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Abstract: 4 

Our previous study demonstrated that epigallocatechin gallate (EGCG) suppresses 5 

the pseudorabies virus (PRV) replication. In this study, we found that PRV replication 6 

triggers caspase-3-dependent apoptosis. Further investigation revealed that BNIP3 7 

enhances this apoptotic process, facilitating PRV propagation. Mechanistically, PRV 8 

infection upregulates JAK1 expression and induces phosphorylation of STAT1, STAT5, 9 

and STAT6, while concurrently suppressing STAT3 phosphorylation. Intriguingly, 10 

JAK1, STAT3, STAT5, and STAT6 collectively promote BNIP3/caspase-3-mediated 11 

apoptosis to enhance viral replication, whereas STAT1 exerts an opposing effect by 12 

inhibiting this apoptotic pathway. Notably, EGCG attenuates PRV-induced apoptosis, 13 

thereby impairing viral replication. Specifically, EGCG downregulates PRV-mediated 14 
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expression of JAK1, BNIP3, and phosphorylation of STAT1, STAT5, and STAT6, while 15 

restoring the diminished phosphorylation of STAT3. These findings indicate that EGCG 16 

inhibits apoptosis primarily through the JAK1/STAT5 and JAK1/STAT6 pathways, 17 

rather than the JAK1/STAT1 or JAK1/STAT3 pathways, to suppress PRV 18 

replication.This study provides new insights into the molecular mechanisms of PRV-19 

induced apoptosis and highlights the therapeutic potential of EGCG in mitigating PRV 20 

infection. 21 

Keywords: PRV, EGCG, STATs, BNIP3, apoptosis 22 

Introduction 23 

Pseudorabies virus (PRV), the causative agent of Aujeszky's disease, is an 24 

alphaherpesvirus characterized by a double-stranded DNA genome. As a member of 25 

this subfamily that includes herpes simplex virus types 1 (HSV-1) and 2 (HSV-2) as 26 

well as varicella-zoster virus [1-3]. PRV has served as an important model organism for 27 

studying alphaherpesvirus biology and latency mechanisms. In its natural porcine hosts, 28 

PRV infection typically manifests as neuroencephalitis accompanied by respiratory and 29 

reproductive disorders, posing significant economic burdens in endemic regions 30 

worldwide. Notably, since 2012, the emergence of novel PRV variants [4, 5], has 31 

complicated disease control efforts, as these strains demonstrate reduced susceptibility 32 

to existing vaccination strategies. Particularly, recent reports from China documenting 33 

PRV's zoonotic potential, with clinical cases of human endophthalmitis and viral 34 

isolation from cerebrospinal fluid [6-9], highlighting growing public health 35 

implications. 36 

Apoptosis serves as a fundamental biological process that maintains cellular 37 

homeostasis and regulates organismal development [10-13]. This programmed cell 38 

death mechanism functions as a crucial host defense system against pathogens while 39 

playing pivotal roles in tissue development and cellular senescence. However, the 40 

relationship between alphaherpesviruses and apoptosis remains controversial, with 41 

studies demonstrating both pro- and anti-apoptotic effects. In the case of PRV, multiple 42 

apoptotic pathways have been identified. PRV has been shown to induce apoptosis 43 

through oxidative stress mechanisms [14], and via its gM protein, which triggers 44 
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mitochondria-related apoptosis [15]. Conversely, other studies have demonstrated that 45 

PRV infection activates apoptosis through the p38 MAPK and JNK/SAPK pathways 46 

[16] while the viral US3 protein exhibits anti-apoptotic effects by activating PI3K/AKT 47 

and NF-κB signaling [17]. The Janus kinase/signal transducer and activator of 48 

transcription (JAK/STAT) signaling pathway, known for its critical role in cell 49 

development [18], and its association with colorectal adenoma progression, represents 50 

the key regulatory network in cellular processes. Given these diverse findings and the 51 

importance of JAK/STAT signaling in cellular regulation, we specifically investigated 52 

its involvement in PRV-induced apoptosis. 53 

Epigallocatechin-3-gallate (EGCG), the predominant bioactive polyphenol in 54 

nature, exhibits remarkable pleiotropic effects including antioxidant, antiviral, 55 

antibacterial, and anti-inflammatory properties, along with demonstrated antitumor and 56 

antiangiogenic activities [19-26].Our previous work established that EGCG exerts 57 

dose-dependent inhibition of PRV infection by disrupting viral adsorption, cellular 58 

entry, and replication processes [27]. Building on these findings, the current study 59 

investigates EGCG's potential to modulate PRV replication through regulation of 60 

apoptosis via the JAK1/STATs/BNIP3/caspase-3 signaling axis.  61 

 62 

Material and methods 63 

Cells and viruses 64 

PK15 and PK15 B6 cells were obtained from the Yangzhou University laboratory 65 

and maintained in Dulbecco's modified Eagle medium containing 5% fetal bovine 66 

serum. 67 

The PRV strain XJ5 (mutant strain) was isolated and stored at the Yangzhou 68 

University laboratory. PRV Ra strain (classic strain) was purchased from the China 69 

Institute of Veterinary Drug Control. 70 

Antibodies and Reagents 71 

The EGCG was purchased from Selleck. The JAK1 tyrosine kinase inhibitor 72 

Ruxolitinib (INCB018424) was acquired from APExBIO. The transfection reagent 73 

Fuguen was purchased from Progema. Anti-JAK1 was obtained from Cell Signaling 74 
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Technology. Anti-phospho-STAT1, anti-STAT1, anti-phospho-STAT3, anti-STAT3, 75 

anti-phospho-STAT5, anti-STAT5, anti-phospho-STAT6, and anti-STAT6 were 76 

procured from Affinity. The anti-BNIP3 was obtained from ABclonal. Anti-caspase-3 77 

antibodies were acquired from Santa Cruz. Bax and Cytochrome C were purchased 78 

from Proteintech. Anti-β-actin was obtained from TransGen Biotech. The gE and UL42 79 

antibodies were obtained from our laboratory. Caspase-3 Activity Assay Kit was from 80 

Beyotime. Apoptosis Assays Kit was purchased from UE. 81 

Establishment of pcDNA3.1-BNIP3 plasmid and transfection 82 

The porcine BNIP3 sequence was downloaded from NCBI, and the primers were 83 

designed using Oligo 6 (Table S1). The PCR product was cloned into the pcDNA3.1 84 

vector to generate pcDNA3.1-BNIP3. PK15 and PK15 B6 cells were transfected with 85 

2.5 μg pcDNA3.1-BNIP3 using 7.5 μL Fugene. After 24 h of the transfection, the 86 

culture media was removed, changed with fresh media, and the cells were infected with 87 

PRV XJ5 and Ra. BNIP3 expression and other proteins change were detected using 88 

Western blot. 89 

Generation of gene knockout cell lines via CRISPR/Cas9 system 90 

Single Guide RNAs (sgRNAs) targeting porcine BNIP3, STAT1, STAT3, STAT5, 91 

and STAT6 (Table S1) were synthesized and cloned into the lentiCRISPR v2 vector. 92 

Human 293T cells were seeded in 4 cm dishes with 1×106 per dish. The cells were 93 

transfected with 1100 ng/dish sgRNA, 658 ng/dish pLP1, 309 ng/dish pLP2 (packaging 94 

plasmid), and 430 ng/dish pLPVSVG (envelope plasmid) using Fugene. After 24, 48, 95 

and 72 h of the transfection, the culture media containing lentivirus were collected and 96 

used to infect PK15 cells, which were then screened with puromycin (2 μg/mL) for 97 

three days. BNIP3, STAT1, STAT3, STAT5, and STAT6 expressions were determined 98 

using real-time quantitative polymerase chain reaction (RT-qPCR) and Western blot 99 

analysis. 100 

Western blot 101 

The cell samples were lysed with cell lysis buffer (Beyotime). BCA assay was 102 

used to detect protein concentrations. Equal amounts of proteins were separated using 103 

12% SDS-PAGE, then transferred into the nitrocellulose membrane. The membrane 104 
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was blocked with 3% non-Fat powered milk for 2 h at room temperature (RT) and 105 

incubated overnight at 4℃ with different primary antibodies. After 24 h, membranes 106 

were incubated with secondary antibodies for 1.5 h at RT, and protein bands were 107 

analyzed using the Super ECL Reagent Solution kit (Shanghai share Biotechnology, 108 

China). 109 

RT-qPCR 110 

Total RNA was extracted with the TriZol reagent. For cDNA synthesis, 1 μg of 111 

total RNA was reverse-transcribed with HiScript III-RT SuperMix (+gDNA wiper) 112 

(Vazyme, China) for qPCR. cDNA was stored at -80 ℃. Gene expression was 113 

quantified using RT-qPCR with ChamQ Universal SYBR qPCR Master Mix (Vazyme, 114 

China). The data were normalized based on the β-actin expression level in each sample. 115 

The 2-Ct method was used to calculate relative expression changes. The RT-qPCR 116 

primers for porcine BNIP3, STAT1, STAT3, STAT5, and STAT6 are listed in Table S2. 117 

YF488-Annexin V (FITC)/PI double staining  118 

The YF488-Annexin V and PI Apoptosis detection kit was used to determine 119 

apoptosis according to the manufacturer's instructions. After infection with PRV XJ5 120 

and Ra (MOI = 0.1) for 24 h, the cells were digested with trypsin without EDTA. The 121 

cells were collected by centrifugation at 1,000 g for 5 min and washed two times with 122 

PBS. Furthermore, cells were suspended in a binding buffer and incubated with 5μL 123 

YF488-Annexin V and 5 μL PI staining at ice for 10 min for flow cytometry analysis. 124 

Caspase-3 activity assay 125 

Caspase-3 Activity Assay Kit was used to analyze cell apoptosis rate. The cell 126 

samples were digested with trypsin-EDTA and centrifuged at 600×g 4 ℃ for 5 min. The 127 

harvested cells were washed twice with PBS. Briefly, 200 μL cellular lysate was added 128 

to cells and incubated at 4 ℃ for 15 min. The lysate was then centrifuged at 12,000 rpm 129 

and 4 °C for 15 min to remove insoluble debris. After transferring the supernatant to a 130 

new centrifuge tube, 50 μL supernatant was mixed with 10 μL Ac-DEVD-pNA (2 mM) 131 

and 40 μL detection buffer. Caspase-3 enzymatic activity was finally quantified by 132 

measuring the absorbance at 450 nm with a microplate spectrophotometer. 133 

Statistical analysis 134 
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All experiments were repeated at least three times independently, and all data were 135 

presented as mean ± SD. The data were analyzed using GraphPad Prism software 136 

(GraphPad Software, San Diego, CA). The differences were considered statistically 137 

significant when P < 0.05. 138 

 139 

Results 140 

PRV replication activates caspase-3-dependent apoptosis 141 

To characterize PRV-induced apoptosis, PK15 and PK15-B6 cells were infected 142 

with PRV XJ5 and Ra strains at a multiplicity of infection (MOI) of 0.1. Infected cells 143 

were harvested at 6, 12, and 24 hours post-infection (hpi) for apoptosis assessment. 144 

Both mock-infected and PRV-infected cells were stained with Annexin V-FITC and 145 

propidium iodide (PI) [28] and subjected to flow cytometric analysis. As shown in the 146 

representative apoptosis profiles (Fig. 1A for PK15; Fig. S1A for PK15-B6), PRV 147 

infection significantly enhanced apoptotic rates compared to mock-infected controls. 148 

Results revealed that both XJ5 and Ra strains induced approximately 2.5-to 3-fold 149 

increases in apoptosis at 24 hpi across both cell lines. These results demonstrate that 150 

PRV infection triggers substantial apoptosis in porcine kidney epithelial cells within 24 151 

h of infection.  152 

To delineate the apoptotic pathway activated by PRV infection, we performed a 153 

time-course experiment in PK15 cells infected with PRV XJ5 and Ra strains (MOI = 154 

0.1) for 2-24 h. Western blot analysis demonstrated the progressive downregulation of 155 

full-length procaspase-3 protein levels as late as 24 hpi, while protein levels of Bax and 156 

cytochrome C remained unchanged (Fig. 1B, C). suggesting selective activation of 157 

caspase-3-mediated apoptosis These preliminary observations indicate a selective 158 

activation of caspase-3-mediated apoptotic signaling, rather than full-scale 159 

mitochondrial apoptosis engagement. This caspase-3-dependent mechanism was 160 

consistently observed in PK15-B6 cell lines (Fig. S1B, C). Complementary enzymatic 161 

assays revealed the significant increase in caspase-3 activity at 24 hpi in both PK15 162 

(Fig. 1D, E) and PK15-B6 cells (Fig. S1D, E). The temporal correlation between 163 

caspase-3 activation and apoptotic progression strongly indicates that PRV-induced 164 
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apoptosis primarily occurs through the caspase-3 pathway, independent of 165 

Bax/cytochrome C-mediated mitochondrial apoptosis. 166 

BNIP3 promotes apoptosis during PRV replication 167 

BNIP3 is a well-characterized pro-apoptotic protein localized to the mitochondrial 168 

outer membrane, where it mediates mitochondrial dysfunction and cell death [29-31]. 169 

While its role in various apoptotic pathways has been established, its involvement in 170 

PRV-induced apoptosis remained to be elucidated. Our time-course experiments 171 

revealed that PRV infection elicits significant, strain-independent upregulation of 172 

BNIP3 in both PK15 and PK15-B6 cell lines. In PK15 cells, BNIP3 protein 173 

accumulation was detected as early as 18 hours post-infection and further escalated 174 

through 24 hpi (Fig. 2A, B), while in PK15-B6 cells, BNIP3 upregulation was observed 175 

as early as 12 hpi and persisted through 24 hpi (Fig. S2A, B). 176 

To investigate the potential regulatory role of BNIP3 in apoptosis during PRV 177 

infection, we conducted the experiment in which BNIP3 was overexpressed in PK15 178 

cells for 24 h prior to infection with PRV strains XJ5 or Ra for an additional 24 h. 179 

Following this, western blot analysis and caspase-3 activity assays were performed. The 180 

results indicated that BNIP3 overexpression resulted in the reduction of caspase-3 181 

expression (Fig. 2C, E) and the increase in caspase-3 enzymatic activity during PRV 182 

infection in PK15 cells (Fig. 2D, F). To corroborate these findings, similar experiments 183 

were conducted using PK15 B6 cells. The data from these experiments confirmed that 184 

BNIP3 overexpression led to decreased caspase-3 expression and elevated caspase-3 185 

enzymatic activity during PRV replication in PK15 B6 cells (Fig. S2C-F). 186 

Subsequently, we knocked out BNIP3 in PK15 cells using a lentivirus packaging 187 

system, and the knockout efficiency was examined by RT-qPCR and Western blotting. 188 

(Fig. 2G, H). The BNIP3-deficient cells were subsequently infected with PRV XJ5 for 189 

duration of 24 h. Western blot analysis demonstrated that knockout BNIP3 led to the 190 

upregulation of caspase-3 expression (Fig. 2H). And the caspase-3 activity assay 191 

indicated the reduction in enzyme activity during PRV infection (Fig. 2I). Consistent 192 

results were obtained when cells were infected with the PRV Ra strain (Fig. 2J, K). 193 

Furthermore, flow cytometry analysis revealed that knockout BNIP3 attenuated PRV 194 
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XJ5 and Ra-induced apoptosis (Fig. 2L). Collectively, these findings suggest that 195 

BNIP3 facilitates apoptosis induced by PRV XJ5 and Ra. 196 

The effect of PRV infection on the JAK/STATs pathway. 197 

The JAK/STATs signaling pathway plays a critical role in cell development [18], 198 

regulating various developmental processes and antiviral immunity [32, 33]. However, 199 

the impact of the JAK/STAT signaling pathway during PRV infection has not been 200 

thoroughly investigated. Hence, we sought to explore the effect of PRV replication on 201 

this signaling pathway. PK15 and PK15 B6 cells were infected with PRV XJ5 (MOI = 202 

0.1) for 2, 4, 8, 12, 18, and 24 h. As depicted in Fig. 3A and S3A, PRV XJ5 infection 203 

led to an increase in JAK1 expression at 12, 18, and 24 h post-infection (hpi), along 204 

with the phosphorylation of STAT1, STAT5, and STAT6 at 18 and 24 hpi. However, 205 

phospho-STAT3 was reduced at 18 and 24 hpi. To ascertain whether this increase is 206 

strain-dependent, we also evaluated the effect of the PRV Ra strain on the JAK/STAT 207 

signaling pathway in PK15 and PK15-B6 cells. As expected, PRV Ra upregulated JAK1 208 

expression at 12, 18, and 24 hpi, as well as the phosphorylation of STAT1, STAT5, and 209 

STAT6 at 18 and 24 hpi (Fig. 3B and S3B). Nevertheless, similar to PRV XJ5, PRV Ra 210 

also decreased phospho-STAT3 at 18 and 24 hpi.  211 

STAT1 downregulated apoptosis induced by PRV. 212 

To investigate the impact of STAT1 on apoptosis induced by PRV, we employed the 213 

lentivirus packaging system to knock out STAT1 in PK15 cells, which was confirmed 214 

through qRT-PCR and western blot analysis (Fig. 4A, B and D). Subsequently, the cells 215 

were infected with PRV XJ5 or Ra for 24 h. Western blot analysis revealed that STAT1 216 

knockout resulted in increased BNIP3 expression and decreased caspase-3 levels (Fig. 217 

4B, D). Moreover, the caspase-3 activity assay showed that STAT1 knockout led to 218 

increased caspase-3 enzyme activity during PRV infection (Fig. 4C, E). Additionally, 219 

flow cytometry analysis indicated that STAT1 knockout upregulated apoptosis induced 220 

by both PRV XJ5 and Ra (Fig. 4F, G). These results collectively suggest that STAT1 221 

downregulates BNIP3/caspase-3-dependent apoptosis induced by PRV XJ5 and Ra. 222 

STAT3 upregulated apoptosis induced by PRV. 223 

To explore the influence of STAT3 on apoptosis induced by PRV, we employed the 224 
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Lentivirus packaging system to knock out STAT3 in PK15 cells, and the success of 225 

STAT3 gene knockout was confirmed using RT-qPCR and western blot analysis (Fig. 226 

5A, B and D). Subsequently, the cells were infected with PRV XJ5 for 24 h. Western 227 

blot analysis revealed that STAT3 knockout led to an increase in caspase-3 expression 228 

and a decrease in BNIP3 levels (Fig. 5B). Additionally, the caspase-3 activity assay 229 

showed that STAT3 knockout decreased the enzyme activity of caspase-3 during PRV 230 

XJ5 infection (Fig. 5C). To determine whether the role of STAT3 is strain-dependent, 231 

we used PRV Ra to evaluate its impact. As expected, STAT3 knockout also resulted in 232 

increased caspase-3 expression and decreased BNIP3 levels during PRV Ra infection 233 

(Fig. 5D). Similarly, the caspase-3 activity assay revealed that STAT3 knockdown 234 

decreased caspase-3 enzyme activity during PRV Ra infection (Fig. 5E). Furthermore, 235 

flow cytometry analysis also indicated that STAT3 knockout reduced apoptosis induced 236 

by PRV XJ5 and Ra (Fig. 5F, G). These findings collectively suggest that STAT3 237 

upregulates apoptosis induced by both PRV XJ5 and Ra. 238 

STAT5 promoted apoptosis induced by PRV. 239 

To explore the impact of STAT5 on apoptosis induced by PRV, we utilized the 240 

lentivirus packaging system to knock out STAT5 in PK15 cells, and the success of 241 

STAT5 gene knockout was confirmed using RT-qPCR and western blot analysis (Fig. 242 

6A, B and D). Subsequently, the cells were infected with either PRV XJ5 or Ra for 24 243 

h. Western blot analysis revealed that STAT5 knockout inhibited UL42 expression and 244 

led to an increase in caspase-3 expression, while reducing BNIP3 levels (Fig. 6B, D). 245 

Additionally, the caspase-3 activity assay confirmed that STAT5 knockout reduced the 246 

enzyme activity of caspase-3 during PRV XJ5 or Ra infection (Fig. 6C, E). Furthermore, 247 

flow cytometry analysis indicated that STAT5 knockout decreased apoptosis induced 248 

by PRV XJ5 or Ra (Fig. 6F, G). These findings indicate that STAT5 positively regulates 249 

apoptosis induced by both PRV XJ5 and Ra. 250 

The effect of STAT6 in apoptosis induced by PRV 251 

We utilized the lentivirus packaging system to knock out STAT6 in PK15 cells and 252 

investigate its role in apoptosis induced by PRV. The success of STAT6 gene knockout 253 

was confirmed through RT-qPCR and western blot analysis (Fig. 7A, B and D). 254 
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Subsequently, the cells were infected with either PRV XJ5 or Ra for 24 h. Western blot 255 

analysis revealed that STAT6 knockout increased caspase-3 expression while reducing 256 

BNIP3 levels and UL42 expression (Fig. 7B, D). The caspase-3 activity assay 257 

confirmed that STAT6 knockout decreased the enzyme activity of caspase-3 during 258 

PRV XJ5 or Ra infection (Fig. 7C, E). Furthermore, flow cytometry analysis showed 259 

that STAT6 knockout reduced apoptosis induced by PRV XJ5 or Ra (Fig.7F, G). These 260 

results provide evidence that STAT6 positively regulates apoptosis induced by both 261 

PRV XJ5 and Ra. 262 

JAK1 upregulated apoptosis induced by PRV infection 263 

The JAK/STAT pathway has been shown to influence cell apoptosis and 264 

mitochondrial injury in ischemia-reperfusion-induced kidney injury [34]. To investigate 265 

the role of JAK1/STATs in apoptosis during PRV infection, we treated the cells with the 266 

JAK1 inhibitor ruxolitinib. Interestingly, ruxolitinib treatment resulted in an increase in 267 

caspase-3 expression, a decrease in BNIP3 expression, and a reduction in the 268 

phosphorylation of STAT1, STAT5, and STAT6 during PRV XJ5 and Ra infection (Fig. 269 

8A, B). Notably, it led to an increase in phospho-STAT3 levels. Furthermore, the JAK1 270 

inhibitor ruxolitinib consistently inhibited the enzyme activity of caspase-3 during PRV 271 

XJ5 and Ra infection (Fig. 8C, D). These findings confirm that PRV infection activates 272 

the JAK1/STAT1, STAT5, and STAT6 signaling pathways, while inhibiting the 273 

JAK1/STAT3 signaling pathway to regulate BNIP3/caspase-3-dependent apoptosis. 274 

EGCG inhibited apoptosis induced by PRV depending on JAK1/STAT5 or STAT6 275 

pathway  276 

PK15 and PK15 B6 cells were pretreated with EGCG (50 μM) for 1 h and infected 277 

PEV XJ5 or Ra with EGCG (50 μM) for 24 h to explore the role of EGCG in apoptosis 278 

induced by PRV. Flow cytometry revealed that EGCG decreased apoptosis induced by 279 

PRV XJ5 or Ra at PK15 and PK15 B6 cells (Fig. 9A and Fig.S4A). Caspase-3 activity 280 

assay confirmed that EGCG reduced the enzyme activity of caspase-3 during PRV XJ5 281 

or Ra infected PK15 and PK15 B6 cells (Fig.9B, C and Fig.S4B, C). These results 282 

demonstrated that EGCG inhibited PRV replication by reducing PRV-induced apoptosis. 283 

PPK15 and PK15 B6 cells were pretreated with EGCG (50 μM) for 1 h and 284 
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infected PEV XJ5 or Ra with EGCG (50 μM) for 24 h to study the role of EGCG in the 285 

JAK1/STATs pathway. Western blot analysis revealed that EGCG reduced JAK1, 286 

BNIP3, phospho-STAT1, phospho-STAT5, and phospho-STAT6 expressions induced 287 

by PRV XJ5 or Ra infection (Fig.9D, E and Fig.S4D, E). Nevertheless, EGCG 288 

promoted phospho-STAT3 decreased by PRV XJ5 or Ra (Fig.9D, E and Fig.S4D, E). 289 

These results confirmed that EGCG inhibited apoptosis via JAK1/STAT5 or STAT6 290 

pathways but not by JAK1/STAT1 or STAT3 pathways.  291 

 292 

Discussion 293 

Apoptosis plays a crucial role in maintaining cellular homeostasis and survival 294 

[35-38]. Viral infections can directly induce apoptosis in host cells; for example, 295 

influenza virus proteins can trigger apoptosis in infected cells [39, 40], and respiratory 296 

syncytial virus clearance relies on apoptosis in bronchial epithelial cells [41]. 297 

Investigating the interplay between viruses and host cells, as well as the virus's 298 

pathogenesis, involves studying the relationship between virus infection and apoptosis. 299 

This study found that PRV infection-induced apoptosis in PK15 and PK15 B6 cells 300 

depended on caspase-3. 301 

BNIP3 is a pro-apoptotic protein and combines with Bcl-2 to disintegrate Beclin-302 

1, thereby promoting autophagy [42, 43]. Therefore, BNIP3 has an important role in 303 

apoptosis. We discovered that PRV infection increased BNIP3 expression to explore its 304 

role in PRV-induced apoptosis. Additionally, we demonstrated that BNIP3 upregulated 305 

apoptosis induced by PRV, and BNIP3 could increase PRV replication. 306 

The JAK/STAT signaling pathway is an intracellular signaling pathway that 307 

responds to cytokines and growth hormones. JAK/STAT signaling pathway is 308 

intracellular signal transduction in response to cytokines and growth hormones. When 309 

JAKs activated STATs, STAT formatted active homodimers, heterodimers, or tetramers 310 

monomers through a conformational change, and the active STATs translocate into the 311 

nucleus to regulate gene expression [44-48]. Furthermore, JAK/STATs signaling 312 

pathway is implicated in autoimmune diseases and the pathogenesis of inflammatory 313 

diseases.  314 
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Nevertheless, the role of the JAK/STAT signaling pathway has not been reported 315 

in apoptosis during PRV replication. Therefore, we revealed that PRV infection 316 

upregulated JAK1 at 12, 18, and 24 hpi, as well as phospho-STAT1, phospho-STAT5, 317 

and phospho-STAT6 at 18 and 24 hpi. However, PRV infection decreased phospho-318 

STAT3 at 18 and 24 hpi. These results demonstrated that PRV activated JAK1/STAT1, 319 

JAK1/STAT5, and JAK1/STAT6. Then, we discovered that JAK1 inhibitor Ruxolitinib 320 

decreased apoptosis induced by PRV and inhibited PRV replication. 321 

STAT1 plays a vital role in the immune response to viral, fungal, and 322 

mycobacterium pathogens, and the STAT1 knockout leads to severe infection and rapid 323 

death of bacteria and viruses in mice [49, 50]. The JAK/STAT1 signaling pathway can 324 

inhibit HCV replication. We discovered that STAT1 knockdown increased apoptosis 325 

and PRV replication during PRV infection. 326 

STAT3 is an important transcription factor in regulating inflammation. PRV 327 

infection inhibited phospho-STAT3, and STAT3 knockdown decreased apoptosis while 328 

inhibiting PRV replication during PRV infection. STAT3 is activated by JAKs, IL-6, IL-329 

10, and EGF. STAT3 activation can increase Bcl-2 and Bcl-XL expressions, thereby 330 

inhibiting apoptosis. Moreover, polydatin induced MG-63 cell death via inducing 331 

apoptosis, whereas autophagy depended on STAT3 [51]. PRLR/Jak2/STAT5 332 

contributes to prolactin-induced apoptosis by increasing the Bax/Bcl-2 ratio [52]. 333 

RP11-468E2.5 inhibits the JAK/STATs signaling pathway by targeting STAT5 and 334 

STAT6 to promote cell apoptosis in colorectal cancer cells [53]. We revealed that 335 

STAT5 knockdown downregulated PRV-induced apoptosis and inhibited PRV 336 

replication. Additionally, STAT6 upregulated PRV-induced apoptosis, as well as PRV 337 

replication. 338 

EGCG regulates concanavalin A-induced apoptosis via JAKs/STAT3/BNIP3. 339 

EGCG downregulates JAK1 expression, thereby decreasing phospho-STAT3 to inhibit 340 

apoptosis [54]. In our study, EGCG inhibited JAK1 expression from decreasing active 341 

STAT1, whereas STAT1 knockdown increased PRV replication. Additionally, EGCG 342 

inhibited JAK1 expression from decreasing active STAT5 and STAT6, leading to 343 

BNIP3 downregulation. Nevertheless, EGCG increased phospho-STAT3 at PK15 and 344 
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PK15 B6 during PRV replication. Therefore, EGCG downregulated PRV-induced 345 

apoptosis against PRV replication depended on JAK1/STAT5 or STAT6/BNIP3 346 

pathway (Fig. 10). 347 
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Figure legends: 539 

 540 

Figure 1. PRV infection-induced apoptosis via caspase-3. (A) PK15 cells were infected 541 

with PRV XJ5 and Ra (0.1 MOI) for 6, 12, and 24 h. The cells were collected for 542 

Annexin V-FITC/propidium iodide (PI) staining and flow cytometry analysis. The same 543 

cells had the same mock. (B and C) PK15 cells were inoculated with PRV XJ5 and Ra 544 

(0.1 MOI) for 2, 4, 8, 12, 18, and 24 h to examine apoptotic genes caspase-3, Bax, and 545 
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Cytochrome C using Western blot, while relative intensity was analyzed using Image J. 546 

(D and E) PK15 cells were infected with PRV XJ5 and Ra (0.1 MOI) for 24 h to 547 

determine the enzyme activity of caspase-3 via caspase-3 activity assay. The values 548 

represent the mean ± SD from three independent experiments. (* represents P < 0.05, 549 

** represents P < 0.01, *** represents P < 0.001). 550 

 551 

Figure 2. BNIP3 increased apoptosis depended on caspase-3. (A and B) PK15 cells 552 
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infected with PRV XJ5 or Ra for 2, 4, 8, 12, 18, and 24 h, then we collected cells to 553 

determine BNIP3 levels using Western blot analysis. (C-F) PK15 cells overexpressed 554 

BNIP3 for 24 h and were infected with PRV XJ5 or Ra for 24 h. (C and E) Western blot 555 

was used to evaluate BNIP3, caspase-3, PRV-UL42, and β-actin protein levels. (D and 556 

F) Caspase-3 enzyme activity was detected using a caspase-3 activity assay. (G) 557 

Knockout BNIP3 gene was monitored using RT-qPCR. (H-K) BNIP3-knockout PK15 558 

cells were infected with PRV XJ5 or Ra for 24 h. (H and J) BNIP3, caspase-3, and PRV-559 

UL42 were measured using Western blot. (I and K) The enzyme activity of caspase-3 560 

was determined using a caspase-3 activity assay. (L) Apoptosis was analyzed using flow 561 

cytometry. The values represent mean ± SD from three independent experiments. (* 562 

represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001). 563 

 564 

Figure 3. The effect of PRV infection on the JAK/STAT pathway. (A and B) PK15 cells 565 

were infected with PRV XJ5 or Ra (0.1 MOI) for 2, 4, 8, 12, 18, and 24 h. We collected 566 

cells to analyze the protein levels of JAK1, STAT1/3/5/6, phospho-STAT1/3/5/5 by 567 

Western blot. 568 
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 569 

Figure 4. The effect of STAT1 on apoptosis. (A) Knockout STAT1 gene was monitored 570 

using RT-qPCR. (B-E) STAT1 knockout-PK15 cells were infected with PRV XJ5 or Ra 571 

for 24 h. (B and D) STAT1, BNIP3, caspase-3, and PRV UL42 were measured by 572 

Western blot. (C and E) The enzyme activity of caspase-3 was checked using a caspase-573 

3 activity assay. (F and G) Following 24 h of infection with PRV XJ5 or Ra, STAT1-574 

knockdown PK15 cells were harvested and subjected to flow cytometric analysis for 575 

apoptosis detection. The values represent mean ± SD from three independent 576 

experiments. (* represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001). 577 
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 578 

Figure 5. The effect of STAT3 on apoptosis. (A) Knockout STAT3 gene was monitored 579 

using RT-qPCR. (B-E) STAT3 knockout-PK15 cells were infected with PRV XJ5 or Ra 580 

for 24 h. (B and D) STAT3, BNIP3, caspase-3, and PRV UL42 were measured by 581 

Western blot. (C and E) The enzyme activity of caspase-3 was checked using a caspase-582 

3 activity assay. (F and G) Following 24 h of infection with PRV XJ5 or Ra, STAT3-583 

knockdown PK15 cells were harvested and subjected to flow cytometric analysis for 584 

apoptosis detection. The values represent mean ± SD from three independent 585 

experiments. (* represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001). 586 
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 587 

Figure 6. STAT5 knockout diminished apoptosis. (A) Knockout STAT5 gene was 588 

monitored using RT-qPCR. (B-E) STAT5 knockout-PK15 cells were infected with PRV 589 

XJ5 or Ra for 24 h. (B and D) STAT5, BNIP3, caspase-3, and PRV UL42 were measured 590 

by Western blot. (C and E) The enzyme activity of caspase-3 was checked using a 591 

caspase-3 activity assay. (F and G) Following 24 h of infection with PRV XJ5 or Ra, 592 

STAT3-knockdown PK15 cells were harvested and subjected to flow cytometric 593 

analysis for apoptosis detection. The values represent mean ± SD from three 594 

independent experiments. (* represents P < 0.05, ** represents P < 0.01, *** represents 595 



 26

P < 0.001). 596 

 597 

Figure 7. STAT6 knockout diminished apoptosis. (A) Knockout STAT6 gene was 598 

monitored using RT-qPCR. (B-E) STAT6 knockout-PK15 cells were infected with PRV 599 

XJ5 or Ra for 24 h. (B and D) STAT6, BNIP3, caspase-3, and PRV UL42 were measured 600 

by Western blot. (C and E) The enzyme activity of caspase-3 was checked using a 601 

caspase-3 activity assay. (F and G) Following 24 h of infection with PRV XJ5 or Ra, 602 

STAT3-knockdown PK15 cells were harvested and subjected to flow cytometric 603 

analysis for apoptosis detection. The values represent mean ± SD from three 604 
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independent experiments. (* represents P < 0.05, ** represents P < 0.01, *** represents 605 

P < 0.001). 606 

 607 

Figure 8. JAK1 upregulated apoptosis induced by PRV. PK15 cells were treated with 608 

JAK1 inhibitor Ruxolitinib and infected with PRV XJ5 or Ra for 24 h. (A and B) JAK1, 609 

STAT1/3/5/6, phospho-STAT1/3/5/6, BNIP3, caspase-3, and PRV UL42 were 610 

monitored by Western blot. (C and D) Caspase-3 enzyme activity was measured using 611 



 28

a caspase-3 activity assay. The values represent mean ±SD from three independent 612 

experiments. (* represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001). 613 
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 614 

Figure 9. EGCG perturbed apoptosis induced by PRV depending on JAK1/STAT5 or 615 

STAT6 pathway. PK15 cells were pretreated with EGCG (50 μM) for 1 h before being 616 
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infected with PEV XJ5 or Ra (50 μM) for 24 h. (A) Apoptosis was analyzed using flow 617 

cytometry. (B and C) Caspase-3 enzyme activity was monitored using a caspase-3 618 

activity assay. (D and E) PK15 cells were pretreated with EGCG (50 μM) for 1 h before 619 

being infected with PEV XJ5 or Ra (50 μM) for 24 h. STAT1/3/5/6, phospho-620 

STAT1/3/5/6, BNIP3, caspase-3 and PRV UL42 levels were monitored by Western blot. 621 

The values represent mean ±SD from three independent experiments. (* represents P < 622 

0.05, ** represents P < 0.01, *** represents P < 0.001). 623 

 624 

Figure 10. Schematic presentation of anti-PRV mechanism of EGCG through 625 

BNIP3/caspase-3-mediated apoptosis. 626 

 627 
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