and play crucial roles during neuroinflammation (Chen et al., 2000; Olson and Miller, 2004). It has been shown that JEV can infect astrocytes and microglia, and thus, these glial cells may serve as long-standing reservoir for JEV (Chen et al., 2000, 2004; Thongtan et al., 2010). The production of various proinflammatory mediators has been implicated in the process of activation of microglia and astrocytes following JEV infection (Chen et al., 2000; Bhowmick et al., 2007; Ghoshal et al., 2007). As the CNS professional macrophages, most of recent studies on inflammatory responses against JEV in the CNS have focused on microglia. However, increasing evidence suggests that astrocytes also play a critical role in the regulation of the cerebral inflammatory response (Bsibsi et al., 2002; Bowman et al., 2003; Liu et al., 2004; Carpentier et al., 2005; Park et al., 2006; Sterka et al., 2006). It has been reported that JEV differentially modulates the induction of multiple pro-inflammatory mediators in human astrocytoma and astroglioma cell-lines (Chen et al., 2010, 2011). However, the molecular mechanisms underlying the JEV-caused inflammatory response in astrocytes are largely unclear.

The p21-activated kinases (PAKs) are serine/threonine kinases that are indispensable effectors for RHO GTPases. They have been reported as well-known regulators of several oncogenic signaling cascades, nuclear signaling, cellular motility, and cytoskeletal organization (Kumar et al., 2006). Generally, PAKs are classified into two subgroups: subgroup I PAKs (PAK1–PAK3) and subgroup II PAKs (PAK4–PAK6). Of these, PAK4 is the member that has been studied extensively. Multiple types of tumors such as pulmonary, mammary, ovarian, and colorectal tumors, have been associated with increased expression level of PAK4 (Callow et al., 2002; Parsons et al., 2005; Chen et al., 2008; Kimmelman et al., 2008; Whale et al., 2011). Furthermore, upregulated pattern of PAK4 has been found to be linked with poor prognosis of ovarian tumor (Siu et al., 2010). Besides this, a functional cooperativity between PAK4 and MMP2 has also been established in governing resistance to anoikis-mediated cell death, invasion, and migration in glioma (Kesanakurti et al., 2012). Recent studies reveal that PAK4 is involved in ERK- and Akt-mediated augmentation of NF-κB signaling (Tyagi et al., 2014), which is well-known to be closely related to cell growth and inflammation. PAK4 inhibition by PF-3758309 suppresses NF-κB pathway and paves the way to downregulation of MMP- 2/MMP-9 expressions.

Given the close relationship of PAK4 function with glioma and NF-κB signaling, we wondered whether PAK4 also plays a role in neuroinflammation. In the present study, JEV infection was found to induce the activation of PAK4 in astrocytes, and its activation is associated with the increased expression of inflammatory cytokines mediated by JEV. Furthermore, PAK4 was shown to regulate mitogen-activated protein kinase (MAPK) and NF-κB/AP-1 signaling pathway during JEV infection. These results delivered first experimental evidence for involvement of PAK4 in JEV-caused inflammatory response in astrocytes.

MATERIALS AND METHODS

Cell Culture, Virus Propagation and Viral Infection

Human glioma cell line U251 (also known as human glioblastoma or astrocytoma cell line) was cultured and maintained in Dulbecco's modified Eagle's medium (DMEM; 4,500 mg/liter glucose) supplemented with 10% (v/v) heat-inactivated fetal bovine serum, penicillin (100 U/ml), and streptomycin sulfate (100 mg/ml) at 37°C in a 5% CO2 atmosphere. JEV wild-type strain P3 was propagated in suckling mouse brains (the animal experiments were performed in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals, and the experimental protocols were approved by the Huazhong Agricultural University's Research Ethics Committee of the College of Veterinary Medicine), and viral titer was determined by plaque assay on BHK-21 cells. U251 cells were plated in six-well plates (6 × 105 cells/well) and grown to 80% confluence. Cells were subsequently infected with JEV P3 strain at multiplicity of infection (MOI) of 5.

Reagents

Antibodies against PAK4, GAPDH, p65, and Lamin A, ERK1/2, phosphor-ERK1/2, P38MAPK, phosphor-P38MAPK, JNK1, phosphor-JNK1, c-JUN phosphor-c-JUN, and IκBα were purchased from Abclonal Technology (Wuhan, China). Antibody against phosphor-PAK4 was obtained from Cell Signaling Technology (Beverly, MA). HRP-labeled anti-mouse/rabbit secondary Antibodies (Boster, China) were used in this study. The monoclonal antibody against JEV NS5 was prepared in our laboratory.

JEV Infection in Mice

Adult BALB/c mice (8 week old) were purchased from the Hubei Provincial Center for Disease Control and Prevention (Wuhan, China). For PAK4 detection in mouse brain, mice were injected i.p. with 106 PFU JEV P3 strain in 200 ml PBS. The remaining mice were sacrificed on day 6 post infection, and brain samples were collected.

RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR (qRT-PCR) Analysis

Cellular RNA was isolated with TRIzol reagent (Invitrogen), and subsequently, was reverse transcribed into cDNA using commercially available First Strand cDNA Synthesis Kit (TOYOBO) following the manufacturer's instructions. The qRT-PCR analysis was done by using SYBR Green PCR Master Mix (TOYOBO) and a 7500 Real-time PCR System (Applied Biosystems). Results were normalized to β-actin expression in each sample. Primers sequences were as follows: human β-actin 5′- AGCGGGAAATCGTGCGTGAC-3′ (sense) and 5′-GGAAGGAAGGCTGGAAGAGTG-3′ (antisense); human CCL5 5′- GTGGCA ATGAGGATGACTTGT-3′ (sense) and 5′- AGATGAAGGGAAAGAAGGTGCT-3′ (antisense); human IL-1β 5′-CCAGGAGAAGATTCCAAAGATG-3′ (sense) and 5′- AGGAACTGGATCAGGACTTTTG-3′ (antisense); human IL-6 5′-CTGTCATCCTCATTGCTACTGC-3′ (sense) and 5′-ATGTACTCCCGAACCCATTTCT-3′ (antisense); human TNF-α 5′-TGTAGCCCATGTTGTAGCAAAC-3′ (sense) and 5′- ACTCGGCAAAGTCGAGATAGTC-3′ (antisense).

Immunofluorescence Assay

After attaining 80% growth confluency, the cells were washed with DMEM before virus inoculation. After washing, the cells were either mock-infected or JEV-infected at an MOI of 1, 2, or 5 for 1 h. The supernatant was removed and the cells were incubated with 3% serum maintenance solution. At 36 h after virus infection, the cells were blocked with 1% BSA in PBS (pH = 7.2) for 30 min. Then, cells were stained with the monoclonal antibody specific to JEV NS5 for a period of 1 h. After washing for three times with PBS, the cells were incubated with Alexa Fluor 488-labeled secondary antibody (Invitrogen) for 30 min and then the nuclei were stained with DAPI (Invitrogen). After the staining, cells were observed using a fluorescence microscope (Zeiss) at 20× magnification.

Plasmid Construction

To construct the plasmid encoding PAK4, the coding region of PAK4 gene were amplified from cDNA derived from HeLa cells by PCR and cloned into pcDNA3.1 to yield pPAK4.

RNA Interference

Small interfering RNAs (siRNAs) against human PAK4 (5′- UUCUGCUCGUGCUGGUCGAAGTT-3′), TLR3 (5′-CGAAUUUGACUGAACUCCA-3′), and RIG-I (5′-GAGGUGCAGUAUAUUCAGG-3′) and the negative control siRNA were purchased from Gene Pharma. Cells were transfected with 50 nM of each siRNA by using Lipofectamine2000.

Western Blotting

Total cellular lysates were obtained by lysing cells in radioimmunoprecipitation assay buffer (RIPA buffer) containing protease and phosphatase inhibitors (Roche, Mannheim, Germany). The concentration of proteins was determined using BCA Protein Assay Kit (Thermo Scientific). SDS-PAGE was performed, and then proteins were blotted on nitrocellulose membrane. The membrane was blocked with a blocking solution (TBST+5%BSA) for 1 h and incubated with the primary antibody for 2 h. After washing for three times, the membrane was immersed with appropriate peroxidase-conjugated secondary antibodies (Boster). Detection of proteins was conducted by using ECL reagent (Thermo Scientific).

RESULTS

JEV-Infection Induces the Phosphorylation of PAK4 in Human Astrocytes

To examine the infectivity of JEV on astrocytes, U251 cells were mock-infected or infected with 1, 2, or 5 MOI of JEV. Cells were fixed at 24 h post infection and the expression of JEV NS5 protein was detected by immunofluorescence assay. We found that U251 cells were successfully infected by JEV and the infection rate was presented in a dose-dependent manner (Figure 1A). To investigate the role of PAK4 in JEV infected astrocytes, cells were mock-infected or JEV-infected at an MOI of 5. Subsequently, cells were harvested at 6 and 12 h post infection and the expression and phosphorylation of PAK4 were detected by using Western-blot. We observed higher level of phosphorylated PAK4 in JEV-infected cells as compared to uninfected-cells at both time points (Figure 1B). However, no significant change was shown on expression level of PAK4 after JEV infection. These results suggest that JEV-infection can induce the activation of PAK4 in astrocytes. To verify this result in vivo, phosphorylation of PAK4 was detected in brain tissue of JEV-infected mice. As expected, phosphorylated-PAK4 was significantly upregulated upon JEV infection in mouse brain (Figure 1C).
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FIGURE 1. JEV infection promotes PAK4 phosphorylation in U251. (A) U251 cells were mock-infected or infected with JEV P3 strain at an MOI of 1, 2, or 5. At 36 h after virus infection, JEV NS5 was detected by immunofluorescence assay. The nuclei were stained with DAPI. After the staining, cells were observed using a fluorescence microscope (Zeiss) at 20 × magnification. (B) U251 cells were mock-infected or infected with JEV P3 strain at MOI of 5. Cells were harvested at 6 and 12 h post infection and the expression and phosphorylation of PAK4 were detected by using Western-blot. (C) Mice were infected with JEV or mock infected with PBS, and brain samples were collected after 6 days for analysis of phosphor-PAK4 and PAK4 expression using Western-blot. Protein and phosphorylation levels of PAK4 were quantified with immunoblot scanning and normalized to the amount of GAPDH. *p < 0.05, **p < 0.01, ns: no significance, compared with mock-infected cells (n = 3).



Activation of PAK4 Promotes the Inflammatory Response Induced by JEV

To evaluate the role of PAK4 in JEV-induced inflammation in astrocytes, PAK4 specific siRNA (siPAK4) was employed. The cells were either transfected with siPAK4 or negative control siRNA (siNC) and the phosphorylation and expression of PAK4 was examined at 36 h post transfection. A significant reduction of PAK4 and phosphorylated PAK4 was shown in siPAK4-transfected cells (Figure 2A). Furthermore, cells were infected by JEV following transfection of siPAK4 or siNC. The mRNA levels of pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), and chemokine (C-C motif) ligand 5 (CCL5), and type I interferon (IFN-β) were detected. We found that JEV infection significantly induced the expression of inflammatory cytokines and IFN-β, whereas knockdown of PAK4 remarkably reduced the levels of these cytokines elicited by JEV (Figure 2B), suggesting that PAK4 positively regulated the inflammatory response induced by JEV in astrocytes. To further confirm this result, plasmid encoding PAK4 gene was constructed and transfected into U251 cells. PAK4 was overexpressed in the cells, whereas no alteration of PAK4 phosphorylation was observed (Figure 2C). We subsequently examined the expression of pro-inflammatory cytokines and IFN-β in PAK4 overexpressed cells after JEV infection. No significant change of cytokine mRNA levels was shown upon PAK4 overexpression (Figure 2D), indicating that phosphorylation of PAK4 is required for promoting the inflammation response in JEV-infected cells. To determine whether the activation of PAK4 affects JEV replication, we monitored the viral titers in siRNA and plasmid-transfected cells. Viral replication was unaffected by knockdown or overexpression of PAK4, indicating that targeting the inflammatory response may not prevent JEV replication in U251 cells (Figure 2E).
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FIGURE 2. PAK4 signaling contributes to JEV-induced inflammation in U251 cells. (A) U251 cells were transfected with siRNA targeting PAK4 (siPAK4) or negative control siRNA (siNC). Cells were collected at 36 h post transfection and the PAK4 was detected by Western-blot. Levels of PAK4 were quantified with immunoblot scanning and normalized to the amount of GAPDH. ***p < 0.001, compared with cells transfected with siNC (n = 3). (B) U251 cells were transfected with siPAK4 or siNC, followed by JEV infection. Cells were harvested at 24 and 48 h post infection and mRNA levels of inflammatory cytokines and IFN-β were determined by qRT-PCR. ***p < 0.001, **p < 0.01, compared with cells transfected with siNC (n = 3). Protein levels of phospho-PAK4 and PAK4 were determined by Western-blot (downright panel). (C) U251 cells were transfected with plasmid encoding PAK4 (pPAK4) or empty vector pcDNA3.1. Cells were collected at 36 h post transfection and PAK4 was detected by Western-blot. Levels of PAK4 were quantified with immunoblot scanning and normalized to the amount of GAPDH (ns: no significant change). (D) U251 cells were transfected with plasmid encoding PAK4 or pcDNA3.1, followed by JEV-infection. Cells were harvested at 24 and 48 h post infection and mRNA levels of inflammatory cytokines and IFN-β were determined by qRT-PCR. Protein levels of phospho-PAK4 and PAK4 were determined by Western-blot (downright panel). (E) U251 cells were transfected with siPAK4, siNC, pPAK4, or pcDNA3.1, followed by JEV infection. Cell supernatants were harvested at 12, 24, and 36 h post infection and viral titers were determined by plaque assay on BHK-21.



PAK4 Is Involved in the Activation of MAPK Signaling in JEV Infected Astrocytes

As well-known that PAK4 is involved in the activation of ERK signaling; we further investigated the role of PAK4 on ERK activation during JEV infection. U251 cells were transfected with siPAK4 or siNC followed by infection of JEV and ERK phosphorylation and expression were detected by Western-blot. As expected, JEV infection increased the phosphorylation level of ERK1/2, while a reduction of phosphor-ERK1/2 was observed in cells transfected with siPAK4 (Figure 3), suggesting PAK4 positively regulates ERK activation. To further characterize the regulation role of PAK4 on other members of MAPK family during JEV infection, phosphorylation of p38MAPK and JNK1 was also detected. Our results revealed that knockdown of PAK4 significantly inhibited the phosphorylation of p38MAPK and JNK1 during JEV-infection (Figure 3). These results demonstrate that PAK4 contributes to the activation of MAPK signaling during JEV infection.
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FIGURE 3. PAK4 positively regulates MAPK signaling during JEV infection. U251 cells were transfected with siPAK4 or siNC, followed by JEV infection. Cells were harvested at 12 h post infection and expression and phosphorylation of ERK1/2, P38 MAPK and JNK1 were detected by Western-blot. Levels of phosphorylated ERK, P38MAPK and JNK1, and the ratio of p-ERK, p-P38MAPK and p-JNK1 were quantified with immunoblot scanning and normalized to the amount of GAPDH. ***p < 0.001, **p < 0.01, *p < 0.05, compared with cells transfected with siNC (n = 3).



PAK4 Signaling Contributes to the Activation of NF-κB and AP-1 in JEV Infected Astrocytes

It is well established that JEV-infection can induce the activation of NF-κB and AP-1 that are considered as key transcriptional factors of proinflammatory cytokines. To better understand the mechanism by which PAK4 regulates the inflammatory response in astrocytes, the impact of PAK4 on NF-κB and AP-1 activity in JEV-infected U251 cell line was subsequently investigated. U251 cells were transfected with siPAK4 or siNC followed by infection of JEV and nuclear translocation of p65, one of NF-κB subunits, and the degradation of IκBα, an upstream inhibitor of NF-κB, were detected by Western-blot. JEV-infection strongly induced the degradation of IκBα and enhanced the translocation of p65 from cytoplasm to the nucleus (Figure 4A). In contrast, the transfection of cells with siPAK4 significantly restored the level of IκBα and inhibited the nuclear translocation of p65 in JEV-infected U251. Subsequently, phosphorylation of c-Jun, an AP-1 subunit, were also detected by Western-blot. Similarly, the phosphorylation of c-Jun was obviously increased upon JEV infection, while siPAK4 transfection markedly attenuated the signal of AP-1 activation (Figure 4B). These findings suggest that PAK4 signaling could stimulate the activation of c and AP-1 in JEV infected astrocytes.
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FIGURE 4. PAK4 promotes the activation of NF-κB and AP-1 in JEV-infected U251 cells. U251 cells were transfected with siPAK4 or siNC followed by JEV infection and were harvested at 12 h post infection. The nuclear translocation of p65, protein level of IκBα (A) and expression and phosphorylation of JUN (B) were detected by Western-blot. Levels of nuclear localized p65, IκBα and phosphorylated JUN were quantified with immunoblot scanning and normalized to the amount of GAPDH and Lamin A. ***p < 0.001, **p < 0.01, *p < 0.05, compared with cells transfected with siNC (n = 3).



JEV-Induced PAK4 Activation Is Dependent on TLR3 and RIG-I Signaling

To further explore the mechanism for enhancing PAK4 activation by JEV infection, cells inoculated with UV-irradiated inactivated JEV were used for PAK4 detection. The phosophorylation and expression level of PAK4 were shown to have no significant changes (Figure 5A), indicating that productive infection of JEV is essential requirement for PAK4 activation. As it has been known that TLR3 and RIG-I signaling can mediate the expression of type I interferon and pro-inflammatory cytokines through recognizing double-strand RNA produced during JEV genomic replication, we next investigated the role of TLR3 and RIG-I on PAK4 activation in JEV-infected astrocytes. The results showed that levels of PAK4 phosphorylation enhanced by JEV infection were significantly reduced upon TLR3 or RIG-I knockdown in U251 cells (Figure 5B), indicating that JEV-induced PAK4 activation is dependent on TLR3 and RIG-I signaling.
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FIGURE 5. TLR3 and RIG-I signaling is involved in JEV-induced activation of PAK4 in astrocytes. (A) JEV P3 strain was irradiated with ultraviolet (UV) rays for 3 h. U251 cells were mock-infected or infected with UV-inactivated JEV P3 strain at MOI of 5. Cells were harvested at 6 and 12 h post infection and the expression and phosphorylation of PAK4 were detected by using Western-blot. Protein and phosphorylation levels of PAK4 were quantified with immunoblot scanning and normalized to the amount of GAPDH. (B) U251 cells were transfected with siRNA for TLR3 or RIG-I, or siNC, and infected with JEV at 24 h post transfection. After infection for 12 h, cells were collected and the phosphor-PAK4 were detected by Western-blot, and levels were quantified by immunoblot scanning and normalized to the amount of GAPDH. **p < 0.01, compared with cells transfected with siNC (n = 3).



DISCUSSION

JEV is an important neurotropic pathogen; causing severe neurological sequelae in humans. It induces neuroinflammation with features of viral encephalitis, including immune cell infiltration and neuronal degeneration (Misra and Kalita, 2010). The production of cytokines and chemokines from periphery or by glia is the main source of establishment of pro-inflammatory environment in the JEV-infected brain (Ghoshal et al., 2007). Although, microglia have been known as the main resident immune cells in the CNS and represent critical effectors of CNS inflammation (Aloisi, 2001; Olson and Miller, 2004), evidence is emerging that astrocytes also participate in releasing inflammatory cytokines and in enhancing localized inflammatory response (Correale and Farez, 2015; Rannikko et al., 2015; Ashraf et al., 2016). It has been demonstrated that JEV can replicate in astrocytes, and in turn, contribute to neuroinflammation (Chen et al., 2000; Bhowmick et al., 2007). However, the basic mechanisms how JEV triggers the astrocyte-mediated inflammatory response remain to be elucidated. Herein, we found that JEV infection promotes the activation of PAK4 in human astrocytes. We also demonstrated that PAK4 positively regulates MAPK-NF-κB/AP-1 signaling pathway and inflammatory response in JEV-infected astrocytes.

Kinase is a group of important signal molecules involved in different cellular pathways. Multiple kinase pathways, including AKT, MAPK, GSK and PKA, have been known to participate in the inflammation mediated by neuroinvasive viruses, such as JEV and WNV (Zhang et al., 2015; Ye et al., 2016). PAK4 belonging to subgroup II of PAKs, is highly expressed in a variety of cancers (Chen et al., 2008; Ahn et al., 2011; Mak et al., 2011; Cai et al., 2015). Many studies have demonstrated the roles of PAK4 in regulating tumor cell mobility, invasion, and proliferation (Paliouras et al., 2009; Kesanakurti et al., 2012; Ryu et al., 2014). Because of importance of PAK4 in triggering oncogenic signaling cascades and in cellular transformation, targeting the PAK4 therapeutically could be of valuable interest (Crawford et al., 2012). Although, the involvement of PAK4 in cancer development has been well established, few studies have implicated the role of PAK4 in inflammation. In this study, we have demonstrated a pathobiological role of PAK4 in inflammatory response of human astrocytes for the first time. Elevated levels of PAK4 have been examined in multiple types of cancer that include colorectal, ovarian, mammary, and gastric cancers. However, only an increased level of phosphor-PAK4, but not the expression of PAK4, was observed upon JEV-infection, suggesting that the upstream signaling regulating PAK4 activation in JEV-infected astrocytes may be different from other tumor cells. We also demonstrated a downregulation of type I interferon upon PAK4 inhibition during JEV-infection. However, viral replication was not affected by PAK4 knockdown. Similar phenomenon was also observed in our previous study which found that inhibition of RIG-I signaling reduced the IFN-β production whereas didn't limit the JEV replication (Zhu et al., 2015) and some other studies (Thounaojam et al., 2014a,b). This may be explained by the low fold change on IFN-β expression that not enough to exert effects on JEV replication and the strong inhibitory ability of JEV on type I interferon signaling (Lin et al., 2006).

Based on the studies conducted so far, it is suggested that PAK4 can activate several signaling pathways responsible for tumorigenesis (Kumar et al., 2006; Park et al., 2013; Tabusa et al., 2013; Radu et al., 2014). Recent studies also reveal that Akt and ERK played an important role in mediating the effect of PAK4 on subcellular localization of NF-κB/p65 and its transcriptional activity. This is in consistence with our previous finding which demonstrates the involvement of ERK pathways in the activation of NF-κB/p65 and the downstream inflammatory response in JEV-infected glial cells (Jiang et al., 2014). Here we confirmed that JEV-induced phosphorylation of PAK4 can mediate the activation of ERK-NF-κB pathway in astrocytes. Additionally, the activation of AP-1, another transcriptional factor responsible for the expression of inflammatory cytokines, was also shown to be regulated by PAK4 during JEV infection. These findings may be one of the mechanisms by which PAK4 positively regulates the expression of inflammatory cytokines in JEV-infected astrocytes. Except for ERKs, p38MAPK, and JNK also belong to MAPK family. The p38MAPK and JNK pathways are involved in controlling many different cellular processes such as cell differentiation, proliferation, and apoptosis. The roles of p38 and JNK signaling in stress response and inflammation have been well established by the research over the past two decades, and the role of JNK in JEV-induced neuroinflammation has also been determined in our previous research (Ye et al., 2016). Here our present study demonstrated p38MAPK and JNK1 as the novel downstream mediators of PAK4, suggesting p38MAPK and JNK pathways may also be involved in PAK4-regulated inflammation during JEV infection. These findings provide new evidence to support the important role of PAK4 in regulating MAPK signaling pathways. However, the molecular mechanisms engaged in PAK4-associated regulation of MAPK pathways are required to be explored in future studies.

Given that productive infection of JEV is required to stimulate PAK4 activation, we speculated that replication of viral genomic RNA may play a key role. As expected, our results confirmed that TLR3 and RIG-I signaling contribute to JEV-induced activation of PAK4. This is supported by the well-known role of TLR3 and RIG-I signaling in JEV-induced innate immunity. However, besides viral RNA, whether any other viral component(s), such as non-structural proteins, contribute to the PAK4 activation still needs further clarifications.

In summary, our results demonstrated for the first time that JEV infection stimulates the phosphorylation of PAK4 which in turn promotes JEV-induced inflammatory response in human astrocytes via triggering MAPK-NF-κB/AP-1 signaling cascades. These findings suggest that PAK4 could serve as a potential target for JE therapy.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: JY, SC, and HC. Performed the experiments: WH, ZZ, YL, and ZC. Analyzed the data: WH, JY, and YS. Wrote the paper: JY, AA, WH, and UA.

FUNDING

This work was supported by the National Natural Science Foundation of China (31502065), the National Key Research and Development Program of China (2016YFD0500407), the China Postdoctoral Science Foundation (2015M582245), and the China Postdoctoral Science Special Foundation.

REFERENCES

 Ahn, H. K., Jang, J., Lee, J., Se Hoon, P., Park, J. O., Park, Y. S., et al. (2011). P21-activated kinase 4 overexpression in metastatic gastric cancer patients. Transl. Oncol. 4, 345–349. doi: 10.1593/tlo.11145

 Aloisi, F. (2001). Immune function of microglia. Glia 36, 165–179. doi: 10.1002/glia.1106

 Ashraf, U., Zhu, B., Ye, J., Wan, S., Nie, Y., Chen, Z., et al. (2016). MicroRNA-19b-3p Modulates Japanese Encephalitis Virus-Mediated Inflammation via Targeting RNF11. J. Virol. 90, 4780–4795. doi: 10.1128/JVI.02586-15

 Bhowmick, S., Duseja, R., Das, S., Appaiahgiri, M. B., Vrati, S., and Basu, A. (2007). Induction of IP-10 (CXCL10) in astrocytes following Japanese encephalitis. Neurosci. Lett. 414, 45–50. doi: 10.1016/j.neulet.2006.11.070

 Bowman, C. C., Rasley, A., Tranguch, S. L., and Marriott, I. (2003). Cultured astrocytes express toll-like receptors for bacterial products. Glia 43, 281–291. doi: 10.1002/glia.10256

 Bsibsi, M., Ravid, R., Gveric, D., and van Noort, J. M. (2002). Broad expression of Toll-like receptors in the human central nervous system. J. Neuropathol. Exp. Neurol. 61, 1013–1021. doi: 10.1093/jnen/61.11.1013

 Cai, S., Ye, Z., Wang, X., Pan, Y., Weng, Y., Lao, S., et al. (2015). Overexpression of P21-activated kinase 4 is associated with poor prognosis in non-small cell lung cancer and promotes migration and invasion. J. Exp. Clin. Cancer Res. 34:48. doi: 10.1186/s13046-015-0165-2

 Callow, M. G., Clairvoyant, F., Zhu, S., Schryver, B., Whyte, D. B., Bischoff, J. R., et al. (2002). Requirement for PAK4 in the anchorage-independent growth of human cancer cell lines. J. Biol. Chem. 277, 550–558. doi: 10.1074/jbc.M105732200

 Carpentier, P. A., Begolka, W. S., Olson, J. K., Elhofy, A., Karpus, W. J., and Miller, S. D. (2005). Differential activation of astrocytes by innate and adaptive immune stimuli. Glia 49, 360–374. doi: 10.1002/glia.20117

 Chen, C. J., Chen, J. H., Chen, S. Y., Liao, S. L., and Raung, S. L. (2004). Upregulation of RANTES gene expression in neuroglia by Japanese encephalitis virus infection. J. Virol. 78, 12107–12119. doi: 10.1128/JVI.78.22.12107-12119.2004

 Chen, C. J., Liao, S. L., Kuo, M. D., and Wang, Y. M. (2000). Astrocytic alteration induced by Japanese encephalitis virus infection. Neuroreport 11, 1933–1937. doi: 10.1097/00001756-200006260-00025

 Chen, C. J., Ou, Y. C., Chang, C. Y., Pan, H. C., Liao, S. L., Raung, S. L., et al. (2011). TNF-alpha and IL-1beta mediate Japanese encephalitis virus-induced RANTES gene expression in astrocytes. Neurochem. Int. 58, 234–242. doi: 10.1016/j.neuint.2010.12.009

 Chen, C. J., Ou, Y. C., Lin, S. Y., Raung, S. L., Liao, S. L., Lai, C. Y., et al. (2010). Glial activation involvement in neuronal death by Japanese encephalitis virus infection. J Gen Virol 91(Pt 4), 1028–1037. doi: 10.1099/vir.0.013565-0

 Chen, S., Auletta, T., Dovirak, O., Hutter, C., Kuntz, K., El-ftesi, S., et al. (2008). Copy number alterations in pancreatic cancer identify recurrent PAK4 amplification. Cancer Biol. Ther. 7, 1793–1802. doi: 10.4161/cbt.7.11.6840

 Correale, J., and Farez, M. F. (2015). The role of astrocytes in multiple sclerosis progression. Front. Neurol. 6:180. doi: 10.3389/fneur.2015.00180

 Crawford, J. J., Hoeflich, K. P., and Rudolph, J. (2012). p21-Activated kinase inhibitors: a patent review. Expert Opin. Ther. Pat. 22, 293–310. doi: 10.1517/13543776.2012.668758

 Endy, T. P., and Nisalak, A. (2002). Japanese encephalitis virus: ecology and epidemiology. Curr. Top. Microbiol. Immunol. 267, 11–48. doi: 10.1007/978-3-642-59403-8_2

 German, A. C., Myint, K. S., Mai, N. T., Pomeroy, I., Phu, N. H., Tzartos, J., et al. (2006). A preliminary neuropathological study of Japanese encephalitis in humans and a mouse model. Trans. R. Soc. Trop. Med. Hyg. 100, 1135–1145. doi: 10.1016/j.trstmh.2006.02.008

 Ghoshal, A., Das, S., Ghosh, S., Mishra, M. K., Sharma, V., Koli, P., et al. (2007). Proinflammatory mediators released by activated microglia induces neuronal death in Japanese encephalitis. Glia 55, 483–496. doi: 10.1002/glia.20474

 Jiang, R., Ye, J., Zhu, B., Song, Y., Chen, H., and Cao, S. (2014). Roles of TLR3 and RIG-I in mediating the inflammatory response in mouse microglia following Japanese encephalitis virus infection. J Immunol Res 2014:787023. doi: 10.1155/2014/787023

 Kesanakurti, D., Chetty, C., Rajasekhar Maddirela, D., Gujrati, M., and Rao, J. S. (2012). Functional cooperativity by direct interaction between PAK4 and MMP-2 in the regulation of anoikis resistance, migration and invasion in glioma. Cell Death Dis. 3:e445. doi: 10.1038/cddis.2012.182

 Kimmelman, A. C., Hezel, A. F., Aguirre, A. J., Zheng, H., Paik, J. H., Ying, H., et al. (2008). Genomic alterations link Rho family of GTPases to the highly invasive phenotype of pancreas cancer. Proc. Natl. Acad. Sci. U.S.A. 105, 19372–19377. doi: 10.1073/pnas.0809966105

 Kumar, R., Gururaj, A. E., and Barnes, C. J. (2006). p21-activated kinases in cancer. Nat. Rev. Cancer 6, 459–471. doi: 10.1038/nrc1892

 Lin, R. J., Chang, B. L., Yu, H. P., Liao, C. L., and Lin, Y. L. (2006). Blocking of interferon-induced Jak-Stat signaling by Japanese encephalitis virus NS5 through a protein tyrosine phosphatase-mediated mechanism. J. Virol. 80, 5908–5918. doi: 10.1128/JVI.02714-05

 Liu, Y., Liu, H., Kim, B. O., Gattone, V. H., Li, J., Nath, A., et al. (2004). CD4-independent infection of astrocytes by human immunodeficiency virus type 1: requirement for the human mannose receptor. J. Virol. 78, 4120–4133. doi: 10.1128/JVI.78.8.4120-4133.2004

 Mak, G. W., Chan, M. M., Leong, V. Y., Lee, J. M., Yau, T. O., Ng, I. O., et al. (2011). Overexpression of a novel activator of PAK4, the CDK5 kinase-associated protein CDK5RAP3, promotes hepatocellular carcinoma metastasis. Cancer Res. 71, 2949–2958. doi: 10.1158/0008-5472.CAN-10-4046

 Misra, U. K., and Kalita, J. (2010). Overview: Japanese encephalitis. Prog. Neurobiol. 91, 108–120. doi: 10.1016/j.pneurobio.2010.01.008

 Olson, J. K., and Miller, S. D. (2004). Microglia initiate central nervous system innate and adaptive immune responses through multiple TLRs. J. Immunol. 173, 3916–3924. doi: 10.4049/jimmunol.173.6.3916

 Paliouras, G. N., Naujokas, M. A., and Park, M. (2009). Pak4, a novel Gab1 binding partner, modulates cell migration and invasion by the Met receptor. Mol. Cell. Biol. 29, 3018–3032. doi: 10.1128/MCB.01286-08

 Park, C., Lee, S., Cho, I. H., Lee, H. K., Kim, D., Choi, S. Y., et al. (2006). TLR3-mediated signal induces proinflammatory cytokine and chemokine gene expression in astrocytes: differential signaling mechanisms of TLR3-induced IP-10 and IL-8 gene expression. Glia 53, 248–256. doi: 10.1002/glia.20278

 Park, M. H., Lee, H. S., Lee, C. S., You, S. T., Kim, D. J., Park, B. H., et al. (2013). p21-Activated kinase 4 promotes prostate cancer progression through CREB. Oncogene 32, 2475–2482. doi: 10.1038/onc.2012.255

 Parsons, D. W., Wang, T. L., Samuels, Y., Bardelli, A., Cummins, J. M., DeLong, L., et al. (2005). Colorectal cancer: mutations in a signalling pathway. Nature 436:792. doi: 10.1038/436792a

 Radu, M., Semenova, G., Kosoff, R., and Chernoff, J. (2014). PAK signalling during the development and progression of cancer. Nat. Rev. Cancer 14, 13–25. doi: 10.1038/nrc3645

 Rannikko, E. H., Weber, S. S., and Kahle, P. J. (2015). Exogenous alpha-synuclein induces toll-like receptor 4 dependent inflammatory responses in astrocytes. BMC Neurosci. 16:57. doi: 10.1186/s12868-015-0192-0

 Ryu, B. J., Lee, H., Kim, S. H., Heo, J. N., Choi, S. W., Yeon, J. T., et al. (2014). PF-3758309, p21-activated kinase 4 inhibitor, suppresses migration and invasion of A549 human lung cancer cells via regulation of CREB, NF-kappaB, and beta-catenin signalings. Mol. Cell. Biochem. 389, 69–77. doi: 10.1007/s11010-013-1928-8

 Siu, M. K., Chan, H. Y., Kong, D. S., Wong, E. S., Wong, O. G., Ngan, H. Y., et al. (2010). p21-activated kinase 4 regulates ovarian cancer cell proliferation, migration, and invasion and contributes to poor prognosis in patients. Proc. Natl. Acad. Sci. U.S.A. 107, 18622–18627. doi: 10.1073/pnas.0907481107

 Solomon, T., Dung, N. M., Kneen, R., Gainsborough, M., Vaughn, D. W., and Khanh, V. T. (2000). Japanese encephalitis. J. Neurol. Neurosurg. Psychiatr. 68, 405–415. doi: 10.1136/jnnp.68.4.405

 Sterka, D. Jr., Rati, D. M., and Marriott, I. (2006). Functional expression of NOD2, a novel pattern recognition receptor for bacterial motifs, in primary murine astrocytes. Glia 53, 322–330. doi: 10.1002/glia.20286

 Tabusa, H., Brooks, T., and Massey, A. J. (2013). Knockdown of PAK4 or PAK1 inhibits the proliferation of mutant KRAS colon cancer cells independently of RAF/MEK/ERK and PI3K/AKT signaling. Mol. Cancer Res. 11, 109–121. doi: 10.1158/1541-7786.MCR-12-0466

 Thongtan, T., Cheepsunthorn, P., Chaiworakul, V., Rattanarungsan, C., Wikan, N., and Smith, D. R. (2010). Highly permissive infection of microglial cells by Japanese encephalitis virus: a possible role as a viral reservoir. Microbes Infect. 12, 37–45. doi: 10.1016/j.micinf.2009.09.013

 Thounaojam, M. C., Kaushik, D. K., Kundu, K., and Basu, A. (2014a). MicroRNA-29b modulates Japanese encephalitis virus-induced microglia activation by targeting tumor necrosis factor alpha-induced protein 3. J. Neurochem. 129, 143–154. doi: 10.1111/jnc.12609

 Thounaojam, M. C., Kundu, K., Kaushik, D. K., Swaroop, S., Mahadevan, A., Shankar, S. K., et al. (2014b). MicroRNA 155 regulates Japanese encephalitis virus-induced inflammatory response by targeting Src homology 2-containing inositol phosphatase 1. J. Virol. 88, 4798–4810. doi: 10.1128/JVI.02979-13

 Tyagi, N., Bhardwaj, A., Singh, A. P., McClellan, S., Carter, J. E., and Singh, S. (2014). p-21 activated kinase 4 promotes proliferation and survival of pancreatic cancer cells through AKT- and ERK-dependent activation of NF-κB pathway. Oncotarget 5, 8778–8789. doi: 10.18632/oncotarget.2398

 Vaughn, D. W., and Hoke, C. H. Jr. (1992). The epidemiology of Japanese encephalitis: prospects for prevention. Epidemiol. Rev. 14, 197–221. doi: 10.1093/oxfordjournals.epirev.a036087

 Whale, A., Hashim, F. N., Fram, S., Jones, G. E., and Wells, C. M. (2011). Signalling to cancer cell invasion through PAK family kinases. Front. Biosci. 16, 849–864. doi: 10.2741/3724

 Ye, J., Zhang, H., He, W., Zhu, B., Zhou, D., Chen, Z., et al. (2016). Quantitative phosphoproteomic analysis identifies the critical role of JNK1 in neuroinflammation induced by Japanese encephalitis virus. Sci. Signal. 9:ra98. doi: 10.1126/scisignal.aaf5132

 Zhang, H., Sun, J., Ye, J., Ashraf, U., Chen, Z., Zhu, B., et al. (2015). Quantitative Label-Free phosphoproteomics reveals differentially regulated protein phosphorylation involved in west nile virus-induced host inflammatory response. J. Proteome Res. 14, 5157–5168. doi: 10.1021/acs.jproteome.5b00424

 Zhu, B., Ye, J., Nie, Y., Ashraf, U., Zohaib, A., Duan, X., et al. (2015). MicroRNA-15b Modulates Japanese Encephalitis Virus-Mediated Inflammation via Targeting RNF125. J. Immunol. 195, 2251–2262. doi: 10.4049/jimmunol.1500370

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 He, Zhao, Anees, Li, Ashraf, Chen, Song, Chen, Cao and Ye. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcimb-07-00271-g005.gif





OPS/images/fcimb-07-00271-g003.gif
........






OPS/images/fcimb-07-00271-g004.gif





OPS/images/fcimb-07-00271-g001.gif





OPS/images/fcimb-07-00271-g002.gif





OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

p21-Activated Kinase 4 Signaling
Promotes Japanese Encephalitis
Virus-Mediated Inflammation
in Astrocytes









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





