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26 Abstract

27 Valosin-containing protein (VCP) is classified as a member of the type II AAA+ ATPase protein 

28 family. VCP functions in several cellular processes, including protein degradation, membrane 

29 fusion, vesicular trafficking and disassembly of stress granules. Moreover, VCP is considered to 

30 play a role in the replication of several viruses, albeit through different mechanisms. In the present 

31 study, we have investigated the role of VCP in West Nile virus (WNV) infection. Endogenous VCP 

32 expression was inhibited using either VCP inhibitors or by siRNA knockdown. It could be shown 

33 that the inhibition of endogenous VCP expression significantly inhibited WNV infection. The entry 

34 assay revealed that silencing of endogenous VCP caused a significant reduction in the expression 

35 levels of WNV-RNA compared to control siRNA-treated cells. This indicates that VCP may play a 

36 role in early steps either the binding or entry steps of the WNV life cycle. Using WNV virus like 

37 particles and WNV-DNA-based replicon, it could be demonstrated that perturbation of VCP 

38 expression decreased levels of newly synthesized WNV genomic RNA. These findings suggest that 

39 VCP is involved in early steps and during genome replication of the WNV life cycle.  

40
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52 1. Introduction

53 West Nile virus (WNV) belongs to genus the Flavivirus, family Flaviviridae and has an 

54 approximately 11 kb positive sense, single-stranded genomic RNA [(+)ssRNA]. The WNV genome 

55 encodes three structural proteins (C, prM and E) and seven non-structural proteins (NS1, NS2a, 

56 NS2b, NS3, NS4a, NS4b and NS5) (Brinton, 2014; Fields et al., 2013). Many species of mammals 

57 and birds can be infected by WNV (Dauphin et al., 2004; Egberink et al., 2015; Fields et al., 2013; 

58 Gamino et al., 2016; Kramer and Bernard, 2001; Lichtensteiger et al., 2003; Read et al., 2005) and 

59 infection causes West Nile fever and encephalitis in human and horses (Dauphin et al., 2004; 

60 Samuel and Diamond, 2006). WNV was firstly isolated from a Ugandan woman in 1937 (C. et al., 

61 1940; Fields et al., 2013), but has now spread widely to many countries (Fields et al., 2013; Paz, 

62 2015; Troupin and Colpitts, 2016). In the United States, approximately 44,000 cases of WNV 

63 infection were reported between 1999 and 2015 (CDC, 2016).

64 WNV attaches to host cells through the interaction of the viral E protein and cellular receptors on 

65 the surface of host cells (Fields et al., 2013). Several attachment receptors of WNV have been 

66 reported and include the laminin receptor (Bogachek et al., 2010; Perera-Lecoin et al., 2014; 

67 Zaitsev et al., 2014; Zidane et al., 2013), TIM (T cell/transmembrane, immunoglobulin and mucin) 

68 and TAM (Tyro3, Axl and Mer) families (Carnec et al., 2016; Morizono and Chen, 2014; Perera-

69 Lecoin et al., 2014), DC-SIGN/L-SIGN (dendritic cell-specific intercellular adhesion molecule-3-

70 grabbing non-integrin) (Davis et al., 2006; Denizot et al., 2012; Martina et al., 2008; Shimojima et 

71 al., 2014) and integrin αvβ3 (Bogachek et al., 2010; Fields et al., 2013; Perera-Lecoin et al., 2014; 

72 Smit et al., 2011; Zaitsev et al., 2014). Following attachment, the virus is then internalized into the 

73 cytoplasm via clathrin-mediated endocytosis (Brinton, 2014; Chu and Ng, 2004; Fields et al., 2013). 

74 WNV particles are delivered to early or intermediate endosomes, which mature into late 

75 endosomes, following a conformational change of the viral E protein dimer triggered by the acidic 

76 environment in late endosomes. Membrane fusion between viral particles and endosomal 

77 membranes then occurs and, thereafter, WNV genomic RNA is released into the cytosol, with 
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78 subsequent translation and replication (Chu et al., 2006; Chu and Ng, 2004; Fields et al., 2013; 

79 Heinz and Allison, 2000; Smit et al., 2011). Host cell membrane rearrangements are induced during 

80 replication of flaviviruses, including WNV, to coordinate the processes of genomic RNA 

81 replication and virus assembly. Viral genomic RNA replication is thought to occur in endoplasmic 

82 reticulum (ER) membrane-derived vesicles (in structures termed vesicle packets) (Gillespie et al., 

83 2010; Kaufusi et al., 2014; Welsch et al., 2009). Encapsidation of nascent viral genomic RNA is 

84 achieved by the capsid protein and budding into the ER yielding a viral envelope coated with prM 

85 and E proteins (Brinton, 2014; Fields et al., 2013; Suthar et al., 2013; Welsch et al., 2009). The 

86 immature virions are transported via the host secretory pathway and virion maturation then occurs 

87 in the acidic compartments of the Golgi by cleavage of the prM protein by a furin-like protease 

88 (Plevka et al., 2014; Roby et al., 2015; Yu et al., 2008). Mature virions are then released from the 

89 infected cells through exocytosis (Fields et al., 2013; Samuel and Diamond, 2006).  It has been 

90 reported that several cellular pathways and host factors are involved in WNV infection (Ambrose 

91 and Mackenzie, 2011; Brinton, 2014; Chahar et al., 2013; Chu and Ng, 2004; Courtney et al., 2012; 

92 Fernandez-Garcia et al., 2011; Fields et al., 2013; Gilfoy et al., 2009; Kobayashi et al., 2016a; 

93 Krishnan et al., 2008; Ma et al., 2015); however, the role of valosin-containing protein (VCP) has 

94 remained controversial.

95 VCP, also known as CDC48 in Saccharomyces cerevisiae, is well conserved among eukaryotes 

96 with orthologues in archaea, protozoa, insects and plants (Meyer et al., 2012; Wolf and Stolz, 

97 2012), and is classified as a member of the type II AAA+ ATPase (adenosine triphosphatase-

98 associated with diverse cellular activities) family (Koller and Brownstein, 1987; Pye et al., 2006; 

99 Stolz et al., 2011; Wolf and Stolz, 2012; Xia et al., 2016). VCP is a homohexameric complex 

100 composed of six protomers organized as two concentric-rings with a central pore. VCP 

101 conformational changes, driven by adenosine triphosphate hydrolysis, acts as a chaperone in protein 

102 homeostasis systems, which include ER-associated degradation (ERAD) (Wolf and Stolz, 2012; Xia 

103 et al., 2016; Zhong and Pittman, 2006) and mitochondria-associated degradation and autophagy 
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104 (Bug and Meyer, 2012; Dargemont and Ossareh-Nazari, 2012; Xia et al., 2016; Yamanaka et al., 

105 2012) to prevent accumulation of misfolded-proteins and turnover of certain proteins. Recently, a 

106 role of VCP in the disassembly of stress granules (SGs) has also been reported (Buchan et al., 2013; 

107 Seguin et al., 2014). Generally, after removal of stress stimuli, SGs are disassembled by VCP and 

108 mRNA in the SGs could be restored allowing mRNA translation to proceed. Otherwise, depletion 

109 of VCP causes persistence of SGs leading to blockage of mRNA restoration and an arrest of mRNA 

110 translation (Buchan et al., 2013). It has also been reported that VCP is involved in chromatin-

111 associated degradation and several nuclear substrates of VCP have been described (Maric et al., 

112 2014; Verma et al., 2011; Wilcox and Laney, 2009). Furthermore, VCP also participates in 

113 membrane fusion and vesicular trafficking events (Bug and Meyer, 2012; Meyer et al., 2012; 

114 Ramanathan and Ye, 2012; Ritz et al., 2011; Xia et al., 2016). VCP binds to endocytic components, 

115 and silencing of VCP leads to a failure of maturation and enlargement of the early endosome 

116 (Ramanathan and Ye, 2012).

117 Interestingly, VCP has also been implicated in the life cycle of several (+)ssRNA viruses. It has 

118 been previously reported that VCP facilitates the replication of poliovirus (PV) (Arita et al., 2012). 

119 Depletion of VCP caused a reduction of PV infection, whereas, a mutant PV, which has a secretion 

120 inhibition-negative phenotype, increases the affinity of binding to VCP and resists VCP-knockdown 

121 compared to wild-type PV, suggesting that VCP may play a role in PV replication through cellular 

122 secretion pathways (Arita et al., 2012). In addition, other roles for VCP have been described in 

123 other picornaviruses (Arita et al., 2012). Although VCP knockdown strongly inhibits PV infection, 

124 inhibition of VCP does not affect the replication of Coxsackievirus B3 (Arita et al., 2012), which is 

125 also a member of the same genus Enterovirus. In contrast, replication of Aichivirus A, genus 

126 Kobuvirus, another member of family Picornaviridae, is enhanced when VCP is depleted (Arita et 

127 al., 2012).

128 A relationship between VCP and Sindbis virus (SINV) replication has also been reported (Panda 

129 et al., 2013). VCP is involved in trafficking of the entry receptor of SINV, which is the natural 
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130 resistance-associated macrophage protein 2 (NRAMP2). Deficiency of VCP suppresses SINV 

131 replication through alteration of trafficking routes of NRAMP2 leading to degradation of NRAMP2 

132 by lysosomes. 

133 Studies of infectious bronchitis virus (IBV), family Coronaviridae, have suggested that VCP is 

134 engaged in the internalization steps of IBV (Wong et al., 2015). Depletion of VCP using siRNA 

135 knockdown, resulted in accumulation of IBV particles in early endosomes as maturation of the 

136 endosome and acidification was disrupted. Failure of the acidification of virus-containing 

137 endosomes inhibited fusion between the virus envelope and endosomal membrane and prevented 

138 IBV exit from the endosomes to the cytosol (Wong et al., 2015)

139 In the present study, we investigated whether VCP is involved in WNV infection. Specifically, 

140 we employed VCP inhibitors and siRNA knockdown to elucidate a potential role of VCP in WNV 

141 replication. 

142

143 2. Methods

144 2.1 Cell and viruses

145 Human cervical adenocarcinoma cells, HeLa, were grown in Dulbecco’s Modified Eagle’s Medium 

146 (DMEM) supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine. Human 

147 embryonic kidney cells, HEK293T, were grown in high glucose DMEM supplemented with 110 

148 mg/L sodium pyruvate, 2 mM L-glutamine and 5% FBS. African green monkey kidney cells, Vero, 

149 were grown with Minimum Essential Media (MEM) supplemented with 5% FBS and 2 mM L-

150 glutamine. Human neuroblastoma cells, SK-N-SH, were grown with Minimum Essential Media 

151 (MEM) supplemented with 10% FBS and 2 mM L-glutamine. Cells were grown at 37 °C with 5% 

152 supplemented CO2. The mosquito cell line, Aedes albopictus clone C6/36, were grown in MEM 

153 supplemented with 10% FBS, 1% non-essential amino acid and 2 mM L-glutamine at 28 °C. WNV 

154 New York strain (NY99 6-LP) was propagated in C6/36 at 28 °C. WNV-NY99 6-LP was kindly 

155 provided by Dr. Takashima (Laboratory of Public Health, Graduate school of Veterinary Medicine, 
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156 Hokkaido University, Sapporo, Japan) (Hasebe et al., 2010; Shirato et al., 2004a; Shirato et al., 

157 2004b). Viral titer was measured by plaque assay and stock of viruses were stored at -80 °C until 

158 use. All experiments with WNV were performed in the Biosafety level-3 facility at the Research 

159 Center for Zoonosis Control, Hokkaido University in accordance with institutional guidelines. 

160 Pseudotyped vesicular stomatitis virus (VSV) was provided by Dr. Takada (Research Center for 

161 Zoonosis Control, Hokkaido University) (Takada et al., 2007). 

162

163 2.2 MTT assay

164 HeLa cells were treated with 5, 10 and 20 μM of Eeyarestatin I (EerI) (Sigma Aldrich, St. Louis, 

165 MO) (Wang et al., 2008; Wang et al., 2010) or 12.5, 25 and 50 μM of 3,4-Methylenedioxy-β-

166 nitrostyrene (MDBN) (Abcam, Cambridge, UK) (Chou and Deshaies, 2011) and incubated at 37 °C 

167 for 24 h. Thereafter, the treated cells were examined by MTT assay following addition of 3-(4,5-

168 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and incubated at 37 °C for 1 h, then 

169 addition of solubilization solution [10% Triton-X 100 in acidic isopropanol (0.1N HCl)] and 

170 incubation at room temperature with shaking for 30 min. Absorbance values were measured at 570 

171 nm and 630 nm using the Model 680 microplate reader (Bio-rad, Hercules, CA). 

172

173 2.3 Plaque assay 

174 Virus suspensions were diluted in a series of 10-fold dilutions and inoculated onto monolayers of 

175 Vero cells. The WNV-inoculated Vero cells were grown with MEM containing 1.25% methyl 

176 cellulose, 5% FBS and 2 mM L-glutamine at 37 °C for 4 days. Fixation was done after 4 days using 

177 10% formalin for 10 min at room temperature. The fixed cells were stained with 1% crystal violet 

178 in 70% ethanol for 30 min. The number of plaques was counted and the virus titer was determined 

179 in plaque forming unit per milliliter (PFU/ml).

180

181 2.4 Immunofluorescence assay (IFA)
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182 The WNV-infected cells grown on coverslips were fixed at various times after infection. The 

183 infected cells were fixed in 4% paraformaldehyde for 10 min and permeabilized using 0.1% Triton 

184 X-100 for 5 min at room temperature. Blocking was performed with 1% bovine serum albumin 

185 (BSA) for 30 min before incubation with primary antibody. The cells were incubated with primary 

186 antibody (rabbit anti-JEV serum; 1:1,500) (Kimura et al., 1994; Kobayashi et al., 2012) that have 

187 cross-reactivity with the WNV antigens at 4 °C overnight, followed by incubation with Alexa Fluor 

188 488-conjugated secondary antibody against rabbit IgG (1:2,000; Life technologies, Rockville, MD) 

189 for 1 h at room temperature. The cells were washed three times with phosphate buffered saline 

190 (PBS) before fluorescence microscopy examination. The cells were visualized using an inverted 

191 fluorescence microscope (IX70, Olympus, Tokyo, Japan) and images were processed using DP 

192 manager software (Olympus). 

193

194 2.5 Immunoblotting analysis

195 Cell samples were harvested at the indicated time points using TNE lysis buffer [1% Triton X-100, 

196 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10% glycerol] and centrifuged at 17,800 x 

197 g at 4 °C for 20 min. Only supernatants were collected and mixed with SDS-PAGE sample buffer 

198 [0.1 M Tris-HCl (pH 6.8), 3.3% SDS, 11% glycerol]. The samples were separated by 8% 

199 polyacrylamide gel electrophoresis and then transferred to a polyvinylidene difluoride filter (Merck 

200 Millipore, Billerica, MA). The filters were blocked with 5% skimmed milk for 30 min. The filters 

201 were incubated with each primary antibody, including mouse anti-VCP antibody (1:2,000; Abcam), 

202 mouse anti-envelope protein of West Nile/Kunjin virus (Merck 1:1,000; Millipore), rabbit anti-NS3 

203 serum (1:1,000), which was prepared from a rabbit immunized by twice intravenous inoculations of 

204 synthetic peptides of NS3 (CEREKVYTMDGEYRLRGEER), and mouse anti-actin (1:1,000; 

205 Merck Millipore). Thereafter, the filters were incubated with secondary antibody, goat anti-mouse 

206 IgG antibody conjugated with horseradish peroxidase at 1:10,000 dilution (Biosource International, 

207 Camarillo, CA) and washed with TBS [50 mM Tris-HCl (pH 7.5), 150 mM NaCl,] containing 
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208 0.05% Tween 20 (TBS-T) three times. Chemiluminescence was detected by Immobilon Western 

209 HRP Substrate (Merck Millipore) and visualized with VersaDoc 5000MP (Bio-Rad), and images 

210 were analyzed using Quantity One software (Bio-Rad).

211

212 2.6 WNV inoculation in the presence of VCP inhibitors   

213 Based on the results of MTT assays, we determined the optimal concentration of EerI (2.5 and 5 

214 μM) and MDBN (6.25 and 12.5 μM) without cytotoxicity in HeLa cells. Multiplicity of infection 

215 (MOI) of 1 of WNV NY99 6-LP strain was inoculated into HeLa cells. After 1 h of incubation at 37 

216 °C with rocking, the inocula were removed. Suspensions of either EerI or MDBN diluted in normal 

217 cultured medium were added to the WNV-inoculated cells and incubated at 37 °C for 24 h. 

218 Thereafter, the inoculated-cells and the supernatants were prepared for IFA, plaque assay and 

219 immunoblotting analysis to measure the number of WNV-infected cells, production of infectious 

220 WNV and expression of WNV proteins, respectively.

221

222 2.7 VCP knockdown   

223 The endogenous VCP was inhibited using siRNA. HeLa cells (2 x 104 cells in 250 μl medium per 

224 well) in 48-well plates were transfected with 5 nM of each siRNA targeting VCP, no. (1), (2) and 

225 (3), which have the sequences 5′-GAAUAGAGUUGUUCGGAAUTT-3′, 

226 5′-GAACCGUCCCAAUCGGUUATT-3′, and 5′-GGCUCGUGGAGGUAACAUUTT-3′ (Thermo 

227 Fisher Scientific, Waltham, MA), respectively, using lipofectamine RNAiMAX transfection reagent 

228 (Thermo Fisher Scientific) according to the manufacturer’s instructions. The transfected cells were 

229 incubated at 37 °C for 48 h. The expression level of VCP was evaluated using immunoblotting. 

230

231 2.8 WNV inoculation in siRNA-treated cells   

232 At 48 h post transfection with either siRNA against VCP or control siRNA (Catalogue No: 439084, 

233 Thermo Fisher Scientific), HeLa cells were inoculated with WNV NY99 6-LP strain (MOI=1) and 



10

234 incubated at 37 °C for 1 h with rotation. Thereafter, supernatants of the cells were removed, and 

235 normal HeLa culture medium was added to the cells and incubated at 37 °C for 12, 24 and 48 h. 

236 The inoculated cells and the supernatants were prepared for IFA, plaque assay and immunoblotting 

237 analysis, respectively. To investigate the role of VCP in the early stages of the WNV replicative 

238 cycle, the siRNA-transfected cells were inoculated with WNV as described above. After inoculation 

239 of WNV, cells were incubated on ice for 1 h, and then washed with PBS five times. The cells were 

240 then placed at 37 °C and incubated for 1 h. Thereafter, the inoculated-cells were harvested using 

241 trypsin. The detached cells from cell culture plates were centrifuged at 1,500 x g for 3 min. After 

242 removal of supernatants, total RNA was extracted from cell pellets using Trizol (Thermo Fisher 

243 Scientific). Extracted total RNAs were analyzed for WNV genome using real-time reverse 

244 transcription PCR (qRT-PCR) analysis. 

245

246 2.9 Pseudotyped VSV inoculation in siRNA-treated cells

247 It has been previously reported that VCP knockdown did not affect VSV infection (Panda et al., 

248 2013). Therefore, control experiments using pseudotyped VSV were performed. The pseudotyped 

249 VSV encoding GFP was kindly provided by Dr. Takada (Hokkaido University) (Takada et al., 

250 2007). Approximately 30% infectivity of pseudotyped VSV was inoculated into HeLa cells 

251 transfected with either siRNA against VCP or control siRNA. The cells were incubated at 37 °C 

252 with rotation for 1 h. Thereafter, supernatants of the cells were removed, normal growth media was 

253 added to the cells and incubated at 37 °C for 8 h. The percentage positivity following pseudotyped 

254 VSV infection was measured by counting the number of GFP-positive cells using an inverted 

255 fluorescence microscope (IX70, Olympus, Tokyo, Japan).

256

257 2.10 Production of WNV virus-like particles (WNV-VLPs) 

258 WNV-VLPs with reporter DsRed protein were produced following transfection. Three plasmid 

259 vectors carrying WNV sequences: pCMV-WNrep-DsRed, pCMV-SVP and pCSXN-C were 
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260 transfected into HEK293T cells using lipofectamine 2000 (Thermo Fisher Scientific). These 

261 plasmids were constructed as follows. A plasmid encoding WNV replicon cDNA, pCMV-WNrep-

262 DsRed encodes the WNV non-structural (NS1-NS5) proteins. Almost all of the sequences encoding 

263 structural proteins, including C, prM and E, were deleted and replaced by the gene encoding the 

264 DsRed protein. The 3′-terminus of the WNV genome was accomplished by containing sequences 

265 enabling ribozyme-mediated post-transcriptional cleavage of the RNA (Kobayashi et al., 2016b). 

266 The fragment of prM-E was amplified by PCR from pCAGGS-C-prM-E, which was a gift from Dr. 

267 Takashima (Hokkaido University) (Takahashi et al., 2009) as a template, and subcloned into the 

268 pCMV vector, and the plasmid was named pCMV-SVP. For the pCSXN-C, the C fragment with 

269 restriction sequences of Xho I and Not I (Takara Bio, Kyoto, Japan) were amplified by PCR and 

270 inserted into pCSXN-flag which was generated from pCMV-myc (Clontech Laboratories, Mountain 

271 View, CA) as previously described (Kobayashi et al., 2013), using Xho I and Not I restriction sites. 

272 The plasmid was named as pCXSN-C. The transfected cells were incubated at 37 °C for 72 h. The 

273 supernatants from transfected cells were collected and filtered through a 0.45 μm filter (Sigma 

274 Aldrich). The WNV-VLPs were concentrated by ultracentifugation at 4 °C, 68,000 x g for 2 h. The 

275 supernatant was discarded and only the pellet was collected after ultracentrifugation. The pellet was 

276 resuspended with normal HeLa culture medium and the titers of WNV-VLPs were measured by 

277 hemagglutination assay as previously described (Makino et al., 2014). The titer of VLPs was 

278 calculated as hemagglutination units (HAU)/50 μl based on the highest dilution of VLP suspension 

279 causing agglutination of chicken red blood cells. 

280

281 2.11 Inoculation of WNV-VLPs in VCP knockdown HeLa cells

282 WNV-VLPs (16 HAU/50 μl) were inoculated into siRNA-treated HeLa cells 48 h post transfection. 

283 After 1 h incubation at 37 °C, the inocula were discarded and normal HeLa culture medium was 

284 added and incubated for 72 h. Comparison of the quantity of WNV-RNA between VCP knockdown 

285 and control was determined using qRT-PCR.  
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286

287 2.12 WNV-VLP production and transfection of pCMV-WNrep-DsRed to siRNA-treated 

288 HeLa cells 

289 Plasmid transfection to generate WNV-VLPs has been reported to investigate the role of VCP in the 

290 late steps of viral life cycle, from genome replication to virus release (Kobayashi et al., 2016a). The 

291 results obtained employing the plasmid-encoded VLPs would not be attributable to early steps of 

292 WNV infection, including attachment and entry. WNV-VLPs were used to investigate the role of 

293 VCP in distinct steps (early and genome replication steps) of WNV infection cycle. At 24 h after 

294 siRNA transfection, the plasmid set (pCMV-WNrep-DsRed, pCMV-SVP and pCSXN-C) was 

295 transfected into siRNA-treated HeLa cells using FuGENE HD (Promega, Madison, WI). The 

296 plasmid transfected-cells were incubated at 37 °C for 72 h. Thereafter, the supernatants from 

297 transfected cells were collected and inoculated onto Vero cells monolayers in 10-fold serial 

298 dilutions. WNV-VLP titer was calculated as infectious units (IFU)/ml based on the total number of 

299 DsRed-positive cells (Figure 3C). 

300 To investigate the role of VCP in WNV genomic RNA replication, only pCMV-WNrep-DsRed 

301 (Kobayashi et al., 2016b) was transfected into the siRNA-treated cells. The procedure and time of 

302 transfection are similar to plasmid transfection for VLP production. After 72 h incubation, the total 

303 RNAs were extracted and prepared for qRT-PCR.

304

305 2.13 Real-time reverse transcription-PCR (qRT-PCR)  

306 Total RNA was isolated by Trizol and chloroform according to the manufacturer’s protocol. The 

307 RNA samples were treated with DNase I (Thermo Fisher Scientific) to remove genomic DNA. 

308 qRT-PCR was performed with a Brilliant III Ultra-Fast qRT-PCR master mix (Agilent 

309 Technologies, Santa Clara, CA) following the manufacturer’s protocol. The oligonucleotide primers 

310 and fluorescent probe targeting the 3′UTR of WNV, 5′-AAGTTGAGTAGACGGTGCTG-3′ and 5′-

311 AGACGGTTCTGAGGGCTTAC-3′, WNV probe, FAM-5′-GCTCAACCCCAGGAGGACTGG-3′-
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312 BHQ, were used for detection of WNV-RNA. A TaqMan Gene expression assays kit corresponding 

313 to human β-actin (Thermo Fisher Scientific) was used as an endogenous control. The expression 

314 level of viral RNA was normalized to the expression of human β-actin.

315

316 2.14 Statistical analysis 

317 The statistical significance was calculated using one-way ANOVA. 

318

319 3. Results

320 3.1 WNV infection is inhibited in the presence of VCP inhibitors.

321 To determine if VCP is involved in WNV infection, the effect of VCP inhibitors, both EerI (Wang 

322 et al., 2008; Wang et al., 2010) and MDBN (Chou and Deshaies, 2011) at concentrations without 

323 cytotoxicity were assayed in WNV infection. The cytotoxicity of either EerI or MDBN treatment in 

324 HeLa cells was examined using a MTT assay (Supplementary Fig. 1). Each VCP inhibitor was 

325 added to HeLa cells at 1 h.p.i. with WNV. WNV-inoculated cells and cultured supernatants were 

326 harvested at 24 h.p.i. The number of WNV-infected cells was examined by IFA, and this revealed 

327 that the number of WNV-infected cells was significantly decreased in a dose-dependent manner in 

328 the presence of either EerI or MDBN (Fig. 1A and 1B). Viral titers of supernatants from WNV-

329 inoculated cells were also measured by plaque assay. Consistently, this demonstrated that viral titers 

330 of supernatants from WNV-inoculated cells were significantly decreased in a dose-dependent 

331 manner in the presence of either EerI or MDBN (Fig. 1C). We also confirmed the inhibitory effects 

332 of EerI in WNV infection in a different cell line, human neuroblastoma SK-N-SH cells. Inhibition 

333 of VCP by EerI both decreased the percentage of WNV-infected cells and viral titer in SK-N-SH 

334 cells (Supplementary Fig. 2). These findings suggest that VCP may play a role in WNV infection. 

335

336 3.2 WNV infection is inhibited by knockdown of VCP
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337 To confirm that the inhibition of WNV infection was caused by perturbation of VCP activity, small 

338 interfering RNAs (siRNAs) were employed to deplete endogenous VCP. HeLa cells were 

339 transfected with either of three siRNAs targeting three different regions of the VCP gene [siVCP 

340 (1), (2) and (3)] or a control siRNA (siCont) and then inoculated with WNV 48 h post transfection 

341 and incubated for 24 h. The expression level of VCP after silencing was confirmed by 

342 immunoblotting. Reverse transfection of siVCP (1) and (3) for 48 h strongly decreased expression 

343 levels of endogenous VCP in HeLa cells (Fig. 2A). Furthermore, depletion of endogenous VCP 

344 reduced expression levels of WNV-E protein at 24 h.p.i. of WNV (Fig. 2A). Thereafter, we 

345 examined siRNA targeting of VCP [(1) and (3)] which significantly reduced the percentage of 

346 WNV-infected cells (Fig. 2B and 2C). However, siRNA (2) failed to knockdown endogenous VCP 

347 as shown in the immunoblotting and IFA results (Fig. 2A, 2B and 2C). We further measured viral 

348 titers in supernatants of WNV-inoculated HeLa cells treated by the siRNAs against VCP. Plaque 

349 assays revealed that the viral release was significantly inhibited by siRNA treatment [siCVP (1) and 

350 (3)] (Fig. 2D). We also examined the effect of siRNA against VCP on WNV infection by IFA at 

351 different time points (12, 24 and 48 h). A decrease in the immunofluorescence signals between cells 

352 transfected with control and VCP siRNAs was detected (Supplementary Fig. 3). These results 

353 indicate that a depletion of VCP significantly inhibits WNV infection. In contrast, VCP-knockdown 

354 did not affect infection by pseudotyped VSV (Supplementary Fig. 4).

355

356 3.3 VCP participates in the early and genome replication steps during the WNV life cycle

357 We next investigated the specific role of VCP in the life cycle of WNV. The intracellular life cycle 

358 of WNV is divided into two major steps, early and late (Fernandez-Garcia et al., 2011; Kaufmann 

359 and Rossmann, 2011). The early step consists of viral attachment, entry and uncoating (Jiang et al., 

360 2010; Kaufmann and Rossmann, 2011), while the late step involves genome translation, genome 

361 replication, viral assembly and release (Kobayashi et al., 2016a). WNV-VLPs were employed to 

362 determine whether VCP participates in the early or late replication steps (Kobayashi et al., 2014). 
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363 WNV-VLPs are unable to produce progeny virions because of the absence of WNV structural 

364 protein coding sequences in their genome. Therefore, our results are independent of the assembly 

365 and virion-releasing steps (Hasebe et al., 2010; Scholle et al., 2004). Thus, WNV- VLPs allow the 

366 determination of whether VCP plays a role in either an early step or during the genomic replication 

367 of the WNV life cycle. WNV-VLPs were inoculated into both VCP and control siRNA-transfected 

368 cells and monitored by expression of DsRed-encoded in the WNV-VLP replicon. qRT-PCR 

369 demonstrated that the quantity of WNV-RNA in VCP-knockdown (siVCP (1)) cells was 

370 significantly lower than that in control siRNA-treated cells (Fig. 3A). These results suggest that 

371 VCP knockdown significantly inhibits infection of WNV-VLPs through an inhibition of early step 

372 and/or genome replication steps of the WNV life cycle.  

373 To confirm the role of VCP in the early stages of WNV replication, the siRNA-treated cells 

374 were inoculated with WNV and viral RNA was investigated at an early time point of WNV 

375 infection, at 2 h post infection. The result revealed that silencing of VCP (siVCP (1)) significantly 

376 decreased the quantity of WNV-RNA at 2 h post inoculation of WNV compared to control siRNA 

377 treated-cells (Fig. 3B).  This suggests that VCP plays a role in the early step of WNV replication 

378 cycle, including attachment or entry into cells. 

379 To examine whether VCP plays a role in the late step of the WNV life cycle, three plasmids 

380 encoding WNV sequences (pCMV-C, pCMV-SVP and pCMV-WNrep-DsRed) were co-transfected 

381 into either VCP-knockdown (siVCP (1)) or control siRNA-treated cells. The plasmid transfection 

382 protocol for VLP production has been previously employed to investigate the role of host factor(s) 

383 in the late stages of viral infection, including genome replication and virus release (Kobayashi et al., 

384 2016a). The components of the VLP are transfected into cells, therefore, the results obtained 

385 employing the plasmid-encoded VLPs were not associated with the early steps of WNV replication 

386 (Kobayashi et al., 2016a). At 72 h after plasmid transfection, we examined the WNV-VLP titers in 

387 the supernatants from plasmid transfected-cells. The titer of WNV-VLPs was significantly 

388 decreased in VCP-knockdown (siVCP (1)) cells compared with control siRNA-treated cells (Fig. 
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389 3C). These data suggest that VCP is also involved in the genome replication and/or assembly and 

390 release steps of the WNV life cycle.  

391 To confirm that VCP is important for WNV genome replication, the WNV DNA-based replicon 

392 pCMV-WNrep-DsRed was introduced into both VCP knockdown and control siRNA-treated cells. 

393 This replicon consists of coding sequences of WNV non-structural proteins, while almost all of the 

394 sequences encoding WNV structural proteins were deleted and replaced by sequences encoding 

395 DsRed. The replicon can replicate and translate to synthesize viral genomic RNA and the non-

396 structural proteins of WNV, respectively. However, it is not capable of producing viral progeny 

397 because of the absence of structural protein sequences of WNV. The results of qRT-PCR of the 

398 plasmid-transfected cells at 72 h post transfection demonstrated a 10-fold reduction of synthesized 

399 WNV-RNA in the VCP-knockdown cells (siVCP (1)) compared to control siRNA-treated cells 

400 (Fig. 3D). Taken together, these data indicate that VCP plays a role in the genome replication of the 

401 WNV life cycle.  

402

403 4. Discussion 

404 In the present study, we have investigated the roles of VCP during WNV infection. We found that 

405 perturbation of endogenous VCP using a potent VCP inhibitor or siRNA targeting VCP 

406 significantly inhibited WNV infection. We could confirm that the expression of endogenous VCP in 

407 HeLa cells is depleted after 48 h siRNA transfection [with siVCP (1) and (3)], while another siRNA 

408 siVCP (2) did not silence expression of endogenous VCP. Silencing of endogenous VCP, by siVCP 

409 (1) and (3), demonstrated that depletion of VCP significantly suppressed WNV infection. This 

410 finding suggests that VCP is required for WNV infection and, thereafter, we employed the most 

411 potent siRNA [siVCP (1)] to investigate the roles of VCP in WNV replication. A previous report 

412 indicated that silencing of endogenous VCP and nuclear protein localization 4 (NPL4), a VCP 

413 cofactor, did not inhibit WNV infection, whereas depletion of ubiquitin fusion degradation 1-like 

414 (UFD1L) and p47, other cofactors of VCP, suppressed WNV infection (Krishnan et al., 2008). We 
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415 suggest that the differences between this previous report and the present results may be related to 

416 the use of different strains of WNV or could be related to the silencing efficiency of the siRNA 

417 employed in the experiments. In addition, control experiments from the present study using 

418 pseudotyped VSV demonstrated that depletion of VCP did not suppress pseudotyped VSV 

419 infection. These results suggest that VCP plays a role in WNV infection specifically and inhibition 

420 of WNV infection in VCP knockdown cells is not a consequence of cellular cytotoxicity. 

421 Employing VLPs, we demonstrated that perturbation of VCP suppressed the infectivity of 

422 WNV-VLPs (Fig. 3A). This indicates that VCP is potentially involved in either the early steps or 

423 during genome replication of WNV. Using plasmid transfection to generate WNV-VLPs, to bypass 

424 early steps of the WNV life cycle, we next examined whether VCP plays a role in the late steps 

425 (from genome replication until virus release) of the viral life cycle. Knockdown of VCP reduced the 

426 yield of WNV-VLPs compared to control siRNA-treated cells (Fig. 3C) and this finding suggests 

427 that VCP also participates in the late steps of WNV life cycle. Taken together, we hypothesized that 

428 VCP may be implicated in the genome replication steps of WNV. Therefore, a WNV DNA-based 

429 replicon was employed to clarify whether VCP is required for genome replication of WNV. 

430 Depletion of VCP significantly decreased expression levels of synthesized WNV-RNA (Fig. 3D) 

431 and this finding indicates that VCP is engaged in WNV genomic RNA replication. 

432 It has been previously reported that VCP was found to be localized in the cytosol, ER and 

433 nucleus, and can play a role in several cellular processes (Arita et al., 2012; Meyer et al., 2012; 

434 Meyer and Weihl, 2014; Yamanaka et al., 2012). The possible mechanism(s) of VCP involvement 

435 in WNV infection may be based on the localization and physiological function of VCP. Functional 

436 roles of VCP in the replication of the WNV-related virus in the family Flaviviridae, hepatitis C 

437 virus (HCV) have been reported (Yi et al., 2016). VCP knockdown significantly decreased 

438 expression of HCV RNA levels and VCP was found to be colocalized with the HCV replication 

439 complex.  It is thus possible that this function of VCP in the HCV life cycle is also required for 
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440 WNV genome replication, however, no direct evidence currently exists for an interaction between 

441 WNV replicase components and VCP and further investigations are required. 

442 Apart from during the genome replication of the WNV life cycle, VCP might potentially be 

443 involved in other steps. The present study demonstrates that VCP may also function in the early 

444 steps, during either attachment or entry, of the viral life cycle (Fig. 3B). The results of an entry 

445 assay revealed that silencing of endogenous VCP caused a significant reduction in the expression 

446 levels of WNV-RNA compared to control siRNA-treated cells. This suggests that VCP may also 

447 play a role in either the binding or entry steps of the WNV life cycle. A role for VCP in early stages 

448 of viral infection has previously been reported for coronavirus and Sindbis virus (Panda et al., 2013; 

449 Wong et al., 2015). Depletion of VCP inhibited coronavirus infection through a failure in the 

450 maturation of virus-loaded endosomes leading to accumulation of coronavirus particles in the early 

451 endosomal compartment (Wong et al., 2015). Studies on Sindbis virus indicated that VCP 

452 functioned as a regulator of viral entry as knockdown of VCP caused an alteration of trafficking and 

453 resulted in the degradation of Sindbis virus entry receptor (Panda et al., 2013). However, the 

454 possible function of VCP on early stages of WNV replication has not been investigated and will 

455 require further study. 

456 In conclusion, our findings suggest that VCP is required for replication of WNV at a number of 

457 different stages of the viral life cycle, thus, VCP potentially represents a candidate for the 

458 therapeutic inhibition of WNV infection.

459
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698 Figure Legends

699 Fig. 1.

700 WNV infection is inhibited in the presence of VCP inhibitors. (A) WNV infection in the presence 

701 of either EerI (left panels) or MDBN (right panels). HeLa cells were inoculated with WNV 

702 (MOI=1) and then treated with EerI or MDBN at 1 h.p.i. Cells were harvested at 24 h.p.i. and 

703 stained with anti-JEV antibody (Kimura et al., 1994; Kobayashi et al., 2012) that has cross 

704 reactivity with WNV antigen (green). Cell nuclei were counterstained with DAPI (blue).  (B) 

705 Positivity of WNV-infected cells from (A). Mean ± SD from triplicate experiments is shown; * p < 

706 0.05, ** p < 0.01 (one-way ANOVA). (C) The culture supernatants from (A) were collected at 24 

707 h.p.i. and the viral titers of the harvested supernatants were examined by plaque assay. Mean ± SD 

708 from three independent experiments is shown; * p < 0.05, ** p < 0.01 (one-way ANOVA).

709

710 Fig. 2.

711 WNV infection is inhibited in VCP knockdown cells. (A) HeLa cells were treated with either 

712 siRNA against VCP [siVCP (1), (2) and (3)] or control siRNA (siCont). The siRNA-treated cells 

713 were inoculated with WNV (MOI=1) at 48 h.p.i.  The inoculated cells were harvested at 24 h.p.i. 

714 The expression of endogenous VCP protein and WNV envelope protein after treatment with the 

715 indicated siRNA were examined by immunoblotting with mouse anti-VCP antibody and mouse 

716 anti-WNV/Kunjin envelope protein. The expression of actin was examined after reprobing as an 

717 endogenous control. (B) WNV-infected cells from (A), after 24 h incubation with WNV, the cells 

718 were harvested and examined by immunofluorescence assay. WNV-infected cells were stained with 

719 anti-JEV antibody (green) and cell nuclei were counterstained with DAPI (blue). (C) Positivity of 

720 WNV-infected cells from (B). Mean ± SD from three independent experiments is shown; ** p < 

721 0.01 (one-way ANOVA). (D) The culture supernatants from (A) were collected at 24 h.p.i and the 
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722 viral titers of the harvested supernatants were determined using plaque assay. Mean ± SD from 

723 three independent experiments is shown; ** p < 0.01 (one-way ANOVA).

724

725 Fig. 3.

726 The role of VCP in distinct steps of WNV life cycle was investigated. (A) WNV-VLP infection 

727 after the indicated siRNA treatment, HeLa cells were treated with siRNA against VCP, siVCP (1) 

728 or control siRNA (siCont). The indicated siRNA treated-cells were inoculated with WNV-VLPs (16 

729 HAU) at 48 h post transfection and incubated for 72 h. Relative quantification of WNV-RNA 

730 normalized to human β-actin from (A) examined by qRT-PCR. Mean ± SD from three independent 

731 experiments is shown; ** p < 0.01 (one-way ANOVA). (B) Relative quantification of WNV-RNA 

732 expression levels normalized to human β-actin of siRNA-treated cells inoculated with WNV at the 

733 early time point of infection. siRNA-treated HeLa cells were inoculated with WNV after 48 h post 

734 siRNA transfection. The inoculated cells were incubated on ice for 1 h, followed by washing 5 

735 times with PBS and then transferred to 37 °C. After 1 h incubation, the cells were harvested by 

736 trypsin and prepared for qRT-PCR. Mean ± SD from two independent experiments in triplicate is 

737 shown; * p < 0.05 (one-way ANOVA). (C) HeLa cells were treated with siRNA against VCP, 

738 siVCP (1) or control siRNA (siCont). After 24 h post transfection, the cells were transfected with 

739 plasmid set for WNV-VLP production and incubated for 72 h. The culture supernatants were 

740 harvested and inoculated on Vero cell monolayers in 10-fold serial dilutions. The viral titers of the 

741 harvested supernatants were determined as IFU/ml. Mean ± SD from three independent experiments 

742 is shown; ** p < 0.01 (one-way ANOVA). (D) HeLa cells were treated with siRNA, either siVCP 

743 (1) or siCont, and then transfected with plasmid containing WNV DNA replicon, pCMV-WNrep-

744 DsRed at 24 h post siRNA treatment and incubated. The transfected cells were harvested at 72 h 

745 post transfection of pCMV-WNrep-DsRed. Relative quantification of WNV-RNA normalized to 

746 expression of human β-actin was examined by qRT-PCR. Mean ± SD from three independent 

747 experiments is shown; ** p < 0.01 (one-way ANOVA).  
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Supplementary Fig. 1. 
Cell viability of HeLa cells after treatment with either EerI or MDBN. The HeLa cells were 
treated with the indicated concentrations of either EerI (left) or MDBN (right). Cell viability was 
examined by a MTT assay at 24 h post treatment.  
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Supplementary Fig. 2.  
WNV infection in SK-N-SH cells is attenuated in the presence of EerI. (A) WNV infection in 
human neuroblastoma, SK-N-SH cells. SK-N-SH cells were inoculated with WNV (MOI=1). 
After 1 h.p.i., the inoculated-cells were treated with EerI at the indicated concentration. DMSO 
treated-cells were used as control. The cells were fixed and prepared for IFA at 24 h.p.i and 
stained with anti-JEV antibody which has cross reactivity with WNV antigen (green). Cell 
nuclei were stained with DAPI (blue). (B) Positivity of WNV-infected cells from (A). Mean ± 
SD from triplicate experiments is shown; * p < 0.05.  ** p < 0.01 (one-way ANOVA). (C) Cell 
viability of SK-N-SH at 24 h after exposure to EerI with absorbance values obtained after MTT 
assay. 
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Supplementary Fig. 3 
Representative figure showing IFA results of WNV infection in siVCP (1) compared to 
siCont treated-HeLa cells at 12, 24 and 48 h.p.i. The HeLa cells were treated with either 
siVCP or siCont and then incubated at 37 °C for 48 h. Thereafter, the cells were infected 
with WNV (MOI=1) and incubated at 37 °C for 12, 24 and 48 h.p.i., respectively. After 
incubation at the indicated time points, the cells were then fixed and prepared for IFA 
followed by staining with anti-JEV antibody that has cross reactivity with WNV antigen 
(green). Cell nuclei were stained with DAPI (blue).  
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Supplementary Fig. 4. 
VCP knockdown does not affect infection of pseudotyped VSV.  (A) HeLa cells were treated 
with siRNA against VCP (siVCP) or control siRNA (siCont) for 48  h. Thereafter, the 
siRNA-treated cells were inoculated with pseudotyped VSV. Pseudotyped VSV positive 
cells were determined by expression of green fluorescence protein (GFP), which was carried 
by the pseudotyped VSV replicon, at 8 h.p.i. nuclei were stained with DAPI (blue). (B) The 
positivity of GFP from (A). Mean ± SD from triplicate experiments is shown. The 
significance was analyzed using a one-way ANOVA. 



Highlights 

• Inhibition of VCP by chemical inhibitors decreased WNV infection in a dose-

dependent manner. 

• Knockdown of endogenous VCP level using siRNA suppressed WNV 

infection. 

• Depletion of VCP levels suppressed WNV infection at the early stages of 

WNV replication cycle.

• Depletion of VCP levels lowered nascent WNV genomic RNA.

• VCP participates in early stages and viral genomic RNA replication.


