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Abstract 31 

Wongabel virus (WONV) is an arthropod-borne rhabdovirus that infects birds. It is one of the 32 

growing array of rhabdoviruses with complex genomes that encode multiple accessory proteins 33 

of unknown function. In addition to the five canonical rhabdovirus structural protein genes (N, P, 34 

M, G and L), the 13.2 kb (-) ssRNA WONV genome contains five uncharacterised accessory 35 

genes, one overlapping the N gene (Nx or U4), three located between the P and M genes (U1 to 36 

U3) and a fifth overlapping the G  gene (Gx or U5). Here we show that WONV U3 is expressed 37 

during infection in insect and mammalian cells and is required for efficient viral replication. A 38 

yeast two-hybrid screen against a mosquito cell cDNA library identified that WONV U3 39 

interacts with the 83-aa C-terminal domain of SNF5, a component of the SWI/SNF chromatin-40 

remodelling complex. The interaction was confirmed by affinity chromatography and nuclear co-41 

localisation was established by confocal microscopy. Gene expression studies showed that SNF5 42 

transcripts are up-regulated during infection in mosquito cells with WONV, as well as West Nile 43 

virus (Flaviviridae) and bovine ephemeral fever virus (Rhabdoviridae), and that SNF5 knock-44 

down results in increased WONV replication. WONV U3 also inhibits SNF5-regulated 45 

expression of the cytokine CSF1 gene. The data suggests that WONV U3 targets the SWI/SNF 46 

complex to block the host response to infection. 47 

Importance 48 

The rhabdoviruses comprise a large family of RNA viruses, infecting plants, vertebrates and 49 

invertebrates. In addition to the major structural proteins (N, P, M, G and L), many 50 

rhabdoviruses encode a diverse array of accessory proteins of largely unknown function. 51 

Understanding the role of these proteins may reveal much about host-pathogen interactions in 52 



infected cells. Here we examine accessory protein U3 of Wongabel virus, an arthropod-borne 53 

rhabdovirus that infects birds. We show that U3 enters the nucleus and interacts with SNF5, a 54 

component of the chromatin remodelling complex that is upregulated in response to infection 55 

and restricts viral replication. We also show that U3 inhibits SNF5-regulated expression of the 56 

cytokine CSF-1, suggesting that it targets the chromatin remodelling complex to block the host 57 

response to infection. This study appears to provide the first evidence of a virus targeting SNF5 58 

to inhibit host gene expression. 59 

Introduction 60 

The Rhabdoviridae is one of the most ecologically diverse families of RNA viruses, with 61 

members infecting plants, vertebrates and invertebrates. The [-] ssRNA genomes of known 62 

rhabdoviruses range in size from approximately 11 kb to 16 kb (1, 2). All contain five genes 63 

arranged in the order 3’-N-P-M-G-L-5’ encoding structural proteins with functional 64 

characteristics that are very well described. However, in many rhabdoviruses, the structural 65 

protein genes are interspersed, overprinted or overlapped with an array of ‘accessory’ genes 66 

encoding proteins that are unrelated to other viral or host proteins and have functions that are 67 

either poorly understood or entirely unknown (1). As observed for other RNA viruses (such as 68 

paramyxoviruses, coronaviruses and lentiviruses) rhabdovirus accessory genes may encode 69 

proteins with important functions in virus replication, pathogenesis and evasion of host responses 70 

to infection (1, 3-5). Furthermore, as many plant and animal rhabdoviruses are transmitted by 71 

replication in insect vectors, some may play a role in the invertebrate host, in which the 72 

processes of infection, persistence and immunity are poorly understood (1, 6). 73 



Wongabel virus (WONV) was isolated in 1979 from biting midges (Culicoides austropalpalis) 74 

collected near Kairi in Queensland, Australia (7). It is currently classified as an unassigned 75 

species (Wongabel virus) in the family Rhabdoviridae. WONV neutralizing antibodies have been 76 

detected in sea birds collected from the Great Barrier Reef but there is no evidence to date that 77 

the virus is associated with human or animal disease (8). The 13196 nt genome is relatively 78 

complex, encoding five putative accessory proteins (WONV U1 to WONV U5) of unknown 79 

function (7). ORFs U1, U2 and U3 are arranged consecutively between the P and M genes, 80 

encoding small acidic proteins (~16.5 to ~21.9 kDa) with low but identifiable sequence 81 

homology (1). WONV U4 (or Nx) lies in a second consecutive ORF in the N gene and encodes a 82 

putative ~5.8 kDa protein. ORF U5 (or Gx) overlaps the G gene and encodes a putative ~14.9 83 

kDa protein with structural characteristics similar to the ephemerovirus viroporin-like 1 84 

proteins (1, 2, 7, 9).  85 

In this paper, we investigate the function of the ~16.5 kDa WONV U3 protein. We demonstrate 86 

that WONV U3 is expressed during infection in mammalian and insect cells and is required for 87 

efficient viral replication. We also show that WONV U3 is translocated to the nucleus where it 88 

binds to SNF5, a component of the SWI/SNF chromatin remodelling complex, inhibiting SNF5-89 

regulated gene expression. This strategy may be used by the virus to inhibit the host response to 90 

viral infection. 91 

Materials and Methods 92 

Virus propagation and titration 93 

WONV (CS264 strain), bovine ephemeral fever virus (BEFV; CS1865 strain) and West Nile 94 

virus (WNV; Kunjin K42886 strain) were propagated in African green monkey kidney (Vero or 95 



COS-7), baby hamster kidney (BHK-BSR) or Aedes albopictus (C6/36) cell lines. Mammalian 96 

cells were cultivated as described previously (10, 11). Insect cells were grown at 32°C in 199 97 

medium supplemented with 10 mM HEPES, 2 mM L-glutamine, 137 μM streptomycin, 80 U/ml 98 

penicillin and 5% fetal calf serum. TCID50 titrations were conducted in Vero cells and titres 99 

estimated by the method of Reed and Muench (12). 100 

RNA and protein extractions 101 

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) according to the 102 

manufacturer’s specifications. Unless otherwise stated, protein extractions were conducted by 103 

washing cells once with PBS, followed by ice-cold Buffer I (10 mM Tris-HCl pH 7.5, 10 mM 104 

NaCl, 10 mM EDTA, 0.5% Triton-X100, 5 mM dithiothreitol [DTT], 1X Sigma P2714 protease 105 

inhibitor). The cell suspension was adjusted to a final concentration of 150 mM NaCl, passed 106 

five times through a 20 g needle, agitated for 30 min at 4ºC and centrifuged at 1500 x g for 15 107 

min. The clarified lysate was stored at -20ºC.   108 

Cloning and expression of WONV U3 for purification from E. coli 109 

The WONV U3 ORF was cloned into the Nhe I and Bam HI sites of a modified pET43 vector 110 

(Novagen) in which the NusA solubility tag was replaced with a C-terminal hexa-histidine tag 111 

(pETCSIRO-B). The construct was transformed into E. coli Rosetta strain and the expressed 112 

protein was purified using a HisTRAP FF immobilized Ni
2+

 affinity column (GE Healthcare) as 113 

described previously (13). 114 

Yeast two-hybrid screen 115 



Yeast two-hybrid screens were conducted using the Matchmaker Gold Yeast Two-Hybrid 116 

System (Clontech) according to the manufacturer’s specifications. To construct the bait plasmid, 117 

the WONV U3 ORF was amplified by PCR using gene-specific primers. The PCR product was 118 

cloned into the Bam HI and Sal I sites of pGBKT7 to yield pGBKT7(WU3) and the construct 119 

was confirmed by sequencing. 120 

To construct the target library, C6/36 cells were infected with BEFV and RNA was extracted 121 

after 0, 12, 24, 36 and 72 h post-infection (hpi). Pooled RNA from all extractions was used to 122 

construct the library using the Mate & Plate™ Library System (Clontech) according to the 123 

manufacturer’s specifications. All subsequent two-hybrid matings and screenings were 124 

conducted according to the specifications in the Matchmaker Gold Yeast Two-Hybrid System 125 

(Clontech). 126 

Full-length AaSNF5 was amplified from the C6/36 library and full-length Homo sapiens SNF5 127 

was amplified from cDNA prepared from HeLa cells using gene-specific primers. Each 128 

amplified sequence was cloned into the Bam HI/Bgl II and Sal I sites of pGADT7 to yield 129 

pGADT7(AaSNF5) and pGADT7(HsSNF5), respectively. The full-length constructs were 130 

subsequently used for all yeast-two hybrid analyses between WONV U3 and AaSNF5. 131 

Cloning of fluorescent fusion proteins 132 

The WONV U3 ORF was cloned into the Eco RI and Sal I sites of pAcGFP1-C2 (Clontech) to 133 

yield pAcGFP1-C2(WU3) for expression of WONV U3 fused at its C-terminus to GFP. Plasmid 134 

pEGFP-C1-RVP–P1 has been described previously (14).  For expression of RFP-fused proteins, 135 

the GFP ORF of pAcGFP1-C2 was replaced with the RFP ORF, which was excised from 136 

pmCherry-C1 using Nhe I and Bsr GI; this generated the pAcRFP-C2 vector. The partial SNF5 137 



ORF (84 aa) obtained from the yeast two-hybrid screen was cloned into this vector using Bgl II 138 

and Sal I to produce pAcRFP-C2(SNF5).  139 

Transfections 140 

Transfections for over-expression of WONV U3 were conducted in 6-well plates using 2 g 141 

plasmid DNA and Lipofectamine 2000 (Invitrogen) (1:2) according to the manufacturer’s 142 

specifications. Transfections for confocal microscopy were conducted in 24-well plates 143 

containing glass coverslips as described. For knockdown experiments, transfections were 144 

conducted using 1.5 g siRNA and Lipofectamine 2000 for Vero and BHK/BSR cells, and 145 

Cellfectine II (Invitrogen) for C6/36 cells, according to the manufacturer’s specifications. 146 

Luciferase siRNA (Invitrogen) was used as a non-specific knockdown control. 147 

Preparation of antisera 148 

Polyclonal WONV U3 antiserum was raised in 3-week-old SPF White Leghorn chickens 149 

(SPAFAS). For primary immunisation and boosts, each chicken was injected intramuscularly at 150 

2-week intervals with 50 µg WONV U3. The first dose was prepared in CSIRO Triple Adjuvant 151 

(60% v/v Montanide combined with 3 mg/ml Quil A and 30 mg/ml DEAE-dextran in PBS). The 152 

second and third boosts were prepared in Freund’s incomplete adjuvant in PBS. Sera were 153 

collected following each immunization. Antibody titres were determined by ELISA against the 154 

immunizing antigen. 155 

Immunoblotting 156 

Protein extracts were treated and analysed by SDS-PAGE and immunoblotting as described 157 

previously (11). Primary antibodies (anti-WU3 chicken serum, anti-GFP mouse serum and anti-158 



SNF5 mouse serum) and secondary antibodies (rabbit anti-chicken HRP-conjugated IgY and 159 

sheep anti-mouse HRP-conjugated IgG; Thermofisher) were used at a dilution of 1/2000. 160 

Laser scanning confocal microscopy 161 

Transfected cells were fixed in 4% paraformaldehyde in PBS at room temperature for 40 min 162 

and then washed and stored in PBS at 4
o
C. Nuclei were labelled with DAPI (Sigma) in distilled 163 

H2O and the coverslips mounted on microscope slides in Vectashield (Vector Laboratories), 164 

sealed and imaged using a Leica Microsystems SP5 confocal microscope with a 60x oil 165 

immersion objective. Cell monolayers were treated with 0.1% Trion X-100 for 10 min. Non-166 

specific binding was then blocked in 0.5% PBSA for 30 min. Primary antibody diluted in 0.5 167 

BSA in PBSA (1/750 for SNF5 antibody, 1/500 for anti-WU3 chicken serum) was added and 168 

incubated for 1 h, washed and incubated with secondary antibody in 0.5% BSA in PBSA (1/200 169 

for Alexa Fluor® 568 goat anti-rabbit for SNF5, Alexa Fluor® 488 goat anti-chicken for U3). 170 

Monolayers were then washed in PBSA and rinsed with distilled H2O. Nuclei were then labelled 171 

with DAPI (Sigma) in distilled H2O and the coverslips mounted on microscope slides, sealed and 172 

imaged using a Leica Microsystems SP5 confocal microscope with a 60x oil immersion 173 

objective. 174 

To assess nuclear trafficking in live cells, transfected COS-7 cells were treated with 2.8 ng/ml 175 

leptomycin B (LMB) for 3 h before imaging using an inverted Nikon C1 confocal microscope 176 

with a 100x oil immersion objective and heated stage. To determine the nucleocytoplasmic 177 

localization of protein, the nuclear to cytoplasmic fluorescence ratio (Fn/c) was calculated from 178 

digitalized images of >30 transfected cells using Image J software as described previously (14).  179 

Affinity chromatography 180 



The 84-aa C-terminal domain of AaSNF5 was cloned downstream of E. coli maltose binding 181 

protein (MBP) using vector pMALc5x (New England Biolabs), transformed into E. coli 182 

NEBexpress (New England Biolabs) and inoculated into 250 ml of LB supplemented with 100 183 

g/ml ampicillin and 0.2% glucose. The culture was grown at 37ºC to OD600 of 0.6 before 184 

induction with 0.3 mM IPTG at 22ºC for 24 h. The cells were then harvested by centrifugation at 185 

16000 x g for 10 min at 4ºC, resuspended in 10 ml Buffer II (20 mM Tris-HCl pH 7.5, 200 mM 186 

NaCl, 1 mM EDTA) containing 5 mM DTT and Sigma P2714 protease inhibitor (200 mM 187 

Buffer II-DP), frozen at -20ºC and thawed on ice. The suspension was then sonicated for 1 min 188 

in 15 s pulses, clarified by centrifugation at 16000 x g for 20 min at 4ºC and added to 1 ml 189 

amylose resin (New England Biolabs) washed in 5 volumes of Buffer II. The slurry was 190 

incubated with gentle rotation for 4 h, centrifuged at 8000 x g for 10 min, resuspended in 1 ml 191 

200 mM Buffer II-DP, transferred to an Eppendorf tube and washed with 10 volumes of the 192 

same buffer. Slurries containing either MBP or MBP-AaSNF5 bound to amylose were used for 193 

pull-down assays. 194 

A crude protein lysate (~5 mg/ml) from WONV-infected Vero cells was pre-adsorbed for 2 h at 195 

4 ºC with amylose resin pre-washed in Buffer II. The resin was then removed by centrifugation 196 

and the lysate was made up to 10 ml with Buffer II containing 150 mM NaCl, 5 mM DTT and 1x 197 

Sigma P2714 protease inhibitor (150 mM Buffer II-DP). Equal aliquots of the lysate were then 198 

treated with amylose resin containing MBP or MBP-SNF5 at 4ºC for 24 h with gentle agitation. 199 

The resin was then recovered by centrifugation at 5000 x g at 4ºC, resuspended in 1 ml of ice-200 

cold 150 mM Buffer II-DP, washed with ten volumes of the same ice-cold buffer, resuspended in 201 

200 l of 2x loading buffer and analysed by SDS-PAGE and immunoblotting. 202 



BHK-BSR cells were transfected either with pAcGFP1-C2 or pAcGFP1-C2(WU3) and 2 l of 203 

Lipofectamine 2000 in a 6-well plate. At 24 h post-transfection, cells were pelleted and GFP 204 

trapping was conducted using GFP-Trap®_M kit(Chromotek) according to manufacturer’s 205 

instructions. Cell pellets were resuspended in 200 l Lysis Buffer by pipetting and incubated on 206 

ice for 30 min. The resulting lysates were centrifuged at 20,000 x g for 10 min at 4
o
C and the 207 

supernatant was transferred to a pre-chilled tube. Equilibrated of GFP-Trap®_M beads slurry (30 208 

l) were added and allowed to mix with the lysate for 2 h at room temperature. The beads were 209 

separated magnetically and the supernatant was discarded. The beads were then washed twice 210 

with 500 l ice cold wash buffer. In order to disassociate the beads, 2 x SDS-Sample Buffer was 211 

added and the samples were heated at 95
o
C for 10 min. The samples were then analysed by SDS-212 

PAGE (Invitrogen) as above. 213 

Double-stranded siRNA preparation  214 

Double-stranded siRNAs against AaSNF5, WONV N and WONV U3 were synthesized from 215 

synthetic oligonucleotides containing a T7 promoter sequence (Table 1). Single-stranded 216 

oligonucleotides were synthesised by Geneworks Australia. The oligonucleotides were 217 

resuspended in water, complementary strands were mixed and heated at 75C for 30 min and 218 

then allowed to cool at room temperature overnight. This template was used to synthesize 219 

double-stranded siRNA using the mMESSAGE mMACHINE
®

 T7 Ultra Kit (Ambion, 220 

Australia). Double-stranded siRNAs against mammalian SNF5 were ordered from Millennium 221 

Science (Thermo Scientific) and used according to manufacturer’s specifications using siRNA 222 

delivery medium (Thermo Scientific). siRNA against Renilla luciferase (also provided by 223 

Millennium Science) was used as a control. 224 



Quantitative real-time PCR 225 

Quantitative real-time PCR (qRT-PCR) was performed using the SYBR
®

 Green PCR Master 226 

Mix (Invitrogen, Australia). Total RNA was used to prepare cDNA using SuperScript® III 227 

Reverse Transcriptase (Invitrogen, Australia) and random hexamer primers according to the 228 

manufacturer’s specifications. qRT-PCR was performed using ~20 ng cDNA and gene-primers. 229 

Cycle conditions were denaturation at 95°C for 10 min and 45 cycles of 95°C for 15 s, 60°C for 230 

1 min.  Copy numbers were determined by constructing standard curves and fold-induction 231 

profiles were determined using the Ct method (15). cDNA normalisation was conducted using 232 

internal 18S (Vero, BHK-BSR) or 17S (C6/36) RNA primers. 233 

Results 234 

WONV U3 is expressed during WONV infection in insect cells and mammalian cells  235 

WONV U3 gene expression was analysed during the course of infection in mammalian (Vero 236 

and BHK-BSR) and insect (C6/36) cells. Cells were infected with WONV (moi = 1 TCID50/cell) 237 

and mRNA and protein expression were determined at various times post-infection by qRT-PCR 238 

and immunoblotting, respectively.  239 

In Vero and BHK-BSR cells, WONV infection resulted in a progressive cytopathic effect (cpe). 240 

In Vero cells, virus titres reached ~10
7
 TCID50/ml by 24 hpi and remained high up to 72 hpi 241 

when there was total destruction of the cell monolayer (Figure 1A). WONV U3 mRNA levels 242 

peaked at 24 hpi and declined by ~5-fold at 72 hpi (Figure 1B). BHK-BSR cells exhibited 243 

similar cpe to Vero cells and virus titres reached similar high levels, but in contrast to Vero cells, 244 

WONV titres declined sharply (~2 logs) by 72 hpi (Figure 1A). WONV U3 mRNA levels 245 



similarly peaked at 24 hpi, but declined sharply (~1.5 logs) at 72 hpi. WONV U3 protein was 246 

detected in Vero and BHK-BSR cells from 14 hpi, peaked at 24-48 hpi and then declined as cpe 247 

progressed (Figure 1C). WONV U3 was also detected in BHK-BSR cells by 248 

immunofluorescence and was localised predominantly in the nucleus (Figure 1D). 249 

WONV infection in C6/36 cells resulted in almost no visible cpe and cells recovered from an 250 

initial disturbance to display normal appearance by 72 hpi. WONV titres were significantly 251 

lower than observed in Vero and BHK-BSR cells. Titres in C6/36 cells peaked at ~1 x 10
6
 252 

TCID50/ml at 24 hpi and then declined by 48 hpi to stabilise at ~8 x 10
3
 TCID50/ml at 72 hpi 253 

(Figure 1A). WONV U3 mRNA expression levels were also lower in C6/36 cells but displayed a 254 

similar pattern to that observed in Vero cells. Viral mRNA copy numbers peaked at 24 hpi and 255 

then diminished 3-fold to 5-fold at 72 hpi (Figure 1B).  The pattern of viral protein expression in 256 

C6/36 cells varied. Reflecting WONV titres, WONV U3 protein levels peaked sharply at 24 hpi 257 

and then declined sharply (Figure 1C).  258 

WONV U3 is required for efficient viral replication 259 

Knockdown experiments were conducted to determine if WONV U3 expression is required for 260 

efficient viral replication in cell culture by using double-stranded siRNAs targeting WONV N 261 

gene (siRNA[N]) and U3 gene (siRNA[WU3]) transcripts. The specificity the siRNAs for 262 

knockdown of each target protein was established using GFP-fusion constructs expressed from 263 

transfected plasmids (Figure 2). Vero cells were infected with WONV (moi = 1 TCID50/cell) 264 

and transfected at 6 hpi with siRNA[N] or siRNA[WU3]. Treatment with siRNA[N] resulted in 265 

5-fold to 10-fold reduction in N mRNA levels at 24 - 72 hpi and a lower but significant reduction 266 

in WONV U3 mRNA levels compared to cells treated with control luciferase siRNA[Luc] 267 



(Figure 3A and Figure 3B). Treatment of cells with siRNA[WU3] resulted in significant 268 

reduction in WONV U3 mRNA and a generally lower but significant reduction in N mRNA 269 

levels at 24 - 72 hpi (Figure 3C and Figure 3D). Viral infectivity assays indicated that 270 

knockdown on the N gene and WONV U3 gene had a similar effect on WONV titre with 100-271 

fold to 1000-fold reduction at 24 hpi and 48 hpi, but not 72 hpi (Figure 3E). Furthermore, over-272 

expression of WONV U3 led to a ~6.5-fold (0.8 log) increase in WONV titre at 48 h post-273 

infection (Figure 3F). The effect of overexpression was only evident at low moi (0.1 274 

TCID50/cell), most likely because natural (virus-derived) expression of U3 at high moi 275 

overwhelms the level of over-expression from the plasmid (Figure 3G). The data indicated that 276 

both the N gene and WONV U3 gene expression are required for efficient virus replication. 277 

WONV U3 interacts with SNF5 278 

A yeast two-hybrid screen was conducted to identify cellular proteins that may interact with 279 

WONV U3. Initially, a cDNA target library was constructed from BEFV-infected C6/36 cells 280 

and a bait plasmid was constructed using an amplified full-length clone of the WONV U3 ORF. 281 

The screen identified a strong interaction with a 249 bp insert encoding the 83-aa C-terminal 282 

region of a 371-aa polypeptide with 96.5% amino acid sequence identity to Aedes aegypti SNF5 283 

(SWI/SNF-related matrix-associated actin dependent regulator of chromatin subfamily B 284 

member 1; Genbank accession number XM_001648944) (Figure S4). The full-length 285 

Aedes albopictus SNF5 transcript was amplified and sequenced (Genbank accession number 286 

KC576842). We used a subsequent yeast-two hybrid assay to demonstrate binding of WONV U3 287 

to the full-length AaSNF5. To rule out any non-specific binding of either WONV U3 or AaSNF5 288 

to components of the yeast-two hybrid system, all possible plasmid combinations were 289 

transformed into the two respective yeast strains, and the strains were subsequently mated and 290 



plated on progressively more stringent media. AaSNF5 specifically interacted with WONV U3 291 

and no non-specific interactions occurred between either WONV U3 or AaSNF5 and 292 

components of the yeast two-hybrid system (Figure 5A). We also repeated the yeast two-hybrid 293 

analysis with a full-length mammalian SNF5 and obtained similar results (results not shown). 294 

A GFP trap was employed to obtain independent confirmation of the interaction between WONV 295 

U3 and the full-length SNF5. BHK-BSR cells were transfected with either pAcGFP1-C2 or 296 

pAcGFP1-C2(WU3). At 24 h post-transfection, clarified lysates were prepared and incubated 297 

with GFP-binding proteins coupled to agarose beads. Proteins bound to the washed beads were 298 

eluted and resolved by SDS-PAGE and examined using immunoblot with antibodies specific to 299 

SNF5. As shown in Figure 5B, SNF 5 was detected in lysates transfected with pAcGFP1-300 

C2(WU3), but not in lysates from cells transfected with the empty vector pAcGFP1-C2. The 301 

double band detected has been observed in previous studies (16, 17) and is possibly due to the 302 

antibody detecting both SNF5 isoforms (Smarc1a and Smarc1b). 303 

The 83 aa C-terminal domain of AaSNF5 was also cloned downstream of E. coli maltose binding 304 

protein (MBP). The MBP-AaSNF5 fusion protein was over-expressed, bound to amylose resin 305 

and reacted with a lysate of WONV-infected Vero cells. As shown in Figure 5C, a western blot 306 

assay using WONV U3 antiserum detected specific binding of the fusion protein to the ~16 kDa 307 

WONV U3 protein.  308 

WONV U3 co-localises with SNF5 in the nucleus 309 

Subcellular localisation of WONV U3 was examined in BHK-BSR, Vero and COS-7 cells by 310 

confocal microscopy. BHK-BSR cells were infected with WONV and stained for both WONV 311 

U3 (green) and SNF5 (red).  WONV U3 and SNF5 were found to co-localise in the nucleus 312 



(Figure 6A) but no clear direct association was detected. Further confirmation of the interaction 313 

was obtained by co-transfecting Vero cells with plasmid pAcRFP-C2(SNF5) expressing the 84 314 

aa C-terminal region of AaSNF5 fused to RFP and plasmid pAcGFP1-C2(WU3) expressing full-315 

length WONV U3 fused to GFP. Nuclear co-localisation of the expressed fusion proteins was 316 

observed at 24 h post-transfection (Figure 6B). Strong intra-nuclear fluorescence observed in 317 

COS-7 cells transfected with plasmid pAcGFP1-C2(WU3) increased following treatment with 318 

LMB which inhibits nuclear protein export by the exportin CRM1 (18) (Figure 6C). To quantify 319 

the nuclear localization of the proteins, Fn/c was determined for GFP and GFP-WU3 in cells 27 320 

h post-transfection, which indicated that the localization of WU3-GFP was significantly greater 321 

than that of GFP alone, and showed a further significant increase following LMB treatment 322 

(Figure 6D). Thus, it appears that WONV U3 can accumulate in the nucleus and that its 323 

nucleocytoplasmic localization is regulated by active nuclear export by CRM1. Similar results 324 

were observed following transfection of COS-7 cells with pEGFP-C1-RVP-P1 expressing the 325 

rabies virus P protein which has been shown previously to be trafficked in and out of the nucleus 326 

(14). 327 

AaSNF5 expression is up-regulated during infection of C6/36 cells with WNV, BEFV, and 328 

WONV 329 

SNF5 expression was assessed by qRT-PCR following infection of C6/36 cells with WONV, 330 

BEFV or WNV (moi = 1 TCID50/cell).  As shown in Figure 7A, a transient up-regulation of 331 

SNF5 expression was observed at 9 hpi for each virus and expression levels returned to normal 332 

by 24 hpi. The level of SNF5 induction varied from ~4-fold for WNV to ~2.5-fold for WONV. 333 

AaSNF5 knockdown favours WONV replication 334 



The effect of SNF5 knockdown on WONV infection was also assessed. C6/36 and BHK-BSR 335 

cells were transfected with double-stranded siRNA targeting SNF5 gene transcripts and then 336 

infected at 6 h post-transfection with 1 TCID50/cell of WONV. Relative to control luciferase 337 

siRNA, treatment with SNF5 siRNA resulted in a significant reduction in SNF mRNA levels at 338 

24 h post-transfection (Figure 7B and Figure 7D). siRNA-induced SNF5 knockdown resulted 339 

in a small but significant (~0.5 log TCID50/ml) increase in WONV titre in both C6/36 and BHK-340 

BSR cells (Figure 7C and Figure 7E). SNF5 knockdown was confirmed by immunoblot 24 h 341 

post-transfection (Figure 7F). 342 

WONV U3 inhibits SNF5-regulated gene expression 343 

SNF5 has been shown to be involved in transcriptional regulation of the colony stimulating 344 

factor 1 gene (CSF1) in mammalian cells (19). To assess the effect of WONV U3 on SNF5-345 

regulated gene expression, Vero and BHK-BSR cells were mock-infected or infected with 1 346 

TCID50/cell WONV, transfected with pAcGFP1-C2(WU3) or control vector pAcGFP1-C2 at 6 347 

hpi, and CSF1 expression was analysed 48 h post-transfection. In each cell line, WONV U3 348 

over-expression resulted in a significant reduction in CSF1 transcript levels compared to control 349 

untreated cells (Figure 8).  Furthermore, WONV infection led to a significant reduction in CSF1 350 

transcript levels compared to control cells whilst over-expressing WONV U3 in the presence of 351 

WONV infection resulted in significantly higher reduction in CSF1 transcript levels. The effects 352 

of over-expression of WONV U3 and WONV infection were significantly higher in BHK-BSR 353 

cells than in Vero cells.  In BHK-BSR cells, CSF1 transcript levels were >80% less than in 354 

controls following WONV infection and >90% less than controls following WONV infection in 355 

the presence of over-expressed WONV U3. This was reflected in WONV infection levels as 356 

determined by N gene transcript levels which were ~10-fold higher in BHK-BSR cells than in 357 



Vero cells (not shown). The data indicate that WONV infection and over-expression of WONV 358 

U3 inhibit SNF5-regulated expression of CSF1. 359 

Discussion 360 

The evolutionarily conserved SWI/SNF chromatin remodelling complex (also known as the BAF 361 

complex) plays a crucial role in the regulation of gene expression in eukaryote cells and is 362 

essential for the proper development (20-22). It comprises 10-12 proteins including an invariant 363 

core complex and variable subunits that regulate transcription of target genes by ATP-dependent 364 

mobilisation of nucleosomes and chromatin remodelling. Loss of SWI/SNF function has been 365 

associated with malignant transformation and several components of the complex appear to act 366 

as tumour suppressors (23, 24). The SWI/SNF complex has also been shown to be required for 367 

transcriptional activation of the cytokine CSF1 (19, 25) as well as the majority of type 1 368 

interferon (INF)-inducible genes, and plays an essential role in the anti-viral response of 369 

mammalian cells (26). SNF5 (also known as INI1, BAP47 and Smarcb1) is a key component of 370 

the core SWI/SNF complex. It contains three highly conserved regions: dual imperfect repeat 371 

domains - the second of which includes a masked nuclear export signal (NES) - and a moderately 372 

conserved C-terminal coiled-coiled region assigned as the homology region 3 (HR3) domain (19, 373 

27, 28) (Figure 4). SNF5 appears to recruit the SWI/SNF complex to specific sites in chromatin 374 

through interaction with various transcriptional regulatory proteins. Knockdown of SNF5 has 375 

been shown to suppress activation of the INF- response and enhance replication of Newcastle 376 

disease virus in HeLa cells (26). 377 

In this paper, we have shown that WONV accessory protein U3 is expressed during infection in 378 

mammalian cells and insect cells, is essential for efficient virus replication, and specifically 379 



interacts with the 83-aa C-terminal domain of SNF5. In mammalian cells, WONV U3 co-locates 380 

with SNF5 in the nucleus and blocks SNF5-regulated gene expression. In insect cells, SNF5 is 381 

upregulated in response to infection with WONV (as well as other arthropod-borne viruses 382 

including the rhabdovirus BEFV and the flavivirus WNV) and inhibition of SNF5 expression by 383 

siRNA knockdown favours WONV replication. Overall, our data indicate that WONV U3 has a 384 

crucial facilitating role during infection in both mammalian cells and insect cells through its 385 

interaction with SNF5.   386 

There are several previous reports of the interaction of SNF5 with viral proteins. Human 387 

papillomavirus 18 (HPV-18) E1 and E2 proteins have been shown to recruit SNF5, stimulating 388 

viral transcriptional activation and DNA replication (29, 30).  Epstein-Barr virus nuclear antigen 389 

(EBNA2) binds to SNF5 in a process that appears to be related to the immortalisation of B cells 390 

(31, 32) and the K8 protein of Kaposi’s sarcoma-associated herpesvirus interacts with the N-391 

terminal half of SNF5 to facilitate transcriptional activation (33). HIV-1 integrase also interacts 392 

with SNF5 in both the nucleus and the cytoplasm of infected T-cells and is incorporated into 393 

mature virions (34, 35). However, to our knowledge there is no previous report of SNF5 394 

interaction with RNA viruses (other than retroviruses) and our study appears to provide the first 395 

evidence of a virus targeting SNF5 to inhibit host gene expression. We have used CSF-1 as a 396 

marker of SWI/SNF-regulated gene expression as SNF5 has been clearly shown to be required 397 

for its transcriptional activation (19, 25) and it is an important regulator of the immune responses 398 

(36). Although CSF1 expression is shown here to be inhibited by WONV U3, further work is 399 

required to determine if the WONV U3/ SNF5 interaction is specifically targeting the host anti-400 

viral defences. The interaction with SNF5 is of particular interest in insect cells which lack an 401 



interferon response but appear to employ a parallel Jak-STAT-mediated anti-viral defensive 402 

pathway (37). 403 

WONV U3 was found to accumulate in the nucleus by laser scanning confocal microscopy and 404 

the nuclear localization was significantly enhanced by treatment with LMB, a specific inhibitor 405 

of the nuclear export receptor protein CRM1, indicating that WONV U3 enters the nucleus and is 406 

actively transported out of the nucleus. Indeed, we identified sequences in WONV U3 consistent 407 

with a nuclear localisation signal (NLS) and a nuclear export signal (NES), both within the N-408 

terminal domain (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi; 409 

http://www.cbs.dtu.dk/services/NetNES), and so trafficking of WONV U3 may occur through 410 

direct interaction with karyopherins. However, as the WU3-GFP fusion protein (~43.4 kDa) does 411 

not exceed the nuclear exclusion limit, entry to the nucleus may be possible by diffusion. 412 

Furthermore, as SNF5 has also been shown to be actively trafficked both into and out of the 413 

nucleus, it is also possible that the sub-cellular localisation of WONV U3 is mediated, at least in 414 

part, by its interaction with SNF5. At present we have no direct evidence for independent 415 

trafficking of WONV U3 and this requires further investigation. 416 

The yeast-2-hybrid assay established that WONV U3 specifically interacts with the 83-aa C-417 

terminal region SNF5. This comprises primarily the predicted coiled-coil region identified by 418 

Morozov, et al. (28) and a portion of repeat region II downstream of the masked NES. The 419 

function of the coiled-coil region is currently unknown but it is highly conserved across 420 

eukaryote SNF5 orthologs. Indeed, this region is almost perfectly conserved amongst primate, 421 

rodent and avian SNF5 orthologs and there is extensive homology the between vertebrate and 422 

insect orthologs (Figure 4).  Evidence presented here that WONV U3 can bind to SNF5 in both 423 

vertebrate and mosquito cells, suggests it may perform similar functions by interacting with the 424 

http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
http://www.cbs.dtu.dk/services/NetNES


SWI/SNF complex during infection of both vertebrate host and vector. The SWI/SNF complex is 425 

known to regulate expression of vertebrate immune response genes (19, 26), and this is 426 

supported by our experimental evidence that WONV U3 blocks expression of the SWI/SNF-427 

regulated cytokine CSF. Although we have not yet assessed the consequences of the WONV U3/ 428 

SNF interaction in insect cells, the possibility that it may also subvert the anti-viral response in 429 

the vector may provide useful insights into this largely neglected aspect of the arbovirus 430 

transmission cycle. 431 

    The role of the other small accessory proteins encoded in ORFs located in succession between 432 

the WONV P and M genes also requires investigation. WONV ORFs U1 and U2 encode proteins 433 

of similar size to WONV U3 and their deduced amino acid sequences display a high level of 434 

overall sequence similarity and several short regions of high pair-wise sequence identity (7). 435 

Each ORF is bounded by putative transcription initiation (GUCA) and transcription 436 

termination/polyadenylation (G[U/A]ACUUUUUUU) sequences, indicating they are likely to be 437 

transcribed and expressed during infection (1, 7). However, WONV U1 and WONV U2 lack the 438 

characteristic asparagine-rich C-terminal domain of WONV U3 and there is no evidence in either 439 

protein of an NLS. Interestingly, WU1 is predicted to contain an NES in the N-terminal domain, 440 

suggesting it may indeed have a nuclear function. In rabies virus, various isoforms of the P 441 

protein (P1-P5) are generated by leaky ribosomal scanning and they accumulate differently in the 442 

cell due to an NES in the N-terminal domain and an NLS in the C-terminal domain of the full-443 

length protein (38-40).  The P isoforms antagonise the interferon response by various 444 

mechanisms, including the sequestration of STAT1 out of the nucleus (41). It would be of 445 

interest to determine if the three small WONV accessory proteins also act in concert to subvert 446 

the cellular anti-viral response. 447 



Over the past several decades, intensive molecular studies of rhabdoviruses have focussed 448 

largely on rabies virus and vesicular stomatitis virus which have served as general models, not 449 

only for understanding rhabdoviruses, but also more broadly for understanding the structure and 450 

function of non-segmented negative-sense RNA viruses. However, it is becoming increasingly 451 

evident that the genome organisations and expression strategies displayed by these well known 452 

prototypes are not representative of many rhabdovirus which, in addition to the five structural 453 

proteins (N, P, M, G and L), commonly contain a diverse array of additional ORFs encoding 454 

putative accessory proteins of unknown function. Many of these proteins are likely to have 455 

important roles in pathogenesis and in modulating the host response to infection. Exploration of 456 

their functions may reveal not only the diversity of strategies employed by viruses to engage the 457 

host but also has potential to expose fundamental aspects of cell biology that are currently 458 

unknown. Of particular interest, is the role of viral accessory proteins in insect cells in which 459 

little is known of the processes of infection and immunity. 460 
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Figure legends 585 

Figure 1. WONV U3 expression in mammalian and insect cells. A. TCID50 titres at 0, 24, 48 and 586 

72 hpi in Vero, BHK-BSR and C6/36 cells infected with WONV at 1 TCID50/cell. B. Copy 587 

number determined by qRT-PCR of WONV U3 mRNA following WONV infection at 1 588 

TCID50/cell of Vero, BHK-BSR and C6/36 cells, respectively. C. Immunoblot detection of 589 

WONV U3 protein in Vero (top panel), BHK-BSR (middle panel) and C6/36 cells (bottom 590 

panel) infected with WONV at 1 TCID50/cell. D. Detection by indirect immunofluorescence of 591 

WONV U3 protein expression in BHK-BSR cells following infection with WONV at 1 592 

TCID50/cell (Blue = DAPI, Green = WONV U3).  593 

Figure 2. WONV U3 siRNA does not target plasmid-expressed WONV N mRNA. A. Cells 594 

transfected with pAcGFP1-C2(WN) or pAcGFP1-C2(WU3) and WONV U3 siRNA 595 

(siRNA[U3]) or WONV N siRNA (siRNA [N]). Cells were fixed at 24 h post-transfection and 596 

observed using EVOS FL® microscope (Life Technologies). The white scale bar represents 400 597 

μm. B. GFP-positive cell count after transfection with pAcGFP1-C2(WN) or pAcGFP1-598 

C2(WU3) and siRNA[U3]) or WONV siRNA [N] in a 2400 μm
2
 surface. Positive cells were 599 

identified and quantified using the EVOS FL® cell imaging system (Life Technologies). 600 

Statistical analyses were conducted using an unpaired two-tailed student t-test with GraphPad 601 

Prism 6C. Significant differences are indicated by *** = p ≤ 0.001, ** = p ≤ 0.01, NS = not 602 

significant. 603 

Figure 3. The effects of WONV N gene knockdown (A, B and E), WONV U3 gene knockdown 604 

(C, D and E) and WONV U3 gene over-expression (F and G) on WONV replication in Vero 605 

cells. A. WONV N mRNA quantification by qRT-PCR following transfection with luciferase 606 



siRNA (siRNA [Luc]) (black bars) or WONV N siRNA (siRNA [N]) (grey bars).  B. WONV U3 607 

mRNA quantification by qRT-PCR following transfection with siRNA [Luc] (black bars) or 608 

siRNA [N] (grey bars). C. WONV N mRNA quantification by qRT-PCR following transfection 609 

with siRNA [Luc] (black bars) or siRNA directed against WONV U3 (siRNA [U3]) (grey bars). 610 

D. WONV U3 mRNA quantification by qRT-PCR following transfection with siRNA [Luc] 611 

(black bars) or siRNA [U3] (grey bars). E. WONV TCID50 titration following transfection with 612 

siRNA [Luc] (black bars), siRNA [N] (dark grey bars) or siRNA [U3] (light grey bars). F and G. 613 

WONV titres in Vero cells transfected with pAcGFP1-C2 vector (-WU3) or pAcGFP1-C2(WU3) 614 

expressing WU3-GFP fusion protein (+WU3), infected with WONV at 24 h post-transfection 615 

and assayed at 48 hpi. GFP expression was verified by fluorescent light microscopy (not shown). 616 

WONV infection was conducted at moi of 0.1 TCID50/cell (F) or moi of 0.1 TCID50/cell and 1.0 617 

TCID50/cell (G). Statistical analyses were conducted using a two way ANOVA with Tukey’s 618 

multiple comparison test to determine individual p-values (A-E) or an unpaired, two-tailed 619 

student t-test (F) (GraphPad Prism 6C).  Significant differences are indicated by **** = p ≤ 620 

0.0001, *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05, NS = not significant. 621 

Figure 4. ClustalX alignment of the deduced amino acid sequences of mosquitoes (Aedes 622 

albopictus [KC576842] and Aedes aegypti [XM001648944]), human (Homo sapiens 623 

[AAA81905]) and chicken (Gallus gallus [NP001034344]) SNF5. Conserved domains are 624 

highlighted in blue.  The predicted nuclear export signal is boxed. Conserved residues in the 625 

repeat domains are highlighted in purple. The 83-aa C-terminal region that has been shown to 626 

interact with WU3 is shaded in grey.  627 

Figure 5.  WONV U3 interacts with the full-length SNF5 from insect and mammalian cells. A. 628 

Yeast two-hybrid analysis of the interaction between AaSNF5 and WONV U3. S. cerevisiae 629 



strain Y2H187 transformed with either pGADT7 alone, or pGADT7(AaSNF5) was mated with 630 

the S. cerevisiae strain Y2HGold containing either pGBKT7 or pGBKT7(WU3). The resulting 631 

yeast strains were streaked out on 1. YPDA, 2. SC
-leu

, 3. SC 
–trp

, 4. SC 
–leu/-trp

 and 5. SC
-leu/-trp/his/ade 632 

+ X-a-Gal + Aurobasidin A to select for a true interaction. B. Immunoblots using antibodies 633 

specific to SNF5 and GFP of the GFP-binding fractions from lysates of BHK-BSR cells 634 

transfected with: 1. pAcGFP1-C2(WU3), 2. pAcGFP1-C2, 3. No plasmid vector.  C. 635 

Immunoblot of pull-down assay fractions demonstrating that WONV U3 expressed in WONV-636 

infected Vero cells binds in vitro to the 84 aa C-terminal end of AaSNF5. 1.  MBP alone; 2. 637 

MBP + 38 hpi extract from WONV-infected Vero cells; 3. MBP/SNF5 alone; 4. MBP/SNF5 + 638 

38 hpi extract from WONV-infected Vero cells; 5. 38 hpi extract from WONV-infected Vero 639 

cells; 6. 14 hpi extract from WONV-infected Vero cells; 7. Extract from uninfected Vero cells. 640 

The immunoblot was probed with polyclonal anti-WU3 chicken antiserum. 641 

Figure 6.  WONV U3 co-localised with SNF5 in the nucleus and is actively exported from the 642 

nucleus via CRM1. A. Confocal image of BHK-BSR cells infected with WONV showing 643 

WONV U3 (labelled green) and SNF5 (labelled red) co-localising in the nucleus. B. Confocal 644 

images demonstrating co-localisation of AaSNF5 (red) and WONV U3 (green) in Vero cells 645 

transfected with plasmids pAcRFP-C2(SNF5) and pAcGFP-C2(WU3), respectively. Cells 646 

co-transfected with plasmids expressing WU3-GFP and AaSNF5-RFP fusion proteins (84 aa C-647 

terminal domain) and were imaged 24 h post-transfection. C. Confocal images of COS-7 cells 648 

transfected with pAcGFP1-C2, pAcGFP1-C2(WU3) and pEGFP-C1-RVP-P1 and treated with 649 

leptomycin B (LMB) 24 h post-transfection. C. Images such as those shown in (A) above were 650 

used to calculate the nuclear to cytoplasmic fluorescence ratio (Fn/c) as previously (14) (n >30 651 

+/-SEM). Statistical analyses were conducted using an ordinary one-way ANOVA with Tukey’s 652 



multiple comparison test to determine specific p values using GraphPad Prism 6C. Significant 653 

differences are indicated by **** = p ≤ 0.0001. 654 

Figure 7.  SNF5 modulates WONV replication in C6/36 and BHK-BSR cells. A. SNF5 mRNA 655 

induction in C6/36 cells at 6 h, 24 h, 48 h and 72 h post-infection with WNV, BEFV and 656 

WONV. SNF5 expression levels were determined by qRT-PCR and shown as fold-induction 657 

with respect to mock-infected cells at the same time point.  B. SNF5 mRNA quantification by 658 

qRT-PCR and C. WONV TCID50 titres in C6/36 cells transfected with siRNA directed against 659 

luciferase control (siRNA[Luc]) or SNF5 (siRNA[Snf5]) and infected with WONV 6 h post-660 

transfection. D. SNF5 mRNA quantification by qRT-PCR and E. WONV TCID50 titres in BHK-661 

BSR cells transfected with siRNA[Luc] or siRNA[Snf5] and infected with WONV 6 h post-662 

transfection. F. Immunoblots from BHK/BSR cell lysates transfected with 1. siRNA[Luc] or 2. 663 

siRNA[SNF5]. The immunoblots were probed with SNF5 antibody and actin antibody (Abcam). 664 

Assays were conducted at 24 h post-transfection. TCID50 titrations were performed in Vero cells. 665 

Statistical analysis for (A) was conducted using a two way ANOVA with Tukey’s multiple 666 

comparison test to determine individual p-values. Statistical analysis for B-E was done using an 667 

unpaired t test with equal standard deviation (GraphPad Prism 6C).  Significant differences are 668 

indicated by *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05. 669 

Figure 8.  Colony stimulating factor 1 gene (CSF1) transcript levels in Vero cells (A) or BHK-670 

BSR cells (B) following over-expression of WONV U3 and infection with 1 TCID50/ml of 671 

WONV. Lane 1) Cells transfected with pAcGFP1-C2. Lane 2) Cells transfected with pAcGFP1-672 

C2(WU3). Lane 3) Cells transfected with pAcGFP1-C2 and infected with WONV. Lane 4) 673 

Cells transfected with pAcGFP1-C2(WU3) and infected with WONV. Statistical analyses were 674 

conducted using an ordinary one-way ANOVA with Tukey’s multiple comparison test to 675 



determine specific p values (GraphPad Prism 6C). Significant differences are indicated by **** 676 

= p ≤ 0.0001, *** = p ≤ 0.001. 677 

 678 









Ae_aegypti_SNF5              ---M-SLKTYGDRPVSFQLEEGGEYFCIGSEVGNYLRLFRGLLYKKYPGM 

Homo_sapiens_SNF5            MMMMALSKTFGQKPVKFQLEDDGEFYMIGSEVGNYLRMFRGSLYKRYPSL 

Gallus_gallus_SNF5           MMMMALSKTFGQKPVKFQLEEDGEFYMIGSEVGNYLRMFRGSLYKRYPSL 

                                *   **:*::**.****::**:: **********:*** ***:**.: 

Ae_aegypti_SNF5              MRKTLSPEERKTLLEIGISNQ------------FLASSVSLLRASEVQDI 

Homo_sapiens_SNF5            WRRLATVEERKKIVASSHGKK-TKPNTKDHGYTTLATSVTLLKASEVEEI 

Gallus_gallus_SNF5           WRRLATVEERKKIVASSHENQRSHSPRRYHGYTTLATSVTLLKASEVEEI 

                              *:  : ****.::  .  ::             **:**:**:****::* 

Ae_aegypti_SNF5              LDGNDEKYKAVSVTTTEPPAPRESKSSKKQPPWVPTMPNSS-HLDAVPQA 

Homo_sapiens_SNF5            LDGNDEKYKAVSISTEPPTYLREQK-AKRNSQWVPTLSNSSHHLDAVPCS 

Gallus_gallus_SNF5           LDGNDEKYKAVSISTEPPTYLREQK-AKRNNQWVPTLPNSSHHLDAVPCS 

                             ************::*  *.  **.* :*::  ****:.*** ****** : 

Ae_aegypti_SNF5              TPINRNRVHNKKIRTFPMCFDDTDPTLNIENAAQAEVLVPIRLDMEIEGQ 

Homo_sapiens_SNF5            TTINRNRMGRDKKRTFPLCFDDHDPAVIHENASQPEVLVPIRLDMEIDGQ 

Gallus_gallus_SNF5           TTINRNRMGRDKKRTFPLCFDDHDPAVIHENASQPEVLVPIRLDMEIDGQ 

                             *.*****: ..* ****:**** **::  ***:*.************:** 

Ae_aegypti_SNF5              KLRDTFTWNRNESMITPEQFAEVLCDDLDLNPTPFVPAIAAAIRQQIEAY 

Homo_sapiens_SNF5            KLRDAFTWNMNEKLMTPEMFSEILCDDLDLNPLTFVPAIASAIRQQIESY 

Gallus_gallus_SNF5           KLRDAFTWNMNEKLMTPEMFSEILCDDLDLNPLTFVPAIASAIRQQIESY 

                             ****:**** **.::*** *:*:********* .******:*******:* 

Ae_aegypti_SNF5              PSEPIVLEEGSDQRVLVKLNIHVGNTSLVDQVEWDMAQKDNNPEDFAIKL 

Homo_sapiens_SNF5            PTDSI-LEDQSDQRVIIKLNIHVGNISLVDQFEWDMSEKENSPEKFALKL 

Gallus_gallus_SNF5           PTDSI-LEDQSDQRVIIKLNIHVGNISLVDQFEWDMSEKENSPEKFALKL 

                             *::.* **: *****::******** *****.****::*:*.**.**:** 

Ae_aegypti_SNF5              CAELGLGGEFVTAISYSIRGQLSWHQRTYAFSEAPLATVEVPFRTPSDAD 

Homo_sapiens_SNF5            CSELGLGGEFVTTIAYSIRGQLSWHQKTYAFSENPLPTVEIAIRNTGDAD 

Gallus_gallus_SNF5           CSELGLGGEFVTTIAYSIRGQLSWHQKTYAFSENPLPTVEIAIRNTGDAD 

                             *:**********:*:***********:****** **.***:.:*...*** 

Ae_aegypti_SNF5              QWAPFLETLTDAEMEKKIRDQDRNTRRMRRLANTYTGW 

Homo_sapiens_SNF5            QWCPLLETLTDAEMEKKIRDQDRNTRRMRRLANTGPAW 

Gallus_gallus_SNF5           QWCPLLETLTDAEMEKKIRDQDRNTRRMRRLANTAPAW 

                             **.*:***************************** ..* 
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Table 1. Synthetic oligonucleotides used for generation of double-stranded siRNA.  Gene-specific 
sequences are underlined. 

Organism Target gene Synthetic Oligo for siRNA preparation
Wongabel virus N GGATCCTAATACGACTCACTATAggtgataaaccaaaacctc
  AAgaggttttggtttatcaccTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAgaggttttggtttatcacc 
  AAggtgataaaccaaaacctcTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAgaattcttcgagaaaaatc 
  AAgatttttctcgaagaattcTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAgatttttctcgaagaattc 
  AAgaattcttcgagaaaaatcTATAGTGAGTCGTATTAGGATCC 
   
Wongabel virus U3 GGATCCTAATACGACTCACTATAgactagacgagtgtatttc 
  AAgaaatacactcgtctagtcTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAgaaatacactcgtctagtc 
  AAgactagacgagtgtatttcTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAgtgaagaaatcctggaccc 
  AAgggtccaggatttcttcacTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAgggtccaggatttcttcac 
  AAgtgaagaaatcctggacccTATAGTGAGTCGTATTAGGATCC 
   
Aedes albopictus SNF5 GGATCCTAATACGACTCACTATAgaagaacgcaagaagctgc 
  AAgcagcttcttgcgttcttcTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAgaaatacactcgtctagtc 
  AAgcagcttcttgcgttcttcTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAggtgcacaacaagaagatc 
  AAgatcttcttgttgtgcaccTATAGTGAGTCGTATTAGGATCC 
  GGATCCTAATACGACTCACTATAgatcttcttgttgtgcacc 
  AAggtgcacaacaagaagatcTATAGTGAGTCGTATTAGGATCC
  


