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The Japanese encephalitis virus (JEV), a zoonotic flavivirus, is Asia’s primary cause 
of viral encephalitis. JEV induces apoptosis in a variety of cells; however, the 
precise mechanisms underlying this apoptosis resulting from JEV infection remain 
to be elucidated. Our previous studies showed that the proapoptosis gene BAX 
may have a role in JEV proliferation. In this study, we constructed a PK-15 cell 
line (BAX.KO) with a knockout of the BAX gene using CRISPR/Cas9. The knockout 
of the BAX gene effectively inhibited the proliferation of JEV, resulting in a 39.9% 
decrease in viral protein levels, while BAX overexpression produced the opposite 
effect. We confirmed that JEV induces apoptosis of PK-15 using 4′,6-diamidino-
2-phenylindole (DAPI) staining and Annexin V-FITC/PI staining. Furthermore, 
we found that the phosphorylation of P53 and the expression levels of BAX, NOXA, 
PUMA, and cleaved-caspase-3/9 were significantly upregulated after JEV infection. 
Moreover, we found that JEV infection not only caused mitochondrial damage, 
the release of mitochondrial cytochrome C (Cyt C), and the downregulation of the 
apoptosis-inhibiting protein BCL-2 but also reduced the mitochondrial membrane 
potential (MOMP) and the accumulation of intracellular reactive oxygen species 
(ROS). These factors collectively encourage the activation of the mitochondrial 
apoptosis pathway. In contrast, BAX gene knockout significantly reduces the 
apoptotic changes caused by JEV infection. Treatment with the caspase3 inhibitor 
attenuated JEV-induced viral proliferation and release, leading to a decrease in viral 
protein levels of 46% in PK-15 cells and 30% in BAX.KO cells. In conclusion, this 
study clarified the molecular mechanisms of JEV-induced apoptosis and provided 
a theoretical basis for revealing the pathogenic mechanisms of JEV infection.
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1 Introduction

JEV belongs to the genus Flavivirus of the family Flaviviridae and is a mosquito-borne 
virus (mainly transmitted by Culex pipiens). It is a positive-sense, single-stranded RNA virus 
(Sharma et  al., 2021; Quan et  al., 2023). Japanese encephalitis (JE) is a pathogenic viral 
encephalitis caused by the JEV (Lopez et al., 2015). According to the 2019 WHO Japanese 
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Encephalitis Fact Sheet, there are an estimated 68,000 clinical cases 
and 1,000–2,000 deaths from JE each year. The incubation period is 
5–15 days, sometimes, it is up to several weeks, and approximately 
50–80% of those infected are asymptomatic. Common symptoms 
include fever, headache, nausea, and vomiting, as well as neurological 
symptoms such as paralysis and movement disorders. In severe cases, 
epileptic seizures may occur, and some patients may still experience 
long-term sequelae during the recovery process after the acute phase 
(Solomon et al., 2000; Solomon, 2004; Misra and Kalita, 2010). Pigs, 
as carriers of the JE virus, can transmit the virus through mucus 
contact and corresponding droplet-unmediated transmission, 
allowing the virus to continue to spread during the winter months 
when there are fewer mosquitoes (So Lee et al., 2018). As the number 
of farmed animals increases globally, the expansion of pig farming 
may raise the risk of JEV transmission and increase the likelihood of 
epidemic outbreaks among humans (James et al., 2018). Therefore, it 
is necessary to explore the pathogenic mechanisms of JEV to design 
better disease control strategies.

Apoptosis, also known as programmed cell death (PCD), is a self-
protection mechanism used by multicellular organisms to clear 
senescent, damaged, or pathogen-infected cells (Damien et al., 2021). 
Apoptotic cells are characterized by membrane blebbing, decreased 
cell size, nuclear fragmentation, chromatin condensation, exposure of 
phosphatidylserine (PtdSer) on the cell surface, and apoptotic body 
formation (Peter, 2015). Apoptosis is induced by two classical 
pathways: the intrinsic and extrinsic pathways (Avi and Guy, 2014). 
The intrinsic pathway is also known as the mitochondrial apoptotic 
pathway, in which mitochondria act as the major players. Various 
triggers can trigger mitochondrial apoptosis, such as DNA damage, 
growth factor, or nutrient deprivation. These stimuli activate the 
proapoptotic protein BAX, which oligomerizes at the mitochondria 
and undergoes a series of conformational changes that lead to its 
incorporation into the mitochondrial membrane, ultimately inducing 
apoptosis (Kurt et al., 2002; Liying and Donald, 2008; Czabotar et al., 
2013). Death receptors on the plasma membrane activate the extrinsic 
pathway and lead to the activation of caspase-8 (Carneiro and 
El-Deiry, 2020). Upon activation of initiators caspase-8 and -9, the two 
apoptotic pathways converge at the proteolytic activation step of 
effectors caspases-3 and -7, thereby inducing apoptosis (Caroppi et al., 
2009; Ketelut-Carneiro and Fitzgerald, 2022).

Members of the B cell lymphoma 2 (BCL-2) protein family are 
critical regulators with pro- and antiapoptotic activities (Shanna et al., 
2022). The BCL-2 family is divided into three distinct groups based 
on the presence of the BCL-2 homology (BH) domain. These include 
full-length anti-apoptotic proteins (BCL-2 and BCL-XL), full-length 
proapoptotic proteins (BAX and BAK) that contain all four BH 
domains, and proapoptotic activating proteins that contain only the 
BH3 domain (BH3-only proteins, such as BIM, BBC3, BID, BAD, and 
NOXA) (Mark and Jerry, 2015; Pan et al., 2021). Studies have shown 
that BAX can regulate the timing and extent of cell death in cells 
infected with various viruses, release viral particles, and achieve viral 
proliferation (Suzuki et al., 2018).

Viruses can regulate their proliferation by promoting or inhibiting 
apoptosis of host cells. Over the years, viruses have evolved strategies 
that modulate host apoptotic responses to facilitate their survival and 
propagation (Lorenzo et al., 2008). Previous studies have reported that 
BCL-2 family proteins control mitochondrial-mediated apoptosis in 
flaviviruses (dengue virus, Zika virus, and West Nile virus) to maintain 

cellular homeostasis by eliminating damaged cells and pathogen-
infected cells (Bimmi et al., 2003; Junqi et al., 2014; Lukasz et al., 
2017). However, as a member of the Flavivirus family, whether JEV 
infection induces apoptosis through the BAX-mediated mitochondrial 
apoptosis pathway is a question of concern. In this study, we found 
that BAX plays an essential role in JEV infection. JEV achieves viral 
proliferation through the mitochondrial apoptosis pathway. Blocking 
mitochondrial apoptosis can effectively inhibit the proliferation of JEV.

2 Materials and methods

2.1 Cells, viruses, and antibodies

Porcine kidney cells (PK-15), PK-15 cells with BAX gene 
knockout (BAX.KO), human embryonic kidney cells (HEK-293T), 
and baby hamster kidney cells (BHK-21) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco, USA) supplemented with 
10% fetal serum (FBS; HyClone, South Logan, USA) and 1% 
penicillin–streptomycin at 37°C in a 5% CO2 incubator.

The SCYA201201-1 strain of JEV (GenBank accession number: 
KU508408.1) was provided by the Swine Disease Research Center, 
College of Veterinary Medicine, Sichuan Agricultural University.

Several primary antibodies were used for Western blotting at a 
dilution of 1:2,000: Anti-E (HL2517) from Gene Tex (San Antonio, 
USA); Anti-β-actin (AC026), HRP-conjugated goat anti-rabbit 
(AS014), and HRP-conjugated goat anti-mouse (AS003) from 
Abclonal (Wuhan, China); Anti-BAX (50599-2-Ig), anti-EGFP 
(50430-2-AP), and anti-P53 (60283-2-Ig) from Proteintech 
(Wuhan, China); Anti-pP53 (9284) from Cell Signaling Technology, 
Inc. (USA); Anti-caspase-9 (ab185719) and anti-caspase-3 
(ab32150) from Abcam (Cambridge, MA, USA); Anti-γ-H2AX 
(C2035S) from Beyotime Biotechnology (Shanghai, China); and 
Anti-Cytochrome C (SC69-08) and anti-BCL-2 (HA721235) from 
Huabio (China).

2.2 Plasmids and primers

psPAX (12260), pMD2.G (12259), and LentiCRISPR-V2 (52961) 
were purchased from Addgene. The full-length BAX gene was cloned 
into the pEGFP vector with an EGFP tag at the C-terminus to 
generate the expression plasmid pEGFP-BAX (GenBank accession: 
XM_003127290.5). The primers used for plasmid construction and 
real-time quantitative reverse transcription polymerase chain 
reaction (RT-qPCR) in this study are listed in Table 1. The sequences 
of the recombinant plasmids were verified using Sanger 
dideoxy sequencing.

2.3 Western blot

Cells were washed twice with cold PBS and then incubated for 
20 min at 4°C in a RIPA lysis buffer with phenylmethylsulfonyl 
fluoride (PMSF) (Solarbio, Beijing, China). Lysates were 
centrifugated at 12,000 rpm for 5 min at 4°C, and the supernatants 
were collected. The supernatants were mixed with a protein 
loading buffer and boiled at 100°C for 10 min. After cooling, the 
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bicinchoninic acid (BCA) concentration of the protein was 
determined, and the total amount of protein loaded was unified. 
Proteins were separated using 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and then 
transferred to polyvinylidene fluoride membranes (Bio-Rad, 
Hercules, CA, USA). After blocking in tris-buffered saline with 
0.1% Tween® 20 detergent (TBST) containing 5% skimmed milk 
powder (A600669, Sangon) at room temperature for 2 h, the 
membranes were incubated with different primary antibodies 
overnight at 4°C. All antibodies were diluted in a primary 
antibody dilution buffer (Beyotime, Shanghai, China). The 
membranes were washed four times with TBST for 4 min each and 
incubated with 1:5000 HRP-conjugated goat anti-rabbit 
immunoglobulin G (IgG) for 45 min at room temperature. The 
membranes were rewashed, and bands were developed by adding 
ECL (Bio-Rad, Hercules, CA, USA) according to the 
manufacturer’s instructions.

2.4 Detection of mtDNA copies and 
mitochondrial membrane potential

BAX.KO and PK-15 cells were infected with JEV (multiplicity 
of infection [MOI] = 1) for 12 or 24 h, and cellular DNA was 
extracted and used as a template after a 50-fold dilution. 
Cytoplasmic mtDNA levels were determined using RT-qPCR with 
the TransStart® Top Green qPCR SuperMix (+Dye I) Kit (AQ132-
11, TransGen Biotech).

BAX.KO and PK-15 cells were infected with JEV (MOI = 1) for 
24 h and then stained with 2 μg/mL JC-1 dye (C2006, Beyotime 
Biotechnology) for 30 min. After three washes with dye buffer, the 
fluorescence intensity of JC-1 monomers (green fluorescence) vs. JC-1 
aggregates (red fluorescence) was observed using a fluorescence 
microscope (Olympus BX63, Tokyo, Japan).

2.5 Reactive oxygen species assay

BAX.KO and PK-15 cells were infected with JEV (MOI = 1) for 36 h. 
The DCFH-DA probe (Beyotime Biotechnology, Shanghai, China) was 
diluted to 10 μmol/L in serum-free DMEM and added to the cells for a 
20-min incubation. After the samples were washed with serum-free 
DMEM, the fluorescence signal was immediately detected at an 
excitation wavelength of 488 nm and an emission wavelength of 525 nm.

2.6 Construction of the BAX gene knockout 
PK-15 cell line using the CRISPR/Cas9 
system

Specific sgRNAs targeting the BAX gene (sgRNA-F: 
5′-CACCGAGCGAGTGTCTCAAGCGCAT-3′ and sgRNA-R: 
5′-AACATGCGCTTGAGACACTCGCTC-3′) were designed using 
an online CRISPR tool.1 Two sgRNA oligonucleotides were inserted 
into the LentiCRISPR-V2 plasmid. The recombinant plasmids were 
co-transfected into HEK-293T cells with psPAX and pMD2.G using 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA). The supernatant 
was filtered and collected as a lentiviral solution containing the target 
sgRNA to select positive cells 24 h post-infection. The BAX knockout 
cell line was confirmed using DNA sequencing and Western blotting, 
and after checking the difference with PK-15 cells, the monoclonal cell 
line was selected for subsequent experiments.

2.7 EdU cell proliferation assay

BAX.KO and PK-15 cells were seeded into 12-well plates. 
Furthermore, 5-ethynyl-2′-deoxyuridine (EdU) cell proliferation assays 
were conducted using the BeyoClick™ EdU Cell Proliferation Kit with 
Alexa Fluor 555 (Beyotime, Shanghai, China) in accordance with the 
manufacturer’s instructions. The nuclei were stained with DAPI 
(Beyotime, Shanghai, China) at room temperature for 10 min. The 
stained cells were then observed under a fluorescence microscope. The 
proportion of EdU-positive cells was calculated using ImageJ software.

2.8 RNA extraction and RT-qPCR

Total RNA was extracted using the Trizol Total RNA Isolation Kit 
(Sangon Biotech, Shanghai, China) and then reverse transcribed with 
the PrimeScript™ RT Reagent Kit (Takara Bio, Tokyo, Japan). 
Synthetic cDNA was analyzed for quantitative real-time PCR using TB 
Green Premix Ex Taq™ II (Tli RNaseH Plus) (TaKaRa Bio) in a 
LightCycler 96 System (Roche, Basel, Switzerland). PCR amplification 
was carried out by denaturation at 94°C for 30 s followed by 40 cycles 
of 94°C for 15 s and 60°C for 30 s while the melting curve analysis was 
performed at 60–95°C. The ΔΔCt method was used to measure the 
expression levels of target genes. Data were normalized to the level of 
the control gene encoding β-actin and showed a fold change by 
normalizing to the mock control.

1 http://chopchop.cbu.uib.no/

TABLE 1 Primer pairs were used in this study.

Gene Sequence (5′  −  3′) Application

pEGFP-

BAX-F

agtactcagatctcgagATGGACGGGTCCGGGGAG Cloning

pEGFP-

BAX-R

cgtcgactgcagaattcTCAGCCCATCTTCTTCCAGA Cloning

PUMA-F AGGCCCTCTACGGGCTC RT-qPCR

PUMA-R CTTCTGGAGCGTGTCCCATC RT-qPCR

NOXA-F TCAGGTTCCTAGGCGGAAGA RT-qPCR

NOXA-R CCTGAAGTCGAGTGTGCCAT RT-qPCR

JEV-E-F CAGTGGAGCCACTTGGGTG RT-qPCR

JEV-E-R TTGTGAGCTTCTCCTGTCG RT-qPCR

β-actin-F CCTTGATGTCCCGCACG RT-qPCR

β-actin-R GCTGTCCCTGTACGCCTCTG RT-qPCR

ND1-F TAGGATGATTGCCAGTGTTACTTCA RT-qPCR

ND1-R TCCACTACCAATACCCTACCCTCTA RT-qPCR

RPLP0-F GGCAGCATCTACAACCCTGAAGTG RT-qPCR

RPLP0-R CCCATATCCTCGTCCGACTCCTC RT-qPCR

qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction.
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2.9 Statistical analysis

Three times each of the tests were repeated. The information was 
statistically analyzed using the GraphPad Prism 8 program and is 
shown as the mean ± standard deviation (SD). Unpaired t-tests were 
used for comparisons between two sets of data, and one-way analyses 
of variance (ANOVA) were used for comparisons between several 
groups. The differences were deemed significant at p < 0.05.

3 Results

3.1 Construction of BAX gene knockout 
PK-15 cell line

The designed sgRNA is shown in Figure 1A, which originates 
from the third exon of the BAX gene sequence. The double-stranded 
sgRNA was ligated to the linear LentiCRISPR V2 plasmid digested by 
the BsmB I enzyme (Figure 1B). The PK-15 cell line with BAX gene 
knockouts constructed using CRISPR/Cas9 was named BAX.KO cells. 
Genomic DNA was extracted from the PK-15 and BAX.KO cells and 
subjected to sequence analysis. Figure  1C illustrates that a 19-bp 

deletion occurred at the BAX gene target site, indicating that the Cas9 
protein successfully sheared the target DNA, resulting in random 
frameshift mutations in the sequence. Western blot analysis confirmed 
that the BAX protein was knocked out (Figure 1D). These results 
confirm that the BAX gene was successfully knocked out, and this 
knockout did not affect cell proliferation (Figures 1E,F).

3.2 Knockout of BAX inhibits the 
proliferation of JEV

To accurately determine the proliferation kinetics of JEV in BAX.
KO and PK-15 cells, the BAX.KO and PK-15 cells infected with JEV 
(MOI = 1) were collected to monitor cell morphological changes at the 
specified time. As shown in Figure 2A, the damage to PK-15 cells was 
observed under the microscope, characterized by cell shrinkage, 
unclear edges, and cell lysis. In contrast, damage to BAX.KO cells was 
significantly inhibited during the same observation period under 
microscopy. The E gene was detected using RT-qPCR and Western 
blot, revealing that the amount of virus in BAX.KO cells was 
significantly lower than in PK-15 cells (Figures 2B,C). The levels of the 
JEV-E gene transcript in PK-15 and BAX.KO cells were determined 

FIGURE 1

CRISPR/Cas9 gene editing technology knocked out the BAX gene in PK-15 cells. (A) The sgRNA sequences targeted exon 3 of the BAX gene. 
(B) Schematic illustration of the LentiCRISPR V2 plasmid with a restriction site (BsmBI) existing in the target gene. (C) DNA sequencing results of PK-15 
and BAX.KO cells. (D) Detection of BAX protein knockout efficiency by Western blot analysis. (E) PK-15 and BAX.KO cells incubate for 2  h after EdU 
loading. After the click reaction, pictures were taken using a fluorescence microscope. 5-Ethynyl-2′-deoxyuridine (EdU)-positive cells were shown in 
red, and the nuclei were shown in blue. (F) At least three photos were taken of each sample to calculate the percentage of EdU-positive cells, with the 
average reported as the final data. ns, not significant.
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using RT-qPCR. It was found that JEV attachment and internalization 
into host cells are independent of the function of BAX proteins 
(Figure 2D).

3.3 Increasing BAX expression promotes 
JEV infection

BAX.KO and PK-15 cells were transfected with pEGFP or 
pEGFP-BAX plasmids, and JEV was inoculated for 36 h (MOI = 1). 
Figures 3A,C showed that BAX protein was expressed in BAX.KO 
and PK-15 cells, when the pEGFP-BAX expression vector expresses 
BAX protein in cells, part of the P21 BAX protein is cleaved by 
calpain into P18 BAX (Wood and Newcomb, 2000; Xuefang et al., 
2003). Compared to control cells, E gene mRNA levels were 
significantly increased in PK-15 cells overexpressing the BAX gene 
(Figure 3B). Similarly, BAX gene complementation in BAX.KO cells 
also increased the mRNA content of the E gene (Figure  3D). 
Compared to cells transfected with pEGFP plasmid, the JEV-E 
protein content was higher in cells transfected with pEGFP-BAX 
plasmid, suggesting that BAX plays a positive regulatory role in 
JEV proliferation.

3.4 Knockout of BAX inhibits apoptosis 
induced by JEV infection

DAPI staining was performed to observe the morphological 
changes in the cell nucleus, and nuclear fragmentation formation was 
observed in the JEV-infected cells, which are denoted by arrowheads 
(Figure  4A). Nuclear fragmentation and marginalized apoptotic 
bodies are hallmark changes of apoptosis. In the early stages of 
apoptosis, cells externalize phosphatidylserine to the cell surface. 
Annexin V can selectively bind to phosphatidylserine. Using Annexin 
V labeled with the green fluorescent probe FITC (Annexin V-FITC), 
we  can detect the externalization of phosphatidylserine, and the 
intensity of green fluorescence can represent the degree of cell 
apoptosis. JEV infected cells for 24 h (MOI = 1). The cells were treated 
according to the fluorescence quantitative microscopy observation 
method of the Annexin V-FITC PI apoptosis and necrosis detection 
kit and observed under a fluorescence microscope. Cells stained only 
with green fluorescence were apoptotic cells, and cells stained with 
green and red fluorescence were necrotic cells (Figure  4B). In 
summary, JEV infection induced apoptosis of PK-15 cells, and 
knockout of the BAX gene inhibited JEV-induced apoptosis and 
viral proliferation.

FIGURE 2

Knockout of BAX gene inhibits the proliferation of Japanese encephalitis virus (JEV) in PK-15 cells. (A) Observation of cell status changes 36  h after JEV 
infection (multiplicity of infection [MOI]  =  1). (B) Infected PK-15 and BAX.KO cell samples were collected at the indicated time, and relative fluorescence 
quantitative RT-qPCR was performed to detect changes in E genes, and growth curves were drawn. (C) PK-15 and BAX.KO cells were infected with JEV 
(MOI  =  1) for 36  h; the Western blot technique was performed to analyze E protein and quantitative analysis was performed using ImageJ. (D) Role of 
BAX in JEV binding and cellular internalization. Virus adsorption to cells and cellular internalization were measured using real-time quantitative reverse 
transcription polymerase chain reaction (RT-qPCR) of the JEV-E gene. ***p < 0.001. ns, not significant.
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3.5 JEV infection activates mitochondrial 
apoptosis

JEV inoculated BAX.KO and PK-15 cells for 24 h (MOI = 1). 
JC-1 staining working solution was added and incubated at 37°C 
for 20 min. The changes in mitochondrial membrane potential 
(MOMP) were detected under a fluorescence microscope. 
Figure 5A shows that the MOMP of PK-15 was significantly lower 
than that of BAX.KO. The MOMP was quantitatively analyzed 
using ImageJ (Figure 5B). The changes in ROS were detected at the 

peak of JEV proliferation (Figure 5C). BAX.KO and PK-15 cells 
were inoculated with JEV (MOI = 1) for 36 h, and mtDNA content 
was detected using qPCR (Figure 5D). Figure 5E shows that JEV 
infection leads to the release of cytochrome C, a key component of 
mitochondrial apoptosis. BAX gene knockout can reduce 
mitochondrial damage caused by JEV infection. In short, by 
detecting changes in indicators related to mitochondrial apoptosis, 
it is proven that JEV infection activates mitochondrial apoptosis. 
Knocking out the BAX gene inhibits a series of changes in 
mitochondrial apoptosis.

FIGURE 3

BAX protein plays a positive regulatory role in Japanese encephalitis virus (JEV) proliferation. pEGFP and pEGFP-BAX plasmid were transfected into 
PK-15 or BAX.KO cells. (A) PK-15 cells were infected with JEV (MOI  =  1) for 36  h, and the amount of virus was analyzed using Western blot. (B) RT-qPCR 
was performed to measure the level of E mRNA. (C) BAX.KO cells were infected with JEV (multiplicity of infection [MOI]  =  1) for 36  h, and the amount of 
virus was analyzed using Western blot. (D) Real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed to 
measure the level of E mRNA. ***p  <  0.001. ns, not significant.
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3.6 JEV activation of the P53-BAX pathway 
promotes cell apoptosis

BAX.KO and PK-15 cells were inoculated with JEV (MOI = 1), 
and the expression levels of proteins related to the P53-BAX pathway 
were detected using Western blotting. JEV infection induces DNA 
damage (Figure 6A), which in turn promotes P53 phosphorylation 
(Figure 6B), upregulation of BAX protein, downregulation of BCL-2, 
cleavage of caspase-9 and caspase-3 (Figure 6C), and upregulation of 
NOXA and PUMA mRNA (Figures 6D,E). Infection of PK-15 with 
JEV activates the P53-BAX pathway of the mitochondrial apoptosis 
pathway to induce cell apoptosis, while knockout of the BAX gene can 
effectively reduce the changes in a series of apoptotic proteins caused 
by JEV infection and inhibit cell apoptosis.

3.7 Caspase-3 inhibitor inhibits virus 
proliferation and release

Caspase-3 inhibitor Z-DEVD-FMK with different concentrations 
was pre-incubated with PK-15 and BAX.KO cells for 36 h, and cell 
activity was detected by CCK8 to determine the optimal concentration 
of the inhibitor (Figure 7A). JEV-infected PK-15 and BAX.KO cells 
were pre-treated with Z-DEVD-FMK for 36 h (MOI = 1). E and 
caspase-3 proteins were detected using Western blotting (Figure 7B), 
and the JEV-E protein was quantitatively analyzed using ImageJ 
(Figure 7C). The culture fluid of the two cells was collected, and the 
virus content released into the culture fluid was detected using 
RT-qPCR. Inhibiting cell apoptosis can significantly inhibit the release 

of the virus outside the cell to achieve virus diffusion and proliferation 
(Figure 7D). In summary, inhibiting JEV-induced cell apoptosis can 
inhibit the proliferation of the virus in the cell and the release of 
the virus.

4 Discussion

Previous studies by our group have shown that the proapoptotic 
gene BAX may be involved in the JEV life cycle. Current research on 
BAX protein focuses on its ability to inhibit cancer cell proliferation 
by promoting apoptosis of cancer cells (Zhiqing et al., 2015). While 
some progress has been made on the correlation between other viruses 
and BAX protein, our search revealed that the relationship between 
JEV and BAX appears to be  rarely reported. As the primary 
amplification host of JEV, we  hypothesized that BAX also plays a 
pivotal role in the JEV invasion of porcine cells. To this end, 
we selected PK-15 cells, a commonly used research material for JEV, 
as the research object. PK-15 cells with BAX gene knockouts were 
constructed using CRISPR/Cas9. The overexpression of the BAX gene 
in PK-15 cells and the supplementation of the BAX gene in BAX.KO 
cells also demonstrated that BAX plays a positive regulatory role in the 
process of JEV proliferation (Figure 3). DAPI and Annexin V-FITC 
double staining experiments showed that BAX knockout significantly 
inhibited JEV-induced apoptosis (Figure 4).

Apoptosis is a crucial PCD pathway that is vital for maintaining 
tissue homeostasis, guiding embryonic development, and regulating 
immunity (Giuseppa et al., 2016; Ketelut-Carneiro and Fitzgerald, 
2022). Viruses can regulate their own proliferation by promoting or 

FIGURE 4

(A) Nuclear morphological changes in cells infected with Japanese encephalitis virus (JEV), the arrows indicate that the nuclei of infected cells 
appeared as typical fragmented and marginated apoptotic bodies. (B) Apoptotic cells were observed under a fluorescence microscope.
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inhibiting the apoptosis of host cells, which represents an essential 
aspect of the cell life cycle. For instance, inhibiting apoptosis caused 
by FeHV-1 infection with inhibitors can promote viral proliferation 
and increase viral titers, while inducing apoptosis leads to reduced 
viral protein expression, lower viral titers, and weakened autophagy, 
which may be  related to the virus evading the host’s immune 
surveillance (Gianmarco et al., 2023a; Gianmarco et al., 2023b). IAV 
inhibits apoptosis by upregulating the anti-apoptotic phosphoinositide 
3-kinase-protein kinase B (PI3 K-AKT) pathway in the early stage of 
infection while promoting apoptosis and viral proliferation by 
inhibiting this pathway and upregulating the proapoptotic p53 
pathway in the late stage of infection (Gupta et al., 2017; Ampomah 
and Lim, 2020). Apoptosis is not the sole mechanism by which viruses 
induce cell death. Pyroptosis and necrosis constitute a synchronized, 
coordinated cell death system in which any one pathway can 
compensate for another, or all three pathways can operate in the same 

cell but at different moments depending on the context and timing 
(Pérez-Figueroa et al., 2021; Ketelut-Carneiro and Fitzgerald, 2022).

In the mitochondria-mediated apoptotic pathway, BAX is usually 
located in the cytoplasm or loosely bound to the mitochondrial outer 
membrane (MOM), whereas BAK is located predominantly in the 
outer mitochondrial membrane and remains inactive in 
non-apoptotic cells (Gitego et al., 2023). BAX-regulated MOMP is a 
key mechanism leading to cell death (Figure  8). Upon apoptotic 
stimulation, BAX induces MOMP by converting from inactive 
cytoplasmic monomers to lethal mitochondrial outer membrane 
oligomers. This process releases proapoptotic factors, such as 
cytochrome C and mtDNA, into the cytoplasm, facilitating apoptotic 
cysteine cascade signaling. Caspases play an important role in 
apoptosis, with caspase-9 being involved in the mitochondrial 
apoptotic pathway and activating the downstream protein caspase-3 
for apoptosis. In this study, we  found that JEV can activate both 

FIGURE 5

Japanese encephalitis virus (JEV) infection of PK-15 and BAX.KO cells activated the mitochondrial apoptosis pathway, while knockout of BAX alleviated 
JEV-induced mitochondrial damage. (A) Mitochondrial membrane potential (MOMP) was detected using the JC-1 detection kit 24  h after PK-15 and 
BAX.KO cells were infected with JEV (multiplicity of infection [MOI]  =  1). (B) The ratio of green fluorescence to red fluorescence indicated the degree of 
reduction in MOMP, and the fluorescence intensity was quantitatively analyzed using ImageJ. (C) PK-15 and BAX.KO cells were loaded with the 
fluorescent probe DCFH-DA with JEV infection (MOI  =  1) for 24  h, and the ROS was measured using a multifunctional microplate reader. (D) PK-15 and 
BAX.KO cells were infected with JEV (MOI  =  1) for 12 or 24  h, and the cytoplasmic mtDNA content was determined using real-time quantitative reverse 
transcription polymerase chain reaction (RT-qPCR). (E) PK-15 and BAX.KO cells were infected with JEV (MOI  =  1) for 24  h, and the Cyto C protein level 
was detected using Western blotting. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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caspase-9 and caspase-3, and the proliferation and release of JEV was 
inhibited with a specific inhibitor of caspase-3 (Z-DEVD-FMK). This 
suggests that JEV can achieve viral proliferation and release through 
the mitochondrial apoptotic pathway. PK-15 cells lacking BAX 
expression showed resistance to JEV infection-induced apoptosis, 
providing evidence that JEV induces apoptosis by regulating BAX and 
revealing important clues to the mitochondrial permeability 
mechanism during JEV infection.

Mitochondria are present in almost all nucleated cells and are 
involved in apoptosis in addition to energy production. They 
contain their own DNA (mitochondrial DNA, or mtDNA), which 
encodes 13 essential mitochondrial proteins (Ayman et al., 2017). 
Studies have shown that some flavivirus infections release mtDNA 
(ZIKA, DENV) (Lai et al., 2018; Zheng et al., 2018). Apoptosis and 
mtDNA release require the activation of BAX and BAK, which 
release mtDNA through the megapores formed by BAX and BAK 
(Cosentino et al., 2022). The mtDNA binds to a wide variety of 
PAMPs, including Toll-like receptors (TLRs), inflammasomes, 
RIG-I-like receptors, and RIG-I-like receptors. Receptors (TLRs), 

inflammasomes, RNA sensors of the RIG-I-like receptor (RLR) 
family, and DNA sensors such as cGMP-AMP synthetase (cGAS), 
which in turn activate interferon α, interferon β, and/or nuclear 
factor-κB, as well as other signaling pathways that activate the type 
1 interferon response and downstream ISGs to induce 
proinflammatory cytokines (Si Ming and Thirumala-Devi, 2015). 
These endogenous molecules are released under various stress 
conditions to activate the natural immune system. Our previous 
study showed that JEV infection in PK-15 cells activated the NLRP3 
inflammatory pathway (Weimin et al., 2023). Here, we found that 
JEV infection leads to the release of mtDNA, which is subsequently 
activated by binding to PAMP. However, the precise mechanisms of 
action of mtDNA and PAMP remain to be investigated.

As a member of the Flaviviridae family and the Flavivirus 
genus (Hayes, 2009). JEV is closely related to West Nile virus 
(WNV), dengue virus (DENV), Zika virus (ZIKA), and other 
flaviviruses (Saiz et al., 2016). These flavivirus infections have 
been shown to activate multiple signaling pathways that can 
either activate or inhibit apoptosis in virus-infected cells, such as 

FIGURE 6

Japanese encephalitis virus (JEV) infection activates proteins related to the mitochondrial apoptosis pathway. PK-15 and BAX.KO cells were infected 
with JEV (multiplicity of infection [MOI]  =  1), and apoptotic proteins related to the mitochondrial apoptosis pathway were verified using Western 
blotting or real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR). (A) γ-H2AX, (B) P53 phosphorylation, (C) BCL-2, BAX, 
caspase-3, and caspase-9, (D) PUMA mRNA, (E) NOXA mRNA, while β-Actin served as loading control. JEV infection of PK-15 cells activated the P53-
BAX apoptosis pathway while in BAX.KO cells, the activation of P53-BAX apoptosis pathway proteins was inhibited. **p < 0.01.
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endoplasmic reticulum (ER) stress and the AKT/PI3K pathway 
(Toru et al., 2017; Wang et al., 2017; Yang et al., 2020). Current 
studies have shown that DENV, Zika, and WNV can all induce 
apoptosis through the mitochondrial apoptosis pathway (Hottz 
et al., 2013; Pan et al., 2021), which may be a common feature of 
members of the Flavivirus genus. However, there are still 
differences in the apoptosis induced by each flavivirus. Previous 
studies have shown that the ZIKV NS4B protein can regulate 
BAX recruitment and activation and trigger apoptotic programs 
(Xiaodong et al., 2021). During DENV infection, cell apoptosis 
can be regulated by depolarization of MOMP Δψ(m) through the 
expression and inhibition of BCL-2/BAX (Qi et al., 2015). The 
West Nile virus (WNV) capsid protein (WNVCp) binds HDM2 
and sequesters it into the nucleolus, disrupting the formation of 
the HDM2 and p53 complex, leading to p53 stabilization and 
subsequent induction of mitochondrial dysfunction, and 
promoting apoptosis (Mi-Ran et al., 2007). In addition, many 
advances have been made in the research on anti-JEV infection. 
For example, the active ingredients of Arisaema plants show good 
binding affinity and stability to NS 5 and NS 3 helicases and can 
be  used as candidates for anti-JEV drugs (Navyashree et  al., 
2021). Inhibition of mast cell-specific chymotrypsin can 
ultimately prevent JEV from entering the brain (Kant et  al., 
2021). How JEV participates in apoptosis and whether it interacts 

with apoptotic proteins remains unknown, necessitating further 
studies to explore these possibilities.

5 Conclusion

In conclusion, the results of this study indicate that JEV 
induces apoptosis of PK-15 cells through the mitochondrial 
apoptosis pathway. BAX is an important host protein in the process 
of JEV-induced mitochondrial apoptosis. JEV activates downstream 
caspase enzymes through the P53-BAX axis, promoting 
mitochondrial apoptosis and facilitating viral proliferation and 
release. However, it is not yet known whether there are other 
mechanisms of JEV-induced cell death beyond the mitochondrial 
apoptosis pathway. Further research is required to explore this 
possibility. The current state of research on JEV-induced death 
modes is incomplete, but the exploration of JEV and BAX in this 
study represents significant progress in this field.
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FIGURE 7

Japanese encephalitis virus (JEV) infection-induced apoptosis is important for viral proliferation and release. (A) PK-15 and BAX.KO cells were pre-
incubated with different concentrations of Z-DEVD-FMK for 36  h, and then the appropriate amount of CCK8 solution was added. After incubation for 
2  h, the appropriate inhibitor concentration was determined using a microplate reader. (B) PK-15 and BAX.KO cells were incubated with 20  μM Z-DEVD-
FMK for 36  h, and the cells were infected with JEV for 36  h (multiplicity of infection [MOI]  =  1). The viral load was analyzed using Western blotting. (C) E 
protein was quantified using ImageJ. (D) The amount of virus released into the culture medium was detected using real-time quantitative reverse 
transcription polymerase chain reaction (RT-qPCR). **p < 0.01. ns, not significant.
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FIGURE 8

Schematic diagram of Japanese encephalitis virus (JEV)-mediated mitochondrial apoptosis pathway. JEV infection causes DNA damage, which 
promotes P53 phosphorylation in the nucleus. P53 induces a large number of genes involved in various steps of apoptosis signaling and execution 
(Todd et al., 2008), leading to mitochondrial membrane potential (MOMP), which is considered to be a key step in the mitochondrial apoptosis 
pathway. BAX is activated and inserted into the mitochondrial outer membrane and oligomerizes to form pores to allow Cytochrome C, mtDNA, and 
other proteins to be released from the membrane space. Mitochondria recruit and activate procaspase 9, which further activates executioner caspase 
3 to induce apoptosis.
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