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ABSTRACT 19 

Causing cytoplasmic vacuolization is a key step for many viruses to induce cell death, 20 

however, the underlying mechanisms remain unclear. Nervous necrosis virus (NNV) 21 

induces pronounced cytoplasmic vacuoles in the brain during infection. G protein-22 

coupled receptors (GPCRs) regulate autophagosomes and cause vacuolation. Our 23 

previous genome-wide association study identified GPR143 as a key candidate gene 24 

target for anti-RGNNV approaches in groupers. Here, we used orange-spotted grouper 25 

(Epinephelus coioides) and red-spotted grouper NNV (RGNNV) as the models to 26 

investigate the role of GPR143 in mediating virus induced cellular vacuolation in the 27 

central nervous system. The results demonstrate that GPR143 promotes RGNNV-28 

induced cell vacuolation through accelerate binding of autophagosomes and lysosomes. 29 

Further investigation revealed that RGNNV facilitates GPR143 binding to MKK6, and 30 

MKK6 regulates p38 phosphorylation in the target of rapamycin (mTOR) pathway, 31 

promoting the binding of autophagosomes and lysosomes to induce cytoplasmic 32 

vacuolization. Finally, the zebrafish with GPR143 knockout confirmed that the absence 33 

of GPR143 significantly reduces brain vacuolation and fry mortality. These results 34 

indicated that GPR143 directs virus-induced cell vacuolation via the MKK6–p38 35 

pathway in teleost. Our study reveals a novel pathway by which viruses cause 36 

vacuolation in vertebrates. 37 
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INTRODUCTION 40 

Cytoplasmic vacuolation, also termed cytoplasmic vacuolization, is a recognized 41 

morphological alteration in cells exposed to viral pathogens as well as various natural 42 

and synthetic low-molecular-weight compounds (Aki et al., 2012; Shubin et al., 2016). 43 

To date, vacuolation effects from viral infections have been documented across 15 44 

viruses, including hepatitis A virus (HAV), hepatitis C virus (HCV), bovine viral 45 

diarrhea virus (BVDV), and encephalomyocarditis virus (EMCV) (Shubin et al., 2016; 46 

Chu & Ng, 2003; Krylova & Dzhikidze, 2005; Monel et al., 2007). While current 47 

research has largely focused on the mechanisms of cell death and apoptosis associated 48 

with cytoplasmic vacuolation, the process underlying the formation of these vacuoles 49 

particularly in the context of viral infection remains poorly understood (Aki et al., 2012; 50 

Maltese & Overmeyer, 2004; Sharma et al., 2021). Therefore, the mechanisms 51 

underlying virus-induced cellular vacuolation require further investigations. 52 

Nervous necrosis virus (NNV), a highly destructive marine virus, typically induces 53 

viral nervous necrosis (VNN) or viral encephalopathy and retinopathy (VER) in marine 54 

and freshwater fish larvae and juveniles (Soutoet et al., 2019). NNV has recently 55 

expanded to over 140 fish species across Europe, Australia, North America, and Asia 56 

(Bandín & Souto, 2020; Doan et al., 2017). NNV is classified into four clades: barfin 57 

flounder NNV, striped jack NNV, tiger puffer NNV, and red-spotted grouper NNV 58 

(RGNNV) (Nishizawa et al., 2020). Among them, RGNNV is the most infectious and 59 

destructive (Xu et al., 2010). The typical pathological feature is that the virus-induced 60 

vacuolation of cells leads to cell death, which subsequently causes a large amount of 61 

vacuolation in the brain and retinal tissues. (Chi et al., 2010). Grouper, being highly 62 

susceptible to RGNNV, exhibits severe vacuolation in brain tissues and cells upon 63 

infection (Wang et al., 2021a; Wang et al., 2024). Therefore, RGNNV infection in 64 

groupers is an ideal model for exploring viruses cause cellular vacuolation in fish. 65 

Our previous genome-wide association study identified GPR143 as a key candidate 66 

gene target for anti-RGNNV approaches in groupers (Wang et al., 2024). In addition, 67 



the expression level of GPR143 in resistant fish was significantly lower than that of 68 

susceptible fish. Moreover, resistant fish showed less severe brain tissue vacuolation 69 

compared to susceptible fish (Duan et al., 2014), suggesting a potential role for GPR143 70 

in RGNNV-induced vacuolation. GPR143 associated with ocular albinism type 1 71 

(OA1), belongs to the G protein-coupled receptor (GPCR) family (Schiaffino et al., 72 

1999; Pierce et al., 2002). Growing evidence indicates that GPCRs are exploited by 73 

viruses to promote attachment, entry, replication, and egress (Cilliers et al., 2005; 74 

Jakobsen et al.,2010; Wang B et al., 2010). Notably, a subset of GPCRs, termed 75 

lysosomal GPCR-like proteins—such as LYCHOS (formerly GPR155) and 76 

GPR137B—localize to lysosomes and regulate lysosomal function, playing important 77 

roles in cellular vacuolation (Gan et al., 2019; Shin et al., 2022). This suggests that 78 

lysosomal GPCR-like proteins may be critical in the formation and function of 79 

cytoplasmic vacuoles. GPR143 encodes an intracellular GPCR that also localizes to 80 

lysosomes (Goshima et al., 2019; Innamorati et al., 2006). Given the involvement of 81 

GPCRs in vacuolation and the lysosomal localization of GPR143 we hypothesized that 82 

GPR143 plays a key role in RGNNV-induced cytoplasmic vacuolation.  83 

In the present study, we explored the effect of GPR143 on cellular vacuolation 84 

induced by RGNNV and revealed the signaling pathway of GPR143 -induced cellular 85 

vacuolation in teleosts. The aim of the present study was to explore the role of GPR143 86 

in mediating the molecular mechanisms of cytoplasmic vacuolation during RGNNV 87 

infections. 88 

 89 

MATERIALS AND METHODS 90 

Animals, cell line and viruses 91 

Orange-spotted grouper (E. coioides) fry were obtained from Agro-Tech Extension 92 

Center of Guangdong Province and cultured for one week before the experiment. Their 93 

average weight and length were 2.90±0.32 g and 3.13±0.25 cm, respectively. The 94 

grouper were cultured in a 2-t independent tank with circulating water at 25–28◦C, with 95 



a dissolved oxygen (DO) concentration of 5–6 mg O2/L. Fish were fed with grouper 96 

fodder twice a day. 97 

A GPR143 mutant zebrafish line was generated using the CRISPR/Cas9-mediated 98 

knockout system (Huang et al., 2019). Briefly, the online tool ZiFiT Targeter (v. 4.2; 99 

http://zifit.partners.org/ZiFiT/Disclaimer.aspx) was used to design CRISPR/Cas9 target 100 

sites. Recombinant plasmids pCS2-nCas9n and DraI-digested pDR274 (Addgene, 101 

Cambridge, MA) containing annealed oligonucleotides were used to prepare Cas9 102 

mRNA and single guide RNAs (sgRNAs), respectively. The Ambion mMESSAGE 103 

mMACHINE SP6 transcription kit (Invitrogen,USA) was used for in vitro transcription. 104 

A total of 4.6 nL of a solution containing Cas9 mRNA (300 ng/mL) and sgRNA (50 105 

ng/mL) was co-injected into one- or two-cell stage embryos using a Drummond 106 

Nanoject injector (Drummond Scientific, USA). Microinjected embryos were reared at 107 

28°C in freshwater until the adult stage as F0 founders. F0 founders were detected using 108 

T7E I (T7 endonuclease I), and mutations were confirmed using sequencing. F1 109 

mutants were inbred to obtain F2 homozygotes. GPR143 expression was assessed using 110 

RT-qPCR with mutation-specific primers, and homozygous fish were used for further 111 

experiments. Primers are listed in the repository. 112 

The GS cell line, established in our laboratory (Huang et al., 2019), was cultured in 113 

Leibovitz's L-15 medium supplemented with 10% fetal bovine serum (FBS; Gibco, 114 

USA) at 28°C.  115 

HEK-293T cells were obtained from ATCC, and cultured in Dulbecco’s Modifed 116 

Eagle Medium (DMEM, Gibco, USA) supplemented with 10% foetal bovine serum 117 

(FBS,Gibco, USA), and maintained at 37◦C with 5% CO2. 118 
All the fish were deeply anesthetized with 100  mg/L MS-222 (Sigma-Aldrich, USA) 119 

before dissection. All animal experiments were conducted in accordance with the 120 

guidelines and were approved by the appropriate Animal Research and Ethics 121 

Committees of South China Agricultural University (SHAUQ202216). 122 

  Propagation of RGNNV was performed as described previously (Wang et al., 2021a). 123 

For viral stock propagation, GS cells at 80% confluence were inoculated with virus for 124 



2h. After 2h, the cells were washed three times with Leibovitz L15 medium 125 

supplemented with 2% FBS to remove excess RGNNV, and Leibovitz L15 medium 126 

supplemented with 10% FBS was added. Virus-containing cellular supernatant was 127 

harvested 48 to 60 h postinfection, centrifuged to remove cell debris, aliquoted, and 128 

stored at -80°C until use. The viral titers of RGNNV were 107 times the 50% tissue 129 

culture infective dose (TCID50)/ml. 130 

Plasmid construction 131 
Total RNA was extracted from the orange-spotted grouper spleen. The total RNA 132 

extracted was reverse-transcribed into cDNA using a First Strand cDNA Synthesis Kit 133 

(Toyobo, USA). The open reading frames (ORF) cDNA of gpr143, hsc70, hsp90ab1, 134 

lc3, lamp1, and mkk6 were amplified by PCR using specific primers listed in the 135 

repository. The ORF cDNA of GPR143 was subcloned into pEGFP-C1 and pcDNA3.1-136 

3HA vectors. The ORF of HSC70 was subcloned into the pcDNA3.1-3×FLAG vector, 137 

and the ORF cDNA of HSP90ab1 was subcloned into a pcDNA3.1-3×FLAG vector. 138 

The ORF cDNA of MKK6 was subcloned into pcDNA3.1-3×FLAG, pcDNA3.1-3HA, 139 

and pmCherry-C1 vectors. The ORF cDNA of p38α, p38β, p38γ, and p38δ were 140 

subcloned into pcDNA3.1-3×FLAG vectors. The ORF cDNA of LC3 was subcloned 141 

into pcDNA3.1-3×FLAG and pmCherry-C1 vectors. The ORF cDNA of Lamp1 was 142 

subcloned into the pEGFP-C1 vector. Primers used are listed in the repository. 143 

Recombinant plasmids were confirmed by DNA sequencing. 144 

 145 

Antibodies  146 

A rabbit anti-CP antibody prepared in our laboratory was used at a dilution of 1:300 147 

for WB. The specificity of this antibody has been reported previously (Wang et al., 148 

2021). The mouse anti-FLAG antibody (Abmart, China) was used at a dilution of 1:2 149 

000. The mouse anti-HA antibody (Sigma–Aldrich,USA) was used at a dilution of 1:2 150 

000. Anti-MKK6 (Cat# 9264), p38 MAP kinase (Cell Signaling Technology, USA), p-151 

p38MAP kinase (Cat# 8690), anti-phospho-mTOR (Ser2448) (Cat# 2971), and anti-152 

mTOR (Cat# 2983) were purchased from Cell Signaling Technology and used at a 153 

dilution of 1:2 000. Mouse anti-actin antibody (Merck, Germany) was purchased from 154 



Merck and used at a dilution of 1:3 000. The secondary antibodies, goat anti-mouse IgG 155 

(Cat# SA00001-1) and goat anti-rabbit IgG (Cat# SA00001-2), were obtained from 156 

Proteintech and used at a dilution of 1:3 000. 157 

 158 

In vivo viral infection 159 
Orange-spotted grouper (E coioides) fry were cultured for one week before the 160 

experiment. The fish were cultured in a 1-t inde pendent tank with circulating water at 161 

25–28℃, with a dissolved oxygen (DO) concentration of 5–6 mg O2/L. Fish were fed 162 

with grouper fodder twice a day. Their average weight and length were 2.90±0.32 g and 163 

3.13±0.25 cm, respectively. Prior to infection, RNA extracted from a mixture of brain, 164 

eye, gill, spleen, and head kidney tissues from three randomly selected fish was 165 

amplified using specific primers for RGNNV genes to ensure no prior infection. Sixty-166 

five fish were included in the virus infection groups, and 65 fish were used as controls. 167 

Fish were injected intraperitoneally with either 20 μL of 107 TCID50/ml RGNNV or 20 168 

μL PBS (control group). At 1, 2, and 3 days of inflection with RGNNV, the brains from 169 

five RGNNV-infected and PBS-injected fish were collected in buffered 4% 170 

paraformaldehyde for histology. Brains from an additional 10 RGNNV-infected and 10 171 

PBS-injected fish were collected for RT-qPCR, and another additional five RGNNV-172 

infected and five PBS-injected fish were collected for WB. 173 

For the p38β inhibition experiment, the following five groups were established: PBS, 174 

RGNNV, RGNNV+SB203580, RGNNV+50 μmol/LSB20358 and RGNNV+ 100 175 

μmol/LSB20358. Each group comprised three parallel groups (n=20). Fish were 176 

injected intraperitoneally with 20 μL of 107 TCID50/ml RGNNV 24h after intracranial 177 

injection with PBS or different concentrations of SB203580. After 1, 3, and 5 days, 15 178 

fish were randomly selected from each group, and brain tissue was extracted. Brain 179 

tissues from five fish were used for western blotting analysis, and tissues from the other 180 

five fish were fixed in Bouin’s fluid for histological analysis, the remaining five fish 181 

were used for RT-qPCR analysis.  182 

For zebrafish challenge experiment, we selected WT and GPR143 zebrafish that had 183 

hatched for 5 days for RGNNV immersion challenge. After 24 hours of challenge, the 184 

whole fish were collected in liquid nitrogen for rapid freezing and stored at -80℃ for 185 

subsequent analysis. 186 



This study had been conducted adhering to the ARRIVE guidelines. 187 

 188 

RNAi performance and SB203580 treatment 189 

Short interfering RNAs (siRNAs) targeting gpr143, mkk6, and mtor were designed 190 

by RiboBio (Guangzhou, China). The siRNA sequences are listed in Table S2. A siRNA 191 

with no homology to GPR143 MKK6, or mTOR mRNA was used as a control. The 192 

knockdown efficacy of the siRNA was analyzed using RT-qPCR (Figure S5). GS cells 193 

were seeded into 48-well plates, cultured overnight, and transfected with 0.72 μg/mL 194 

GPR143 MKK6, or mTOR siRNA or negative control siRNA using Lipofectamine 3 195 

000 (Invitrogen,USA). Cells were infected with RGNNV 24h after transfection and 196 

imaged 12h, 24h, and 48h later using light microscopy (Zeiss,Germany) to assess cell 197 

morphology, cytopathic effects (CPEs; vacuolation), vacuolar number and the diameter 198 

of the vacuoles. After RGNNV infection for 12, 24, and 48h, cells were washed thrice 199 

with PBS, and total protein and RNA were extracted for WB and RT-qPCR analyses. 200 

To inhibit p38β, we used the p38 inhibitor SB203580 (Houston, USA). GS cells were 201 

seeded into 48-well plates and cultured overnight, treated with 50 μmol/L SB203580 or 202 

PBS, infected with RGNNV for 12, 24, and 48h, and then imaged to assess cell 203 

morphology, CPEs, vacuolar number and the diameter of the vacuoles using light 204 

microscopy (Zeiss,Germany). The cells were washed thrice with PBS, and total protein 205 

and RNA were extracted for WB and RT-qPCR analyses. 206 

 207 

Fluorescence microscopy 208 

To investigate the cellular localization of GPR143 and CP, GS cells were co-209 

transfected with GFP-GPR143 and Cherry-CP plasmids using Lipofectamine 3 000 210 

reagent for 24h. The cells were stimulated with RGNNV for 24h, washed twice with 211 

Hank’s balanced salt solution, and fixed in 4% paraformaldehyde in PBS for 15 min at 212 

room temperature. The cells were then washed thrice with PBS, treated with DAPI to 213 

stain the nuclei, and observed under an inverted fluorescence microscope 214 



(Zeiss,Germany). 215 

To examine the binding time of GPR143 to LC3 or Lamp1 induced by RGNNV, GS 216 

cells were co-transfected with GFP-GPR143 and Cherry-LC3-or GFP-GPR143 and 217 

Cherry -Lamp1 plasmids using Lipofectamine 3 000 reagent for 24h. The cells were 218 

stimulated with RGNNV for 1,3, 6, 9, 12 and 24h, washed twice with Hank’s balanced 219 

salt solution, and fixed in 4% paraformaldehyde in PBS for 15 min at room temperature. 220 

The cells were then washed thrice with PBS, treated with DAPI to stain the nuclei, and 221 

observed under an inverted fluorescence microscope (Zeiss,Germany). 222 

To investigate the binding of LC3 to Lamp1 under different treatment conditions, GS 223 

cells were co-transfected with GFP-LC3 and Cherry-Lamp1 or GFP-LC3, Cherry- 224 

Lamp1, and GPR143 siRNA, or GFP-LC3, Cherry- Lamp1, and MKK6 siRNA, or 225 

GFP-LC3, Cherry- Lamp1, and mTOR siRNA using Lipofectamine 3 000 reagent. Cells 226 

were also co-transfected with GFP-LC3 and Cherry-Lamp1 and stimulated with 227 

SB203580. The cells were stimulated with RGNNV for 24h, washed twice with Hank’s 228 

balanced salt solution, and fixed in 4% paraformaldehyde in PBS for 15 min at room 229 

temperature. The cells were then washed thrice with PBS, treated with DAPI to stain 230 

the nuclei, and observed under an inverted fluorescence microscope (Zeiss,Germany). 231 

To determine the subcellular localization of GPR143 LC3, Lamp1, CP, and MKK6, the 232 

ORF cDNA of these genes was cloned into the corresponding plasmids. The plasmid 233 

construction was previously described. Plasmids were transfected or co-transfected into 234 

GS cells. After 48h of culture, cells were fixed with 4% paraformaldehyde and stained 235 

with 6-diamidino-2-phenylindole (DAPI) (1 mg/ml) for 15 min. Cells were then rinsed 236 

with PBS, mounted with 50% glycerol, and observed using fluorescence microscopy 237 

(Leica, Germany). 238 

 239 

Immunofluorescence assay 240 

HEK293T or GS cells were seeded in glass-bottomed cell culture dishes and 241 

transfected with the recombinant plasmid. At the indicated time points, cells were 242 



infected with RGNNV, fixed in 4% paraformaldehyde for 1h, and permeabilized with 243 

0.2% Triton X-100 for 15 min. After washing thrice with PBS, the cells were blocked 244 

with 2% bovine serum albumin (BSA) for 45 min and then incubated with anti-CP 245 

serum (prepared in our laboratory 1:200) for 2h at room temperature. The cells were 246 

washed with PBS and incubated with a secondary antibody (fluorescent isothiocyanate-247 

conjugated goat anti-rabbit immunoglobulin G, Pierce) for 1h at room temperature. 248 

Cells were then stained with DAPI and observed under an inverted fluorescence 249 

microscope (Zeiss,Germany). 250 

 251 

Fluorescence in situ hybridization (FISH) 252 

Fluorescence in situ hybridization (FISH) was performed following previously 253 

described protocols (Lai et al., 2020; Lauter et al., 2011). Probes were synthesized from 254 

the ORF sequences of gpr143, mkk6, and p38β using an RNA labeling kit (Roche 255 

Diagnostics). Primer sequences are listed in the repository. Briefly, brain tissues from 256 

grouper or zebrafish were fixed in buffered 4% paraformaldehyde overnight at 4°C, 257 

rinsed twice with cold PBS, transferred to a 30% sucrose solution for 48h, and stored 258 

at 4°C. Samples were dried with sucrose, frozen on dry ice, and embedded in an OCT 259 

compound (Sakura, USA). Tissue sections were prepared at −21°C, attached to cationic 260 

anti-off slides (Thermo Fisher Scientific), covered, and incubated at 42°C for one day. 261 

Sections were prehybridized for 30 min, followed by the addition of 250 μL 262 

hybridization buffer containing 150 ng of DIG-labeled sense or antisense GPR143 263 

MKK6, and P38β riboprobe to each slide. Slides were incubated in a humidified box at 264 

42°C for 16h. Post-hybridization, sections were sequentially washed twice in 2× saline-265 

sodium citrate (SSC) (1×SSC=0.15 M NaCl, 15 mM Na citrate) at room temperature 266 

for 15 min, in 1×SSC and 0.1×SSC at 55°C for 1h. Slides were then mounted using 267 

Fluoroshield with DAPI (Sigma–Aldrich). Fluorescent signals were imaged using a 268 

Zeiss confocal microscope (Oberkochen, Germany). 269 

 270 



Immunoprecipitation-mass spectrometry 271 

GS cells were transfected with pcDNA3.1-3×HA or GPR143 -3×HA for 24h, 272 

followed by RGNNV infection for 48h. Cells were collected and stored at −80 ℃. Mass 273 

spectrometry was performed using a Q Exactive Plus mass spectrometer (Thermo 274 

Scientific) coupled with an EASY-nLC 1 200 liquid chromatography system (Thermo 275 

Scientific). Mass spectral data were analyzed using MaxQuant (v.1.6.6) software. 276 

 277 

Co-immunoprecipitation assays 278 

Protein interactions were verified by co-transfecting GPR143 -3×HA or MKK6-279 

3×HA with CP-3×FLAG, MKK6-3×FLAG, p38α-3×FLAG, p38β-3×FLAG, p38γ-280 

3×FLAG, or p38δ-3×FLAG plasmids. After 36h, cells were lysed in 281 

immunoprecipitation (IP) lysis buffer with a protease inhibitor cocktail. Lysates were 282 

centrifuged at 12 000 × g for 5 min, and supernatants were collected for western blotting 283 

and immunoprecipitation using a Dynabeads™ protein G immunoprecipitation kit 284 

(Invitrogen,USA). Briefly, magnetic beads were prepared and bound to anti-HA or anti-285 

FLAG antibodies for 10 min at room temperature, then incubated with antigen-286 

containing samples for 30 min. After washing, target antigens were eluted and subjected 287 

to western blotting. Primary antibodies specific to FLAG or HA were used to detect 288 

protein expression and interactions. 289 

 290 

Western blotting 291 

Cells or brain tissues were washed with PBS and resuspended in IP lysis buffer 292 

(Invitrogen,USA). Whole-cell lysates were separated by sodium dodecyl sulfate-293 

polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride 294 

membranes (Millipore). Membranes were blocked for 1h at room temperature in 5% 295 

skim milk or 3% BSA dissolved in PBS, then incubated with primary antibodies for 2h 296 

at room temperature. After washing with PBS containing 0.1% Tween 20 (PBST), 297 

membranes were incubated with horseradish peroxidase-coupled secondary antibodies 298 



(KPL). After washing with PBST thrice, antigens were detected using an enhanced 299 

chemiluminescence (ECL) detection reagent (Thermo Fisher Scientific). 300 

 301 

RNA extraction and real-time quantitative polymerase chain reaction (RT-qPCR) 302 

Cells or brain tissues were collected, and total RNA was extracted using 500 μl 303 

TRIzol (Invitrogen,USA) and 200 μl chloroform. The total RNA from brain tissue was 304 

extracted by adding 1 000 μl of TRIzol and 200 μL of chloroform. After centrifugation 305 

at 12 000 rpm for 15 min at 4°C, the supernatant was transferred to an RNase-free 1.5-306 

mL tube. Isopropanol and 75% alcohol were used for RNA precipitation and 307 

purification. Total RNA was reverse-transcribed to synthesize first-strand cDNA using 308 

the ReverTra Ace kit (TOYOBO, Japan) following the manufacturer's instructions. RT-309 

qPCR amplification was performed on an ABI QuantStudio 5 system (Applied 310 

Biosystems, USA) using SYBR green real-time PCR mix (TOYOBO). β-actin was used 311 

as the internal control to verify successful transcription and calibrate the cDNA 312 

template for the corresponding samples. Each assay was performed in triplicate with 313 

the following cycling conditions: 1 min for activation at 95°C followed by 40 cycles of 314 

15 s at 95°C, 15 s at 60°C, and 45 s at 72°C. Triplicate CT values were calculated using 315 

the comparative CT (2-ΔΔCt) method (Livak & Schmittgen, 2001). Data are presented as 316 

the mean ±standard deviation (SD). All reagents were pre-cooled. RT-qPCR results 317 

were calculated based on the expression levels of target genes normalized to that of β-318 

actin at the indicated times. Primers used for qPCR are listed in the repository. 319 

 320 

Virus titers 321 

Virus titers. The titers of the RGNNV viral stocks were determined by the TCID50 as 322 

described previously (Wang Q et al., 2021). In short, GS cells were seeded in 96-well 323 

plates 1 to 2 days prior to inoculation to allow a full monolayer to form. RGNNV viral 324 

stocks were thawed on ice, viral stocks were diluted via 10-fold dilutions, and 325 

inoculation was performed. After 2h, the inoculation medium was washed off and 326 



replaced with Leibovitz L15 medium supplemented with 10% FBS. Plaques were 327 

counted 1 day postinfection, and titers were calculated using the Reed-Muench method. 328 

 329 

Brain histology 330 

Brains were dissected from susceptible and resistant groupers, PBS-, RGNNV-, and 331 

RGNNV+SB203580-treated groupers, and PBS- or RGNNV-treated WT and GPR143 332 

zebrafish. The brains were fixed in Bouin’s solution for 24h at room temperature, 333 

dehydrated, and embedded in paraffin wax. All tissue blocks were sectioned at 5 μm 334 

and stained with hematoxylin and eosin for analysis. 335 

 336 

Survival assay 337 

Three parallel groups of fish treated with PBS, RGNNV, or RGNNV+50μmol/L 338 

SB203580 (n=50 fish/group), were injected intraperitoneally with 20 μL of 107 339 

TCID50/ml RGNNV 24h after intracranial injection with PBS or SB203580. Deaths 340 

were recorded daily for 14 days. Parallel groups of 5-day post-fertilization WT and 341 

GPR143 zebrafish were treated with PBS or RGNNV. Deaths were recorded daily for 342 

14 days. 343 

 344 

Statistical analysis 345 

The results are presented as the mean ± SD. Statistical comparisons were performed 346 

using a Student’s t-test, one-way analysis of variance (ANOVA), or two-way ANOVA. 347 

P-values of <0.05, <0.01, and <0.000 1 were considered statistically significant and 348 

highly statistically significant, respectively. 349 

 350 

RESULTS 351 

GPR143 promotes RGNNV-induced cell vacuolation 352 

We investigated the role of GPR143 in RGNNV-induced vacuolization by comparing 353 

brain tissues from RGNNV-infected and PBS-injected groupers. Vacuoles were evident 354 



in the brain tissue of infected fish (Fig. 1A), and their number increased over 1–3 days 355 

post-infection (Figure 1B). Additionally, expression of the viral capsid protein (CP) in 356 

brain tissue rose with prolonged infection time (Figure 1C). gpr143 expression was also 357 

significantly upregulated (P < 0.000 1) in RGNNV-infected fish compared with 358 

uninfected controls (Figure 1D). Using an RGNNV-susceptible GS cell line, we found 359 

that GPR143 overexpression enhanced vacuolization relative to RGNNV infection 360 

alone, whereas GPR143 knockdown via siRNA reduced vacuole formation (Figure 1E). 361 

Conversely, inhibiting GPR143 expression with siRNA resulted in fewer vacuoles than 362 

that in the RGNNV-only group (Figure 1E). However, based on WB and RT-qPCR 363 

detections of CPs and virus gene expression, the overexpression or inhibition of 364 

GPR143 had no significant effect on the replication of RGNNV (Figure 1, F-H). 365 

Consistently, viral titers were not markedly altered by GPR143 modulation (Figure 1 I). 366 

Together, these results demonstrate that GPR143 promotes RGNNV-induced 367 

vacuolization without substantially influencing viral replication. 368 

 369 

GPR143 binds to RGNNV CP but is not a receptor 370 

We explored the involvement of GPR143 in RGNNV-induced brain tissue 371 

vacuolation by investigating its binding to RGNNV CPs. In situ hybridization showed 372 

co-expression of gpr143 and cp genes in RGNNV-infected fish brain cells, with no co-373 

expression of gpr143 and cp in the brain of PBS-injected fish (Figure 2A). Co-374 

immunoprecipitation assays confirmed that GPR143 co-precipitated with CP (Figure 2, 375 

B, C). Considering GPR143 is a transmembrane protein, we hypothesized that it could 376 

be an RGNNV receptor. To validate this hypothesis, we transfected HEK293T cells 377 

with FLAG-tagged GPR143 alone or in combination with known RGNNV receptors 378 

HSC70 or HSP90ab1, and then assessed viral gene expression after RGNNV challenge. 379 

Transfection of GPR143 alone did not enhance viral gene expression, but co-380 

transfection with GPR143 and either HSC70 or HSP90ab1 significantly increased it 381 

(Figure 2D; Figure S1, A–D). Immunofluorescence results were consistent, showing no 382 



CP-positive signal with GPR143 alone but a positive signal with co-transfection (Figure 383 

S1 E). Similar experiments in GS cells showed that viral gene expression in the GPR143 384 

-alone group was comparable with that in the control but significantly increased with 385 

co-transfection (Figure 2D ; Figure S2, A–D). Immunofluorescence confirmed the 386 

findings above (Figure S2 E). In addition, co-transfection of GFP-GPR143 and Cherry-387 

CP plasmids in GS cells revealed co-localization of GPR143 and CP after RGNNV 388 

stimulation, also indicating that GPR143 binding occurs within the cell rather than on 389 

the surface (Figure 2E). These results demonstrate that GPR143 binds to CP but is not 390 

a receptor for RGNNV. 391 

 392 

GPR143 plays a critical role in the binding of autophagosomes and lysosomes 393 

We investigated the role of GPR143 in RGNNV infection by examining its 394 

localization in both infected and uninfected brain tissues. Following viral infection, 395 

GPR143 was found to accumulate around vacuolar structures (Figure 3A), indicating 396 

its involvement in virus-induced vacuolation. We further examined whether GPR143 397 

contributes to vacuolation in previously identified RGNNV target cells, GLU1 and 398 

GLU3 (Wang et al., 2021b). The results showed that RGNNV infection induced 399 

aggregation of GPR143 in target cells at 12 and 24hours post-infection (hpi), followed 400 

by the onset of vacuolation at 48 hpi. (Figure 3B). To elucidate the role of GPR143 in 401 

vacuole formation, we analyzed its localization relative to the autophagosome marker 402 

LC3 and the lysosome marker LAMP1. In uninfected cells, GPR143 co-localized with 403 

autophagosomes, which enlarged after viral infection (Figure 3C). However, GPR143 404 

did not co-localize with lysosomes until post-viral infection (Figure 3C). Further 405 

analysis revealed limited autophagosome-lysosome binding in uninfected cells, which 406 

increased over time after RGNNV infection (Figure 3D). Conversely, siRNA 407 

knockdown of GPR143 in GS cells led to a significant decrease in autophagosome and 408 

lysosome binding post-viral infection (Figure 3E), suggesting that GPR143 is crucial 409 

for this process. Additionally, GPR143 bound to LC3 1h post-infection but did not bind 410 



to LAMP1 until 12h post-infection (Figure S3), indicating that GPR143 binds to 411 

autophagosomes earlier than lysosomes. The binding of autophagosomes and 412 

lysosomes occurred 12h post-RGNNV infection (Figure S3), suggesting that GPR143 413 

initially binds to the autophagosome and subsequently to the lysosome through 414 

autophagosome-lysosome binding. 415 

 416 

GPR143 regulates RGNNV-induced vacuolization via MKK6 417 

To explore the mechanisms by which GPR143 promotes vacuolization during 418 

RGNNV infection, changes in GPR143 -binding proteins under RGNNV infection were 419 

detected under immunoprecipitation-mass spectrometry (IP-MS) in GS cells. Three 420 

proteins exhibited enhanced binding to GPR143 in infected cells compared with 421 

uninfected controls (Table S1). Among the corresponding genes AOC2, THRA, and 422 

MKK6, only MKK6 showed significantly elevated expression in the brains of RGNNV-423 

infected fish relative to uninfected controls (Figure 4A; Figure S 4, A, B). 424 

Overexpression of GPR143 in GS cells also led to a significant increase in mkk6 425 

expression (Figure 4B; Figure S4, C, D). Consistent with these findings, Western blot 426 

analysis revealed higher MKK6 protein levels in RGNNV-infected brain tissue 427 

compared with controls (Figure 4C), and GPR143 overexpression similarly upregulated 428 

MKK6 protein in GS cells (Figure 4D). Two-color in situ hybridization showed co-429 

localization of gpr143 and mkk6 in the brain post-RGNNV infection (Figure 4E). Co-430 

transfection of GFP-GPR143 and Cherry-MKK6 plasmids into GS cells confirmed co-431 

localization post-RGNNV stimulation (Figure S4 E). Co-immunoprecipitation further 432 

demonstrated the binding of GPR143 to MKK6 (Figure 4F, G). Two-color in situ 433 

hybridization indicated co-localization of gpr143 and mkk6 around vacuolar structures 434 

in RGNNV-infected grouper brain tissue (Figure 4H). These results suggest that 435 

GPR143 regulates vacuolization through MKK6 post-RGNNV infection. 436 

 437 



MKK6 regulates RGNNV-induced cellular vacuolation via p38 438 

MKK6 reportedly significantly regulates p38 (Jin et al., 2006; Wang et al., 2021c). 439 

In groupers, four p38 isoforms exist: α, β, γ, and δ (Cai et al., 2011; Sun et al., 2017). 440 

Using RT‑qPCR, we measured the mRNA expression of these isoforms in brain tissue 441 

following RGNNV challenge. The results demonstrated a significant increase in the 442 

expression levels of p38α, p38β, and p38γ, particularly p38β (Figure 5A), whereas that 443 

of p38δ also increased but not significantly. We detected the binding of MKK6 to P38α, 444 

P38β, and P38γ via Co-IP (Figure 5 B-E), with binding increasing post-RGNNV 445 

infection. These findings suggest that the MKK6–P38 pathway is crucial for RGNNV-446 

induced cellular vacuolation. 447 

To further assess the contribution of P38 to this process, we examined the 448 

phosphorylation status of P38β, the most strongly induced isoform. Phosphorylation of 449 

p38β increased following RGNNV infection (Figure 5F). We then injected groupers 450 

with different concentrations of the p38β inhibitor SB203580 (10 μmol/L, 50 μmol/L, 451 

and 100 μmol/L) and challenged them with RGNNV for 1, 3, and 5 days. Treatment 452 

with 50 μmol/L and 100 μmol/L SB203580 significantly reduced vacuolation in brain 453 

tissue (Figure 5, G, H). However, the SB203580 treatment had no significant effect on 454 

virus replication, only reducing virus replication at 100 μmol/L (Figure 5, I, J). These 455 

results support a critical role for p38β in RGNNV-induced brain vacuolation. We further 456 

investigated the relationship between GPR143 MKK6, and p38β using in situ 457 

hybridization, revealing co-localization and clustering around vacuoles post-RGNNV 458 

infection, with the p38β inhibitor reducing such aggregation (Figure 5K). In addition, 459 

the 50 μmol/L SB203580 treatment reduced fry mortality (Figure 5L). siRNA 460 

knockdown of gpr143 or mkk6 in GS cells inhibited RGNNV-induced p38β 461 

phosphorylation (Figure 6, A, B). Interestingly, inhibition of p38β with SB203580 did 462 

not disrupt the interaction between GPR143 and MKK6 (Figure 6C), but it significantly 463 

reduced autophagosome-lysosome binding (Figure 6D), and decreased the number of 464 

RGNNV-induced vacuoles at 12, 24, and 48 hours post-infection (Figure 6, E, F, H). 465 



However, the SB203580 treatment had no significant effect on vacuoles size and virus 466 

replication in vitro (Figure 6, G, I- L). These results suggest that the GPR143 –MKK6 467 

pathway regulates RGNNV-induced vacuolization via p38. 468 

 469 

The GPR143–MKK6–p38 pathway requires mTORC1 participation for RGNNV-470 

induced vacuolization 471 

P38 regulates mTORC1 function in mammals, which is vital in lysosomal activation 472 

and migration. We investigated P38-mediated regulation of mTORC in RGNNV-473 

induced vacuolation and observed increased mTORC phosphorylation in grouper brain 474 

tissue post-RGNNV infection (Figure 7A). Inhibiting gpr143 and mkk6 expression by 475 

siRNA or P38β activity by SB203580 showed inhibited mTORC phosphorylation 476 

(Figure 7B). In GS cells, inhibiting gpr143, mkk6, or mtorc reduced lysosome-477 

autophagosome fusion (Figure 7C) and RGNNV-induced vacuolation number (Figure 478 

7D, E, G), but have no effect on vacuoles size (Figure 7 H), indicating GPR143 and 479 

MKK6 as upstream regulators of mTORC. We also detected the effects of siGPR143 480 

siMKK6, and simTORC on virus replication, and the results showed that silencing these 481 

genes does not have a considerable effect on viral replication, excluding simTORC, 482 

which reduces viral replication (Figure 7, F, I-K). 483 

 484 

Mutational analysis in zebrafish confirms the role of GPR143 in RGNNV-induced 485 

vacuolization 486 

To assess the role of GPR143 in RGNNV-induced vacuolization in vivo, we 487 

generated GPR143 mutant zebrafish using a CRISPR/Cas9-mediated knockout system. 488 

The zebrafish GPR143 gene consists of eight exons and seven introns (Figure 8 A). We 489 

targeted the helix–loop–helix domain encoded by exon 1 and established a stable 490 

frameshift mutant line carrying a 4-bp substitution and a 9-bp deletion for subsequent 491 

phenotypic analysis (Figure 8B, Figure S6). RT‑qPCR with mutant-specific primers 492 

confirmed amplification in wild-type (WT) and heterozygous fish, but not in 493 



homozygous mutants (Figure 8 B, Figure S6). RT-qPCR using mutant-specific primers 494 

showed a signal in wild-type (WT) and heterozygous fish, but not in mutants (Figure 8 495 

C). 496 

We next measured the expression of mkk6 and p38β in the brains of WT and GPR143-497 

/- zebrafish after RGNNV challenge. In WT fish, RGNNV infection significantly 498 

increased the expression of both mkk6 (P=0.000 8) and p38β (P=0.0013). By contrast, 499 

in GPR143-/- fish, their expression remained unchanged upon infection (Figure 8, D, E). 500 

Using in situ hybridization, we also examined the interaction between mkk6 and p38β 501 

in brain tissues. RGNNV infection induced clear co-localization of MKK6 and p38β in 502 

WT zebrafish, but this effect was absent in GPR143mutants (Figure 8 F). 503 

Further, histological sections and apoptosis assays indicated that RGNNV infection 504 

in WT zebrafish resulted in brain tissue vacuolation and resulted in a large number of 505 

apoptotic signals (Figure 8, G, H). However, in GPR143-/- zebrafish, RGNNV infection 506 

resulted in minimal vacuolation, although apoptotic signals were detected (Figure 8, G , 507 

H), suggesting that GPR143 knockout reduces RGNNV-induced brain tissue 508 

vacuolation. 509 

Finally, we performed a 5-day immersion challenge with RGNNV in post-hatched 510 

WT and GPR143-/- zebrafish. Mortality reached approximately 30% in WT fish, 511 

compared to only about 12% in GPR143 mutants (Figure 8 I). Viral replication was not 512 

significantly affected by GPR143 knockout (Figure 8, J, K). These results suggest that 513 

GPR143 is a critical component in RGNNV-induced brain vacuolation and injury. 514 

 515 

Discussion 516 

RGNNV is known to trigger vacuolation and necrosis in the central nervous system 517 

of larval and juvenile marine finfish worldwide (Doan et al., 2011; Ransangan & Manin, 518 

2010; Yong et al., 2017). RGNNV primarily infects the central nervous system of fish, 519 

causing significant brain tissue damage, leading to extensive vacuolation within 4–6 520 

days post-infection. In contrast, other viruses that infect the vertebrate nervous 521 



system—such as Reptarenavirus in reptiles and avian influenza virus in birds—do not 522 

cause comparably rapid or severe brain pathology (Koyuncu et al., 2013). Some viruses 523 

exhibit incubation periods exceeding 10 years and rarely inflict severe brain tissue 524 

damage over a short duration, suggesting a unique mechanism by which RGNNV 525 

induces extensive brain vacuolation. A previous study used LC3 to label 526 

autophagosomes and LAMP1 to label lysosomes reported that CP would impair the 527 

binding of autophagosomes and lysosomes through the HSP90ab1-AKT-MTOR 528 

pathway, thereby inducing incomplete autophagy (Zhang et al., 2022b). Autophagy is 529 

the key factor that induces cellular vacuolation; however, the precise mechanism 530 

underlying RGNNV-induced cellular vacuolation remains elusive.  531 

We previously conducted a genome-wide association study and identified GPR143 532 

as a critical protein in RGNNV-resistant groupers (Duan et al., 2024). GPR143 is widely 533 

expressed in the retina and central nervous system (Goshima et al., 2019; Masukawa et 534 

al., 2014) and appears to play a major role in RGNNV infection and vacuolation. We 535 

found that GPR143 binds more extensively to CP in the brain tissue of RGNNV-536 

infected fish. While multiple studies have characterized GPR143 as an intracellular 537 

GPCR (Schiaffino et al., 1999; Samaraweera et al; 2001; Innamorati et al., 2001), recent 538 

studies have shown that GPR143 is localized within melanosomes and lysosomes 539 

(Innamorati et al., 2001; Goshima et al., 2019). This suggests that GPR143 is not a 540 

protein located on the outer membrane. Our research has found that overexpression of 541 

GPR143 in 293T cells which bound RGNNV receptor cannot increase the number of 542 

viruses entering the cells. In addition, overexpression of GPR143 in grouper spleen cell 543 

lines did not increase the entry of RGNNV into the cells. These indicate GPR143 is not 544 

a receptor. However, GPR143 accumulates around vacuoles in RGNNV-infected brain 545 

tissue, and inhibition of GPR143 reduces RGNNV-induced vacuolation, whereas 546 

increased GPR143 expression exacerbates vacuolation. These results highlight the 547 

pivotal role of GPR143 in RGNNV-induced vacuolation. 548 

Virus-induced vacuolation of cells is primarily related to autophagy. Various viruses 549 



employ diverse strategies to regulate autophagy. Viral CPs often initiate autophagic 550 

responses by binding to membrane proteins, such as NECTIN4 in peste des petits 551 

ruminants virus and heat shock protein 90AA1 in influenza A virus (Yang et al., 2020; 552 

Wang et al., 2020b). Some viruses encode proteins that modulate autophagy, such as 553 

Nef in HIV and ICP34.5 in herpes simplex virus 1(Kyei et al., 2009; Orvedahl et al., 554 

2007). Our findings suggest that RGNNV initially binds to GPR143 to regulate cellular 555 

vacuolation. While GPCRs often function as viral receptors on cell membranes, 556 

facilitating attachment, entry, replication, and egress (Cilliers et al., 2005; Jakobsen et 557 

al., 2010; Wang et al., 2020a), GPR143 is predominantly localized in intracellular 558 

membranes in mammals (Innamorati et al., 2006; Samaraweera et al., 2001). Viruses 559 

can bind to intracellular membrane proteins in lysosomes or autophagosomes (Ueo et 560 

al., 2020; Zhou et al., 2011), and GPCRs on these organelles play crucial roles in their 561 

function and interactions (Gan et al., 2019; Shin et al., 2022; Zhang et al., 2022a).  562 

Autophagy, a critical cellular catabolic process, maintains cellular homeostasis by 563 

degrading long-lived proteins and damaged organelles within lysosomes (Boya & 564 

Reggiori, 2013; Maiuri et al., 2007; Mizushima et al., 2007). Autophagy begins with 565 

the formation of autophagosomes, which eventually fuse with lysosomes to form 566 

autolysosomes (Boya & Reggiori, 2013; Yu et al., 2018). Our findings revealed that 567 

GPR143 binds to RGNNV CP on intracellular membranes. In GS cells, GPR143 co-568 

localizes with LC3 (expressed in autophagosomes and autolysosomes) but not with 569 

LAMP1 (expressed in lysosomes and autolysosomes) in the absence of RGNNV 570 

infection. Post-infection, GPR143 co-localizes with LAMP1, and LC3 binds to LAMP1; 571 

however, inhibiting GPR143 prevents LC3 from binding to LAMP1. This indicates that 572 

RGNNV CPs bind to GPR143 intracellularly, and GPR143 is crucial for regulating 573 

autophagosome-lysosome fusion post-RGNNV infection. 574 

Autophagy regulation involves various signaling pathways, including the 575 

serine/threonine kinase mTOR, which is integral to autophagy in mammalian cells (Li 576 

Y et al., 2015). The mTOR pathway is closely associated with virus-induced autophagy 577 



and interacts with upstream signals, such as PI3K/AKT, AMPK, and MAPK, to initiate 578 

autophagy. MAPK pathways are key regulators of autophagosome formation in 579 

eukaryotic cells (Madeo et al., 2015).  580 

MKK6 receives upstream signals that regulate downstream activation of MAPK in 581 

the cytoplasm and nucleus (Li et al., 2016; Raingeaud et al., 1996). In mammalian 582 

species, various proteins bind to MKK6 to activate downstream pathways, such as the 583 

tumor suppressor protein, LRRK2, and Jhdm1b (Hsu et al., 2010; Wang et al., 2019). 584 

Our results showed that MKK6 combines with GPR143 and that GPR143 and MKK6 585 

co-localize around brain vacuoles after RGNNV infection, indicating that GPR143 586 

regulates RGNNV-induced vacuolization through MKK6. 587 

MKK6 is a central regulatory protein responding to environmental and physiological 588 

stimuli (Chabaud-Riou & Firestein, 2004; Chang & Karin, 2001). MKK6 is reportedly 589 

activated in mice and Litopenaeus vannamei in response to environmental stress, 590 

bacteria, and viruses (Li et al., 2016; Hammaker et al., 2012; Huang et al., 2011; 591 

Yoshizawa et al., 2009; Raingeaud et al., 1995). Mammalian MKK6 activates p38 in 592 

response to environmental stress and inflammation and specifically activates p38 593 

MAPK isoforms (Raingeaud et al., 1995; Enslen et al., 1998; Yan et al., 2024). In 594 

groupers, four p38 isoforms exist: α, β, γ, and δ (Wang et al., 2021c; Cai et al., 2011). 595 

Bacterial and viral infections activate p38 (Shi et al., 2014; Yan et al., 2013). In the 596 

MAPK signaling pathway, MKK6 receives upstream signals that phosphorylate 597 

threonine and tyrosine residues in TGY motifs of downstream p38 MAPKs, activating 598 

downstream transcription factors and specific target gene expression (Dashti et al., 2001; 599 

Kim et al., 2010; Qu et al., 2019). Our study suggests that MKK6 plays a vital role in 600 

RGNNV-induced cellular vacuolation; however, the specific p38 isoform(s) involved 601 

remain unknown. In this study, we observed that after RGNNV infection, MKK6 602 

induces p38β phosphorylation, and inhibition of p38β reduces RGNNV-induced 603 

vacuolation. These results indicate that RGNNV-induced cellular vacuolation is mainly 604 

regulated by the GPR143 –MKK6–p38β pathway. 605 



Cellular vacuolation is often caused by autophagy, which begins with the formation 606 

of phagophores that form double-membrane-delimited autophagosomes by elongating 607 

and enclosing cytoplasmic constituents. The binding of lysosomes to autophagosomes 608 

is crucial in autophagy. In mammals, mTORC regulates lysosomal migration and 609 

activity. GPCRs primarily regulate the function of mTORC in lysosomal migration 610 

(Gan et al., 2019; Shin et al., 2022). p38 plays a crucial role in regulating mTORC 611 

(Romero-Becerra et al., 2022; Wang et al., 2022). Our findings revealed that RGNNV 612 

infection increases mTORC phosphorylation, and inhibition of GPR143 MKK6, or 613 

p38β significantly inhibits RGNNV-induced mTORC phosphorylation, thus inhibiting 614 

lysosome-autophagosome binding. This suggests that RGNNV may regulate lysosome 615 

and autophagosome binding by modulating mTOR phosphorylation through the 616 

GPR143 –MKK6–p38β pathway. 617 

In conclusion, the present study has elucidated a novel mechanism by which RGNNV 618 

induces cytoplasmic vacuolation in teleosts through the GPR143 -MKK6-P38–mTOR 619 

pathway. Initially, RGNNV enters the cell through acceptor; the RGNNV CP then binds 620 

to GPR143 Subsequently, CP binds to GPR143 to facilitate GPR143 binding to MKK6 621 

and promotes p38 phosphorylation. Afterward, p38 phosphorylation targets the mTOR 622 

pathway to promote autophagosome-lysosome binding, thereby inducing cytoplasmic 623 

vacuolation (Figure 9). Collectively, our findings revealed that RGNNV induces 624 

cytoplasmic vacuolation in fish. Our findings may offer a novel therapeutic approach 625 

for mitigating the effects of RGNNV and other similar viral infections on marine fish. 626 
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Figure  841 

 842 

Figure 1. GPR143 promotes RGNNV-induced cell vacuolation. (A) Brain histology of 843 

PBS- and RGNNV-treated fish, with vacuoles indicated using black arrowheads. 1 d, 3 844 

d and 5 d indicate 1 day, 3 days, and 5 days after RGNNV infection. Scale bar: 50 845 

μmol/L. (B) Statistical analysis of the number of vacuoles per mm2. Five fish were 846 

analyzed, with three images taken for each fish. ****P<0.000 1. (C) Levels of cp in 847 

grouper brains were determined via western blotting at 1 day, 3 days, and 5 days 848 

following RGNNV infection. M: Mock, R: RGNNV, R+G: RGNNV+GPR143 R+siG: 849 

RGNNV+siGPR143 (D) gpr143 expression in brain tissue from PBS- and RGNNV-850 

treated groupers (n=10). ***P<0.001, ****P<0.000 1. (E) Cell morphology and 851 



cytopathic effects (vacuolation) in GS cells without treatment (Mock) or treated with 852 

RGNNV or RGNNV+GPR143  or RGNNV+siGPR143 at 12h, 24h, and 48h. Scale 853 

bar=25 μmol/L. (F) Levels of CP in GS cells without treatment (Mock) or treated with 854 

RGNNV or RGNNV+GPR143 or RGNNV+siGPR143 at 12h, 24h, and 48 h. (G) 855 

Expression of cp in GS cells without treatment (Mock) or treated with RGNNV or 856 

RGNNV+GPR143 or RGNNV+siGPR143  at 12h, 24h, and 48h (n=4). (H) 857 

Expression of rdrp in GS cells without treatment (Mock) or treated with RGNNV or 858 

RGNNV+GPR143 or RGNNV+siGPR143 at 12h, 24h, and 48h (n=4). (I) RGNNV 859 

PFU per milliliter measured as TCID50 with siGPR143 treated. 860 

 861 
 862 



 863 



Figure 2. GPR143 binds to the RGNNV CP but is not a receptor. (A) Multicolor FISH 864 

staining to validate the GPR143 and CP states. FISH staining showed that gpr143 and 865 

cp were co-located in the grouper brain; moreover, the binding of GPR143 to CP in the 866 

brains of the RGNNV infection fish was observed. The white box area shows a 867 

magnified view of the lower left corner. Scale bar: 200 μmol/L. (B) Interaction between 868 

GPR143 and CP. Co-IP was performed on the plasmid-co-transfected GS cells. Cells 869 

were treated with an anti-HA antibody, and western blotting was performed using an 870 

anti-FLAG antibody. HA-tagged GPR143 co-precipitated with FLAG-tagged CP, 871 

whereas control FLAG did not coprecipitate. The expected size of CPs was 54.28 kD. 872 

(C) Interaction between GPR143 and CP. Co-IP was performed on plasmid-co-873 

transfected GS cells using an anti-FLAG antibody, and western blotting was performed 874 

using an anti-HA antibody. HA-tagged GPR143 co-precipitated with FLAG-tagged CP, 875 

whereas control FLAG did not coprecipitate. The expected size of GPR143 protein was 876 

44.59 kD. (D) After overexpression of GPR143 HSC70, and GPR143+HSC70 in 877 

HEK293T and GS cells, RGNNV was infected, and CP expression in the cells was 878 

detected. (E) Co-transfection with GFP-GPR143 and Cherry-CP after PBS or RGNNV 879 

treatment. Upon PBS treatment, GPR143 and CP did not cluster. After RGNNV 880 

infection, GPR143 and CP clustered together. Scale bar=10 μmol/L. 881 



 882 

Figure 3. GPR143 plays a vital role in the binding of autophagosomes and lysosomes. 883 

(A) Status of GPR143 in infected and uninfected grouper brain tissue. GPR143 -884 

positive signals were few and dispersed in uninfected brain tissue, whereas GPR143 885 

localized around vacuoles in RGNNV-infected brain tissue. The red five-pointed stars 886 

represent the vacuoles. The bottom row shows a magnified view of the boxed areas in 887 

the top row (panorama). Scale bar=100 μmol/L. (B) Multicolor FISH staining to 888 



validate the GPR143 and virus target cell states after virus infection 12h, 24h, 36h and 889 

48h. FISH staining showed that gpr143 and virus target cell marker gene slc17a7 were 890 

co-located in the RGNNV infection cell; moreover, RGNNV infection will induce the 891 

formation of aggregated gpr143 in the target cells and forming vacuoles. The white 892 

triangle indicates that gpr143 and slc17a7 aggregate. Scale bar: 20 μmol/L. (C) Co-893 

transfection with GFP-GPR143 and Cherry-LC3 or Cherry-LAMP1 after PBS 894 

treatment or RGNNV infection. Following PBS treatment, GPR143 and LC3 or 895 

LAMP1 did not cluster together. After RGNNV infection, GPR143 and CP clustered 896 

together, but only a small amount of GPR143and LAMP1 clustered together. Scale 897 

bar=10 μmol/L. (D) Co-transfection with GFP-LC3 and Cherry-LAMP1 after PBS or 898 

RGNNV infection. After PBS treatment, LC3 and LAMP1 did not cluster together. 899 

After RGNNV infection, LC3 and LAMP1 clustered together at 12, 24, and 48 h after 900 

infection. Scale bar=10 μmol/L (E) Co-transfection with GFP-LC3 and Cherry-LAMP1 901 

after PBS treatment or RGNNV infection in which siRNA was used to inhibit GPR143 902 

Upon PBS treatment, LC3 and LAMP1 did not cluster together at 12, 24, or 48h after 903 

treatment. After RGNNV infection, LC3 and LAMP1 did not cluster together at 12 or 904 

24h, but a small amount of LC3 and LAMP1 clustered together at 48h after RGNNV 905 

infection. Scale bar=10 μmol/L. 906 

 907 

  908 



 909 

Figure 4. GPR143 regulates RGNNV-induced vacuolization through MKK6. (A) 910 

Expression of mkk6 in the brain tissue of PBS- or RGNNV-treated fish (n=8). 911 



****P<0.000 1. (B) Expression of mkk6 in the Mock, RGNNV+pcDNA3.1-3×flag, 912 

and RGNNV+pcDNA3.1-GPR143 groups after RGNNV infection (n=4). **P<0.01. 913 

(C) Western blotting of MKK6 in brain tissue from PBS-or RGNNV-treated fish. (D) 914 

Western blotting of MKK6 in brain tissue from the Mock, RGNNV, and RGNNV+ 915 

GPR143 groups. (E) Multicolor FISH staining to validate the gpr143 and mkk6 states. 916 

FISH staining showed that gpr143 and cp mRNA were not co-located in the PBS-917 

treated grouper brain but were co-located after RGNNV infection. Scale bars=200 918 

μmol/L. (F) Co-IP performed on plasmid-co-transfected GS cells using an anti-HA 919 

antibody, and western blotting was performed using an anti-FLAG antibody to 920 

monitor the interaction between GPR143 and MKK6. HA-tagged GPR143 was co-921 

precipitated with FLAG-tagged MKK6, whereas the control FLAG could not be co-922 

precipitated. (G) Co-IP was performed on plasmid-co-transfected GS cells using an 923 

anti-FLAG antibody, and western blotting was performed using an anti-HA antibody 924 

to monitor the interaction between GPR143 and MKK6. HA-tagged GPR143 was co-925 

precipitated with FLAG-tagged MKK6, whereas the control FLAG could not be co-926 

precipitated. (H) Multicolor FISH staining to validate the gpr143 and mkk6 mRNAs 927 

aggregation showed almost no co-localization of gpr143 and mkk6 in PBS-treated 928 

brains but revealed co-localization around the vacuoles during RGNNV infection. The 929 

white dotted line denotes a vacuole. Scale bar=20 μmol/L. 930 
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 938 
Figure 5. MKK6 regulates the vacuolization induced by RGNNV through p38. (A) 939 

Expression of p38α, p38β, p38γ, and p38δ in RGNNV-treated fish brain (n=8). (B–E) 940 

Binding of MKK6 and P38α, P38β, P38γ, or P38δ before and after RGNNV infection. 941 

(F) Phosphorylation of P38β in brain tissue from Mock-, RGNNV-, and 942 

RGNNV+SB20358- treated fish. (G) Brain histology of Mock, RGNNV, RGNNV+ 943 

10μmol/LSB20358，RGNNV+50μmol/LSB20358 and RGNNV+100μmol/LSB20358-944 

treated fish. The black arrowhead indicates vacuoles. Scale bar=50 μmol/L. (H) 945 

Statistical analysis of the number of vacuoles per mm2. Five fish were analyzed. 946 

*P<0.05, **P<0.01, ****P<0.000 1. (I) Expression of cp in Mock-, RGNNV-, 947 



RGNNV+10μmol/LSB20358 ， RGNNV+50μmol/LSB20358 and 948 

RGNNV+100μmol/LSB20358-treated fish brain (n=5). (J) Expression of rdrp in 949 

Mock-, RGNNV-, RGNNV+10μmol/LSB20358，RGNNV+ 50μmol/LSB20358 and 950 

RGNNV+100μmol/LSB20358-treated fish brain (n=5). (K) Multicolor FISH staining 951 

was used to validate the gpr143, mkk6, and p38β localization in brain tissue. Following 952 

RGNNV infection, gpr143, mkk6, and p38β mRNAs were found to co-localization 953 

around the vacuoles, and treatment with SB203580 reduced this co-localization. Scale 954 

bar=50 μmol/L. White arrowhead indicates the co-localization of gpr143, mkk6, and 955 

p38β mRNA; white five-pointed stars represent the vacuoles. (L) Cumulative mortality 956 

rate for each group of orange-spotted groupers during the 14-day experimental period 957 

after the different treatments (Mock, RGNNV, RGNNV + SB20358). 958 
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Figure 6. P38 is a downstream target of MKK6 and regulates the RGNNV-induced 961 

binding of autophagosomes and lysosomes. (A) Inhibition of GPR143 expression by 962 

siRNA inhibits P38β phosphorylation induced by RGNNV. (B) Inhibition of MKK6 963 

expression by siRNA inhibited P38β phosphorylation induced by RGNNV. (C) 964 

Inhibition of P38 function by SB203580 did not affect RGNNV-induced binding of 965 

GPR143 to MKK6. (D) Co-transfection with GFP-LC3 and Cherry-LAMP1 after Mock, 966 

RGNNV, and RGNNV+SB203580 treatments. In the Mock group, LC3 and LAMP1 967 

did not cluster together. In the RGNNV infection group, numerous LC3 and LAMP1 968 

clusters were combined into larger clumps. In the RGNNV+SB203580 treatment, a 969 

reduced amount of LC3 and LAMP1 clustered and did not combine into larger clumps. 970 

Scale bar=10 μmol/L. (E) Cell morphology and CPEs (vacuolation) after Mock, 971 

RGNNV, and RGNNV+SB203580 treatment groups at 12h, 24h, and 48h. The black 972 

arrowhead indicates vacuoles. Scale bar=25 μmol/L. (F) Statistical analysis of the 973 

number of vacuoles cells per mm2. Five images were analyzed in each group. 974 

****P<0.000 1. (G) Levels of CP in GS cells without treatment (Mock) or treated with 975 

RGNNV or RGNNV+SB203580 at 12h, 24h, and 48h. (H) Statistical analysis of the 976 

number of vacuoles cells per every 50 cells. **P<0.01, ****P<0.000 1. (I) Statistical 977 

analysis of the diameter of cell vacuoles. (J) Expression of cp in the GS cells without 978 

treatment (Mock) or treated with RGNNV or RGNNV+SB203580 at 12h, 24h, and 48h 979 

(n=4). (K) Expression of rdrp in the GS cells without treatment (Mock) or treated with 980 

RGNNV or RGNNV+SB203580 at 12h, 24h, and 48h (n=4). (L) RGNNV PFU per 981 

milliliter measured as TCID50 with SB203580 or without SB203580 treated.  982 
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985 
Figure 7. mTORC is a downstream regulatory element of p38, and its phosphorylation 986 

is crucial for cellular vacuolation induced by RGNNV. (A) Western blotting of mTORC 987 

and p-mTORC in PBS- or RGNNV-treated fish brain. (B) Western blotting showing the 988 

expression and phosphorylation of mTORC protein after inhibition of GPR143 MKK6, 989 

or p38 followed by treatment with RGNNV. (C) Co-transfection with GFP-LC3 and 990 

Cherry-LAMP1 after inhibition of GPR143 MKK6, or mTORC, followed by treatment 991 

with RGNNV. In the RGNNV group, LC3 and LAMP1 clustered together and 992 



combined into larger clumps, whereas in the siGPR143 +RGNNV, siMKK6+RGNNV, 993 

and simTORC+RGNNV treatment groups, LC3 and LAMP1 did not cluster together. 994 

Scale bar=10 μmol/L. (D) Cell morphology and CPEs (vacuolation) in Mock, RGNNV, 995 

siGPR143+RGNNV, siMKK6+RGNNV, and simTORC+RGNNV treatment groups at 996 

12h, 24h, and 48h. Scale bar=25 μmol/L. (E) Statistical analysis of the number of 997 

vacuoles cells per mm2. Five images were analyzed in each group. *P<0.05, ** P<0.01, 998 

****P<0.000 1. (F) Levels of CP in Mock, RGNNV(R), siGPR143+RGNNV (siG), 999 

siMKK6+RGNNV (siM), and simTORC+RGNNV (simT) treatment groups at 12h, 24h, 1000 

and 48h. (G) Statistical analysis of the number of vacuoles cells per every 50 cells. 1001 

**P<0.01, ****P<0.000 1. (H) Statistical analysis of the diameter of cell vacuoles. (I) 1002 

RGNNV PFU per milliliter measured as TCID50 with siGPR143 siMKK6 and 1003 

simTORC treated. *P<0.05. (J) Expression of cp in Mock, RGNNV, siGPR143 1004 

+RGNNV, siMKK6+RGNNV, and simTORC+RGNNV treatment groups at 12h, 24h 1005 

and 48h (n=4), **P<0.01. (K) Expression of rdrp in Mock, RGNNV, 1006 

siGPR143+RGNNV, siMKK6+RGNNV, and simTORC+RGNNV treatment groups at 1007 

12h, 24h, and 48h (n=4), **P<0.01. 1008 
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Figure 8. Knockout of GPR143 zebrafish mutants shows a phenomenon similar to that 1012 

of grouper and involves the GPR143 –MKK6–P38 pathway. (A) Genomic structure of 1013 

the zebrafish GPR143 gene, consisting of eight exons (colored boxes) and seven introns 1014 

(black lines). The partial sequence of the first exon is shown in the box below, with the 1015 

CRISPR/Cas9 target site marked using a red line and highlighted in the sequence. (B) 1016 

Sequence confirmation of the mutations. (C) RT-qPCR assay for gpr143 expression in 1017 

the brain using mutation-specific primers. (D) mkk6 expression in WT and GPR143-/- 1018 

knockout zebrafish, both uninfected and infected with RGNNV. (E) Expression of p38β 1019 

in WT and GPR143-/- knockout zebrafish, infected and uninfected with RGNNV. (F) 1020 

Multicolor FISH staining to validate the localization of mkk6 and p38β mRNA in brain 1021 

tissue of WT and GPR143 knockout zebrafish treated with PBS or RGNNV. Co-1022 

localization of mkk6 and p38β was observed following RGNNV infection in WT 1023 

zebrafish, but not in GPR143 mutants. Scale bar = 50 μmol/L. (G) Brain histology of 1024 

WT and GPR143-/- zebrafish, both uninfected and infected with RGNNV, with black 1025 

arrowheads indicating vacuoles. Scale bar = 50 μmol/L. (H) TUNEL assay showing 1026 

brain cell apoptosis in WT and GPR143-/- zebrafish, both uninfected and infected with 1027 

RGNNV, with black arrowheads indicating TUNEL-positive signals. Scale bar = 50 1028 

μmol/L. (I) Cumulative mortality rate for each group of WT and GPR143-/- zebrafish 1029 

over a 14-day period after PBS treatment or RGNNV infection. (J) Expression of cp in 1030 

WT and GPR143-/- zebrafish after RGNNV treatmented 24h (n=10). (K) Expression of 1031 

rdrp in WT and GPR143-/- zebrafish after RGNNV treatmented 24h (n=10). 1032 



 1033 

Figure 9. Conceptual model of RGNNV-mediated cellular vacuolation via the GPR143 1034 

pathway. RGNNV first binds to HSC70 or HSP90ab1 to enter the cell, where it interacts 1035 

with GPR143 on a phagophore. This interaction promotes the phosphorylation of p38 1036 

via MKK6, which in turn stimulates mTORC phosphorylation, enhancing 1037 

autophagosome and lysosome binding, culminating in cellular vacuolation. 1038 
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摘要 1053 

诱导细胞空泡化是很多病毒引起细胞死亡的重要步骤，但其机制尚不明确。1054 

神经坏死病毒（NNV）感染会引起鱼类脑组织细胞显著的空泡化。G 蛋白偶联受1055 

体（GPCR）在调控自噬体功能和细胞空泡形成方面发挥重要作用。我们前期通1056 

过全基因组关联分析发现 GPR143 是石斑鱼抗赤点石斑鱼神经坏死病毒1057 

（RGNNV）的关键候选靶基因。本研究以斜带石斑鱼和 RGNNV 为模型，探究1058 

GPR143 在神经坏死病毒诱导细胞空泡化中的作用。结果表明，GPR143 会加速1059 

自噬体与溶酶体结合促进 RGNNV 诱导细胞的空泡化。进一步发现，RGNNV 感1060 

染诱导 GPR143 与 MKK6 结合，而 MKK6 又通过调控 p38 磷酸化来影响雷帕霉1061 

素靶蛋白（mTOR）通路，进而促进自噬体与溶酶体结合诱发细胞质空泡化。最1062 

后通过 GPR143 基因敲除斑马鱼模型证实，缺失 GPR143 可显著减轻脑部空泡1063 

化并降低鱼苗死亡率。这些结果表明 GPR143 通过 MKK6-p38 通路介导硬骨鱼1064 

类病毒诱导的细胞空泡化。本研究揭示了病毒在脊椎动物中引发空泡化的新途径。 1065 
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