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A B S T R A C T

The pseudorabies virus (PRV) is identified as a double-helical DNA virus responsible for causing Aujeszky's dis-
ease, which results in considerable economic impacts globally. The enzyme tryptophanyl-tRNA synthetase
2 (WARS2), a mitochondrial protein involved in protein synthesis, is recognized for its broad expression and vital
role in the translation process. The findings of our study showed an increase in both mRNA and protein levels of
WARS2 following PRV infection in both cell cultures and animal models. Suppressing WARS2 expression via RNA
interference in PK-15 cells led to a reduction in PRV infection rates, whereas enhancing WARS2 expression
resulted in increased infection rates. Furthermore, the activation of WARS2 in response to PRV was found to be
reliant on the cGAS/STING/TBK1/IRF3 signaling pathway and the interferon-alpha receptor-1, highlighting its
regulation via the type I interferon signaling pathway. Further analysis revealed that reducing WARS2 levels
hindered PRV's ability to promote protein and lipid synthesis. Our research provides novel evidence that WARS2
facilitates PRV infection through its management of protein and lipid levels, presenting new avenues for devel-
oping preventative and therapeutic measures against PRV infections.
1. Introduction

The pseudorabies virus (PRV), known alternatively as porcine
herpesvirus 1 or Aujeszky's disease virus, is classified within the alpha-
herpesvirus family (Mettenleiter, 1999). Characterized by its sizable
linear double-stranded DNA genome, PRV encodes upwards of 70
functional proteins and is prevalent among pigs, its primary hosts, as
well as various other vertebrates (Pomeranz et al., 2005; Woznia-
kowski and Samorek-Salamonowicz, 2015). The virus is notorious for
inciting devastating diseases and inflicting significant economic
detriment globally (Wozniakowski and Samorek-Salamonowicz,
2015). Recent research has unveiled the troubling capability of PRV
variants to infect humans directly, inflicting serious harm to both the
nervous and respiratory systems and underscoring the risk of this virus
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breaching species barriers (Ai et al., 2018; Wong et al., 2019; Yang
et al., 2019). This body of evidence points to the fact that the impact of
PRV extends beyond agricultural confines, posing a looming threat to
public health.

Mitochondrial aminoacyl-tRNA synthetases (mtARSs) are essential
enzymes that are ubiquitously expressed and covalently attach amino
acids to their corresponding tRNA molecules during the translation of
mitochondrial genes. Harmful mutations in mtARS genes can lead to
various phenotypes, and different mtARS mutations often result in
distinct clinical manifestations (Burke et al., 2018). Tryptophanyl-tRNA
synthetase 2 (WARS2) is a type of mtARS. Human genome-wide associ-
ation studies have identified heritable WARS2 gene expression in breast
cancers, and the WARS2 locus has been associated with cardio-metabolic
phenotypes (Heid et al., 2010; Curtis et al., 2012). WARS2 possesses
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angiogenic properties both within and beyond the cardiac context (Liu
et al., 2010), and given its association with common human diseases, it
may have translational relevance (Wang et al., 2016). Patients harboring
biallelic WARS2 variants may exhibit symptoms of neonatal or infantile
mitochondrial disease, as well as dopamine-responsive early-onset Par-
kinson's disease and progressive myoclonus-ataxia (Burke et al., 2018;
Tarnopolsky et al., 2020; Skorvanek et al., 2022).

Viruses are uniquely dependent on the cellular mechanisms of their
hosts for their own reproduction (Wang and Li, 2012; Walsh et al., 2013).
Regardless of their diverse sizes, structural compositions, complexities,
and genetic functions, their survival hinges entirely on hijacking the
protein production systems within host cells (S�anchez et al., 2013; Walsh
et al., 2013). Beyond their role as energy stores, lipids are pivotal in
shaping the fluidity and architecture of cellular membranes (Lorizate and
Krausslich, 2011). For their lifecycle completion, viruses exploit host
cellular proteins and lipids (Wang and Li, 2012). The process of meta-
bolic remodeling is crucial for viruses to amplify their biomass, enabling
the amplification of their genetic material and the assembly of new virus
particles (Allen et al., 2022). Prior to our study, the influence of WARS2
on the metabolic pathways affecting PRV growth had not been explored.
Our exploration revealed that reducing WARS2 levels curtailed the
PRV-triggered spike in protein and lipid production, consequently
diminishing PRV growth. This finding highlights the critical role of
WARS2 in PRV infection processes.

2. Materials and methods

2.1. Reagents

TRIzol Reagent (9108, TaKaRa), PrimeScript RT reagent kit (RR047A,
TaKaRa) SYBR Premix Ex Taq (RR820A, TaKaRa) were purchased from
TaKaRa (Otsu, Shiga, Japan); Oil red O (O0625), cycloheximide (CHX,
239763) and RNase inhibitor (3335399001) were purchased from
Sigma-Aldrich (MO, USA); a lab assay nonessential fatty acid
(294-63601) assay kit for FFAs was from Wako Bioproducts (VA, USA),
and a TG assay kit (E1013) and TC assay kit (E1015) were purchased
from Applygen Technologies Inc. (Beijing, China). Enhanced ATP Assay
Kit (S0027) was purchased form Beyotime (shanghai, China). Acetyl-CoA
Content Assay Kit (BC0980) was purchased form Solarbio (Beijing,
China).

2.2. Antibodies

Anti-ACACA (#3676), anti-p-ACACA (#11818) and anti-p-eIF2α
(#3398) antibodies were purchased from Cell Signaling Technology
(MA, USA); anti-WARS2 (13944-1-AP), anti-cGAS (26416-1-AP), anti-
STING (19851-1-AP), anti-TBK1 (28397-1-AP), anti-IFR3
(11312-1-AP), anti-IFNAR1 (13083-1-AP), anti-eIF2α (11170-1-AP) and
anti-β-actin (20536-1-AP), anti-NDUFA9 (20312-1-AP), anti-SDHA
(14865-1-AP) and anti-COXI (13393-1-AP) were purchased from Pro-
teintech (Wuhan, China); anti-FASN (ab22759) was purchased from
Abcam (MA, USA); anti-FLAG (F3165), anti-puromycin (MABE343) and
anti-HMGCR (MABS1233) was purchased from Sigma-Aldrich (MO,
USA); anti-p-HMGCR (bs-4063R) was purchased from Bioss (MA, USA);
horseradish peroxidase (HRP)-conjugated donkey anti-mouse IgG
(715-035-150) and anti-rabbit IgG (711-035-152) were purchased from
Jackson Immuno Research Laboratories (PA, USA). Antiserum against
PRV gB was generated by immunizing mice with purified recombinant
gB. The antibodies were used at dilutions of 1:500 for immunofluores-
cence staining and 1:1000 for immunoblotting analysis.

2.3. Mice

Female 6 to 8-week-old BALB/c mice were purchased from the Center
of Experimental Animals of Zhengzhou University (Zhengzhou, China)
and maintained in a specific pathogen-free animal facility according to
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the Guide for the Care and Use of Laboratory Animals and the related
ethical regulations instilled at Henan Agricultural University.

2.4. Cells and viruses

Porcine kidney epithelial PK-15 cells (CCL-33, ATCC, MD, USA) and
HE293T cells (CRL-11268, ATCC) were grown in monolayers at 37 �C
under 5% CO2 in DMEM (10566-016, Gibco, NY, USA) supplemented
with 10% FBS (10099141C, Gibco, MA, USA), 100 U/mL penicillin, and
100 μg/mL streptomycin sulfate (B540732, Sangon, Shanghai, China).
cGAS�/�, STING�/�, TBK1�/�, IRF3�/� and IFNAR1�/� PK-15 cells were
used as previously described (Wang et al., 2020). Briefly,
lentiviruses-mediated CRISPR/Cas9 technology was used to generate
gene knockout cell lines. PK15 cells were infected with the lentiviruses
and subsequently selected with puro (4 μg/mL) for seven days. Single
clonal knockout cells were obtained by serial dilution and verified by
Sanger sequencing and immunoblotting analysis.

The virulent PRV isolate QXX (PRV-QXX) was kindly donated by
Yong-Tao Li from the College of VeterinaryMedicine, Henan Agricultural
University (Li et al., 2015). The recombinant PRV strain of PRV-GFP,
derived from the PRV Hubei strain with the TK gene replaced by a GFP
expression cassette from the pEGFP-N1 plasmid, was kindly donated by
Han-Zhong Wang fromWuhan Institute of Virology, Chinese Academy of
Sciences (Xu et al., 2012). Viral titers were determined using the 50%
tissue culture infective dose (TCID50) assay, which was calculated via the
Reed-Muench method.

2.5. Plasmids

Full-length porcine WARS2 cDNA was amplified by polymerase chain
reaction. WARS2 cDNAwas cloned into pEGFP-C1 and p3� Flag-CMV-10
expression plasmids to generate GFP-WARS2 and FLAG-WARS2.
FLAG-WARS2 mut (48–54) was a mutant form of full-length WARS2 in
which amino acids 48 to 54 were mutated to alanine. FLAG-WARS2
Δ(aa.1–18) referred to truncating amino acids 1–18 of the full-length
WARS2. All DNA constructs were verified with DNA sequencing. All
plasmids were transfected with Lipofectamine 3000 (L3000015, Invi-
trogen, NY, USA) according to the manufacturer's instructions.

2.6. Cell viability assay

Cell viability was evaluated using a cell Counting kit-8 (CCK-8) ac-
cording to the manufacturer's instructions (GK3607, Dingguo, Beijing).
Briefly, the cells were seeded into 96-well plates at a density of 0.8 � 104

per well for 24 h. CCK-8 (10 μL) was then added to each well, and the
cells were incubated at 37 �C for 3 h. The absorbance was detected at 450
nm with a microplate reader (VARIOSKAN FLASH, ThermoFisher
Scientific).

2.7. Flow cytometry assay

A flow cytometry assay was performed as previously described (Gack
et al., 2020). Briefly, PK-15 cells were infected with PRV-GFP [multi-
plicity of infection (MOI) ¼ 1] for 20 h. Cells were digested with
trypsin-EDTA (25200072, Gibco, MA, USA), collected by centrifugation,
and suspended in PBS. The percentage of GFP-positive cells was
measured by flow cytometry using a Beckman CytoFLEX instrument. All
data were analyzed with CytExpert software 2.0.

2.8. qRT-PCR

Total RNA was extracted using TRIzol Reagent (TaKaRa) and reverse-
transcribed with a PrimeScript RT reagent kit (TaKaRa). qRT-PCR was
performed in triplicate using SYBR Premix Ex Taq (TaKaRa). Data were
normalized to the expression of the control gene encoding β-actin. The
relative changes in expression were calculated using the 2�ΔΔCT method.
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The primer sequences used for qRT-PCR analysis are shown in Sup-
plementary Table S1.

2.9. Immunoblotting analysis

The cells were lysed in RIPA buffer (50 mmol/L Tris–HCl, pH 8.0,
150 mmol/L NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, and 2 mmol/L MgCl2) supplemented with a protease and phos-
phatase inhibitor cocktail (HY-K0010 and HY-K0022, MedChemEx-
press). Protein samples were separated by SDS-PAGE and transferred to
polypropylene fluoride membranes (C3117, Millipore, MA, USA). After a
30 min incubation in 5% nonfat milk (A600669, Sangon Biotech), the
membrane was incubated with the primary antibody overnight at 4 �C
followed by an incubation with the appropriate HRP-conjugated sec-
ondary antibody for 1 h at room temperature. The target proteins were
detected with Luminata Crescendo immunoblotting HRP substrate
(WBLUR0500, Millipore) on a GE AI600 imaging system.

2.10. RNAi

Lentivirus-mediated gene silencing was conducted as previously
described (Wang et al., 2019). Briefly, shRNAs (Scramble: GCCA-
CAACGTCTATATCATGG; shWARS2-1: CTTAATTGGTGCAAATCTCTC;
shWARS2-2: CTCTTAATTGGTGCAAATCTC) were synthesized as
double-stranded oligonucleotides, cloned into the pLKO.1 vector and
co-transfected with packaging plasmids pMD2.G and psPAX2 into
HE293T cells. Lentiviruses were harvested at 48 h post-transfection and
used to infect cells that were then selected with puro (4 μg/mL) for seven
days. Knockdown efficiency was determined by qRT-PCR or immuno-
blotting analysis.

2.11. Determination of intracellular FFAs, TG, and TC

The cell lysates were extracted with a syringe needle in 250 μL RIPA
buffer and centrifuged at 12,000 �g for 5 min at 4 �C. The total lipids in
200 μL lysate were extracted by the addition of 100 μL
chloroform–methanol (2:1, v/v) mixture. The extract was evaporated
until dry and dissolved in 50 μL of TRB (100 mmol/L KH2PO4, 100
mmol/L K2HPO4, 5 mmol/L sodium cholate, 50 mmol/L NaCl, 0.1%
Triton X-100, pH 7.4) for the FFA, TG, and TC assays. FFA (Wako), TG
(Applygen), and TC (Applygen) were measured with biochemical assay
kits in accordance with the manufacturer's protocols. The values were
normalized to the total cellular protein content.

2.12. Oil red O staining

The cells were fixed in 4% paraformaldehyde for 30 min and incu-
bated in Oil red O (3 μg/mL) for 15 min. The cells were washed with 70%
alcohol for 5 s to remove any background stain, rinsed in double-distilled
Millipore water, counterstained with Harris hematoxylin, washed,
mounted, and observed under a light microscope. The LD number was
determined using the ImageJ “analyze particles” function (areas of par-
ticles <0.01 mm2 were excluded).

2.13. Polysome profile analysis

Methodology reference to previous reports (Han et al., 2020). Mock
or PRV-QXX-infected (MOI ¼ 1) PK-15 cells were incubated with
0.1 mg/mL CHX (Sigma-Aldrich) for 5 min at 37 �C to arrest the ribosome
at specific times after infection. The cells were then lysed in polysome
extraction buffer (20 mmol/L Tris-HCl [pH 7.5], 5 mmol/L MgCl2,
100 mmol/L KCl, 1% Triton X-100, 0.1 mg/mL CHX, 1 � protease
inhibitor cocktail, and 50 U/mL RNase inhibitor). The cell lysates were
centrifuged at 15,000 �g for 10 min at 4 �C, and the supernatants were
resolved on a linear 10%-to-50% sucrose gradient (composed of
20 mmol/L Tris-HCl [pH 7.5], 5 mmol/LMgCl2, and 100 mmol/L KCl) by
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centrifugation at 35,000 rpm at 4 �C for 3 h in a Beckman SW40 Ti rotor.
After centrifugation, the fractions were collected, and the optical density
was measured at a wavelength of 254 nm (OD254) with varioskan flash
(Thermo, USA). Methodology reference to previous reports (Han et al.,
2020).

2.14. Statistical analysis

Data are representative of at least three independent experiments for
quantitative analyses and expressed as the means� standard errors of the
means. All statistical analyses were performedwith a two-tailed Student's
t-test. Significant differences relative to the corresponding controls were
accepted at P < 0.05.

3. Results

3.1. WARS2 expression is increased during PRV infection

The role of WARS2 during PRV infection was explored by assessing its
expression in mice exposed to PRV. Mice were exposed to either a mock
infection or an intranasal PRV-QXX strain for three days, followed by the
measurement of WARS2 mRNA and protein levels in tissues such as the
kidney, brain, lung, and liver through quantitative real-time PCR
(qRT-PCR) and immunoblotting analysis, respectively. Relative to the
mock-infected group, a notable rise inWARS2mRNA levels was observed
in all tissues post-PRV infection (Fig. 1A). A similar upward trend in
WARS2 protein quantities was detected in these organs (Fig. 1B–D). For
in vitro investigation, PK-15 cells were infected with PRV-QXX over a
time course of 0–24 h, displaying an elevation in bothWARS2mRNA and
protein expressions (Fig. 1E, F). Further, the study evaluated the effect of
PRV infection on WARS1 and EARS2, another mitochondrial aminoacyl
tRNA synthetase. The qRT-PCR outcomes revealed that the expression
levels of WARS1 and EARS2 remained unchanged by PRV infection
(Fig. 1G, H). These observations indicate an upregulation of WARS2
expression following PRV infection.

3.2. WARS2 expression is regulated by type I interferon (IFN) and cGAS/
STING/TBK1/IRF3 pathways

Following the observation of enhanced WARS2 expression during
PRV infection, we sought to elucidate whether this expression modula-
tion was mediated via the type I interferon (IFN) signaling pathway. To
this end, PK-15 cells were subjected to various stimuli, including IFN-β,
HT-DNA, poly (I:C), and poly (dA:dT); all of which resulted in increased
mRNA levels of WARS2 and the IFN-stimulated gene 15 (ISG15)
(Fig. 2A–D). Previous investigations have identified the involvement of
porcine cyclic GMP-AMP (cGAMP) synthase (cGAS) and components
downstream, such as the stimulator of interferon genes protein (STING),
TANK-binding kinase 1 (TBK1), and IFN regulatory factor 3 (IRF3), in the
activation of type I IFN in response to PRV infection (Wang et al., 2015).
CRISPR/Cas9 technology was employed to generate cGAS�/�, STING�/�,
TBK1�/�, IRF3�/�, and IFNAR1�/� PK-15 cell lines (Wang et al., 2020).
The efficacy of these genetic modifications was verified via immuno-
blotting analysis (Fig. 2E). A time-dependent increase in WARS2
expression was observed in PK-15 cells upon PRV-QXX infection
(Fig. 2F). However, such induction was not present in the cGAS�/�,
STING�/�, TBK1�/�, IRF3�/�, and IFNAR1�/� PK-15 cells (Fig. 2F),
indicating that the cGAS/STING/TBK1/IRF3 innate immune and IFN
signaling axes are indispensable for the PRV-induced expression of
WARS2.

3.3. WARS2 knockdown inhibits PRV infection

To investigate the presumptive involvement of WARS2 in PRV
infection, RNA interference (RNAi) technology was utilized to suppress
WARS2 expression by introducing short-hairpin RNA (shRNA) into



Fig. 1. WARS2 expression is unregulated by PRV infection. A Murine models were either subjected to a mock infection or intranasal administration of PRV-QXX at a
concentration of 5 � 103 TCID50 within a 50 μL volume per specimen, maintained for a duration of 3 days. Subsequently, the expression levels of WARS2 mRNA within
the renal, cerebral, pulmonary, and hepatic tissues were quantitatively analyzed via qRT-PCR (n ¼ 3 per treatment group). ***P < 0.001. B–D Following the pro-
cedural steps outlined in section (A), the expression of WARS2 and PRV glycoprotein B (gB) within the pulmonary (B), renal (C), and hepatic (D) tissues were
evaluated utilizing immunoblotting analysis (n ¼ 3 per treatment group). E PK-15 cells were exposed to PRV-QXX with a MOI of 1 for 0–24 h. The expression level of
WARS2 mRNA was subsequently quantified through qRT-PCR analysis. ***P < 0.001. F PK-15 cells were exposed to PRV-QXX with a MOI of 1 for 0–24 h. The protein
expressions of WARS2 and gB were evaluated utilizing immunoblotting analysis. G–H PK-15 cells exposed to PRV-QXX with a MOI of 1 for 0–24 h. The expression
levels of WARS1 (G) and EARS2 (H) mRNA were quantitatively analyzed via qRT-PCR.
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PK-15 cells prior to infection with recombinant strains of PRV-GFP and
PRV-QXX. The efficiency of WARS2 downregulation by the two selected
shRNAs was validated through both qRT-PCR and immunoblotting
(Fig. 3A and B). Furthermore, it was observed that the knockdown of
WARS2 did not adversely impact the morphological characteristics or
survival of PK-15 cells (Fig. 3C and D). Meanwhile, knockdown of
WARS2 did not affect the expressions of cGAS, STING, TBK1, IRF3 and
IFNAR 1 (Fig. 3E).

Subsequent investigations focused on viral replication dynamics in
PK-15 cells, employing control (scramble), shWARS2-1, and shWARS2-2
cell lines, following infection with PRV-GFP. These dynamics were
assessed via fluorescence microscopy and flow cytometry, revealing a
significant diminution in GFP fluorescence in cells with WARS2 silenced
as opposed to the control cells (Fig. 3F and G). Infection trials were
extended to cover PRV-QXX strain, with the replication rates quantified
through the detection of PRV glycoprotein B (gB) expression levels via
immunoblotting and mRNA levels of PRV gB and thymidine kinase (TK)
through qRT-PCR analysis. These analyses indicated a reduction in PRV
gB protein as well as gB and TK mRNA levels in shWARS2-1 and
shWARS2-2 cells compared to scramble controls (Fig. 3H and I). More-
over, viral titer assessments revealed reduced viral loads in
WARS2-suppressed cells (Fig. 3J). Collectively, these results imply that
WARS2 silencing suppresses the proliferation of PRV in PK-15 cells.

3.4. WARS2 overexpression promotes PRV infection

To elucidate the contribution of WARS2 to PRV infection further,
PK-15 cells were transfected with either an empty vector or varying
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concentrations of a plasmid harboring the FLAG-tagged WARS2 construct
for a duration of 24 h, followed by an infection with PRV-GFP. Analytical
outcomes, derived from fluorescence microscopy and flow cytometry
evaluations, illustrated that cells with enforced expression of WARS2
exhibited enhanced GFP fluorescence compared to those receiving the
empty vector (control group), signifying that WARS2 augmentation facili-
tated PRV-GFP infectivity (Fig. 4A and B). The investigation extended to
measuring the impact of elevated WARS2 levels on PRV gB expression,
utilizing immunoblotting techniques. Results depicted in Fig. 4C demon-
strate an upsurge in PRV gB expression in cells transduced with the FLAG-
WARS2 construct. In addition, PK-15 cells overexpressing FLAG-WARS2
showed elevated mRNA levels of PRV gB and TK relative to control cells
(Fig. 4D). Viral titer assessments further substantiated that WARS2 over-
expression potentiated viral replication (Fig. 4E). Thesefindings collectively
indicate that WARS2 upregulation is conducive to the proliferation of PRV.

3.5. WARS2 knockdown inhibits protein synthesis and reduces the levels of
cellular oxidative phosphorylation, ATP and Acetyl-Coenzyme A
(acetyl-CoA) during PRV infection

To elucidate the contribution of WARS2 to PRV proliferation, cellular
extracts from either uninfected (mock) or PRV-infected PK-15 cells were
subjected to sucrose gradient fractionation, facilitating the separation of
ribosomal subunits (40S and 60S), monosomes (80S), and polysomes.
Ribosomal profiling assessments revealed an augmentation in polysome
abundance after PRV infection, a phenomenon not observed in cells
subjected to WARS2 depletion (Fig. 5A). To further delineate WARS2's
involvement in protein biosynthesis, a transient puromycin (puro) pulse



Fig. 2. WARS2 expression is dependent on type I IFN and cGAS-mediated innate immune pathway. A PK-15 cells were exposed to IFN-β (0–0.4 μg/mL) for 24 h. qRT-PCR
analysis was employed to determine the expression levels of ISG15 and WARS2 mRNA. *P< 0.05, **P < 0.01, ***P< 0.001. B–D PK-15 cells underwent transfection with
varying concentrations of HT-DNA (0–4 μg/mL) (B), poly (I:C) (0–4 μg/mL) (C), and poly (dA:dT) (0–4 μg/mL) (D) for 2 h. qRT-PCR analysis was conducted to quantify the
mRNA expression levels of IFN-β, ISG15, andWARS2. *P< 0.05, **P< 0.01, ***P< 0.001. E The presence of cGAS, STING, TBK1, IRF3, and IFNAR1 proteins was analyzed
through immunoblotting analysis in cGAS�/�, STING�/�, TBK1�/�, IRF3�/� and IFNAR1�/� PK-15 cells. F cGAS�/�, STING�/�, TBK1�/�, IRF3�/� and IFNAR1�/� PK-15
cells were subjected to infection with PRV-QXX at a MOI of 1 for 0–24 h. The expression level of WARS2 mRNA in these cells was quantified using qRT-PCR analysis. ***P
< 0.001.
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chase assay was employed. Puromycin integrates into nascent poly-
peptide chains, enabling detection via immunoblotting with a
puromycin-specific antibody. Compared to mock-infected conditions,
puromycin labeling of proteins was markedly intensified post-PRV
infection, whereas WARS2 knockdown resulted in attenuated protein
synthesis (Fig. 5B). The eukaryotic initiation factor 2 alpha (eIF2α) can
promote the recruitment of Met-tRNAi to 40S/mRNA complexes under
conditions of inhibition of eIF2 activity (via eIF2α phosphorylation).
Being a pivotal translation initiation regulator, eIF2α's phosphorylation
status at Ser51 significantly influences global translation rates (Desmet
et al., 2014). As shown in Fig. 5B, phosphorylated eIF2α levels were
diminished in PRV-infected cells but were notably reduced to near
indetectability in scramble cells. Conversely, WARS2 silencing manifests
a substantial elevation in p-eIF2α levels. Meanwhile, overexpression of
WARS2 enhanced protein synthesis (Fig. 5C).
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To further probe the functional significanceofWARS2 in thepropagation
of PRV, rescue assays were performed by transfecting shWARS2-1-depleted
PK-15 cells with either an expression vector encoding aWARS2 variant with
a mutation compromising its enzymatic function, FLAG-WARS2 mut
(48–54) (Antonellis and Green, 2008; Wang et al., 2016), or an expression
vector lacking themitochondrial targeting sequence, FLAG-WARS2Δ(1–18)
(Martinelli et al., 2020). Assessment through both immunoblotting and
viral titration methodologies revealed that reintroduction of wild-type
FLAG-WARS2 restored both protein biosynthesis and PRV replication. In
contrast, cells transfected with either of the mutant WARS2 constructs did
not exhibit such rescue effects (Fig. 5D and E). These results suggest that the
depletion of WARS2 impedes PRV-mediated protein synthesis.

Given the role of WARS2 as an mtARS, potentially implicated in the
modulation of mitochondrial oxidative phosphorylation, an investigation
was initiated to discern its effects on the protein constituents of



Fig. 3. Suppression of WARS2 attenuates PRV infection. A WARS2 mRNA expression was quantitatively measured in scramble, shWARS2-1, and shWARS2-2 PK-15
cells using qRT-PCR analysis. ***P < 0.001. B Protein levels of WARS2 in PK-15 cells treated as described in A were determined via immunoblotting analysis. C
Comparative morphology of PK-15 cells treated as in A was documented. Scale bar, 10 μm. D The viability of PK-15 cells with different WARS2 expression levels was
evaluated over a time course of 0–60 h using a CCK-8 assay. E Protein levels of cGAS, STING, TBK1, IRF3, IFNAR1 and WARS2 were assessed by immunoblotting
analysis in scramble, shWARS2-1, and shWARS2-2 PK-15 cells. F PK-15 cells, treated as mentioned above, were infected with PRV-GFP at an MOI of 1 for 20 h. GFP
expression, indicative of viral replication, was monitored through fluorescence microscopy. Scale bar, 100 μm. G GFP-positive cells from the experiment in F were
quantitated by flow cytometry. ***P < 0.001. H WARS2 and PRV gB levels were assessed by immunoblotting analysis in scramble, shWARS2-1, and shWARS2-2 PK-
15 cells infected with PRV-QXX at an MOI of 1 for 24 h. I qRT-PCR analysis was employed to quantify PRV gB and TK mRNA expression in scramble, shWARS2-1, and
shWARS2-2 PK-15 cells infected with PRV-QXX at an MOI of 1 for 24 h. ***P < 0.001. J Viral titers in samples from H were determined via a TCID50 assay.
***P < 0.001.
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mitochondrial oxidative phosphorylation complexes. To this end, both
control and WARS2-deficient cells were infected with PRV-QXX, fol-
lowed by the quantification of protein levels of essential components of
the mitochondrial oxidative phosphorylation pathway, comprising
Complex I (NDUFA9), Complex II (SDHA), and Complex IV (COX1).
Immunoblotting analyses revealed an upregulation in the expressions of
NDUFA9, SDHA, and COX1 consequential to PRV infection (Fig. 5F).
Conversely, the ablation of WARS2 negated the PRV elicited enhance-
ments in these oxidative phosphorylation complex components (Fig. 5F).
These findings intimate that WARS2 depletion mitigates the oxidative
phosphorylation activation triggered by PRV, potentially culminating in
diminished mitochondrial respiration and compromised ATP production.
Given the pivotal role of ATP as the chief cellular energy reservoir and
acetyl-CoA as a critical metabolic intermediary, additional explorations
were undertaken to ascertain WARS2's influence on cellular metabolism,
through measurements of ATP and acetyl-CoA concentrations in control
and WARS2-depleted cells, post-PRV-QXX infection, across a temporal
window of 0–24 h. PRV infection elicited an augmentation in intracel-
lular ATP concentrations (Fig. 5G), whereas WARS2 suppression did not
significantly alter ATP levels (Fig. 5G). Analogously, acetyl-CoA quanti-
ties increased after PRV infection, with no significant variation observed
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following WARS2 knockdown (Fig. 5H). Cumulatively, these data sub-
stantiate the essentiality of WARS2 in fostering PRV-driven protein
biosynthesis, cellular oxidative phosphorylation, and the biosynthesis of
ATP and acetyl-CoA.

3.6. WARS2 knockdown reduces PRV-induced lipid synthesis

Acetyl-CoA plays a central role in various metabolic pathways,
notably in the biosynthesis of fatty acids, a process predominantly
located in the cytoplasm and characterized by its high demand for ATP.
Our prior research identified that the downregulation of WARS2 alters
cellular ATP and acetyl-CoA concentrations. Consequently, the implica-
tion of WARS2 in lipid metabolic pathways was further explored. Initial
assessments involved quantifying the lipid droplet (LD) accumulation
within a temporal framework of 0–24 h post-infection in both control
(scramble) and WARS2-deficient cells exposed to PRV-QXX. Employing
Oil red O staining, it was observed that PRV infection enhances LD for-
mation in scramble cells, an effect that was not replicated in cells lacking
WARS2 (Fig. 6A and B). We further quantified the impact on intracellular
lipid profiles, indicating elevations in total cholesterol (TC), triglycerides
(TG), and free fatty acids (FFAs) following PRV infection in scramble



Fig. 4. Enhancement of PRV infection through WARS2 overexpression. A PK-15 cells, post-transfection with FLAG-WARS2 plasmid (0–2 μg) for 12 h, were infected
with PRV-GFP at a MOI of 1 for 20 h. GFP expression, as a marker of viral replication, was visualized using fluorescence microscopy. Scale bar, 100 μm. B Quan-
tification of GFP-positive cells from A via flow cytometry. **P < 0.01, ***P < 0.001. C Following a similar procedure as in A but with varying plasmid concentrations
(0–6 μg), PRV gB and WARS2-FLAG protein levels were evaluated using immunoblotting analysis. D qRT-PCR analysis was utilized to assess PRV gB and TK mRNA
levels in PK-15 cells transfected with the FLAG-WARS2 plasmid (0–2 μg) for 12 h and then infected with PRV-QXX at a MOI of 1 for 24 h. *P < 0.05, **P < 0.01,
***P < 0.001. E Viral replication in PK-15 cells treated as in D was determined via a TCID50 assay. ***P < 0.001.
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cells. In contrast, the abrogation of WARS2 negated this lipid accumu-
lation, underscoring the pivotal necessity of WARS2 for lipid biosynthesis
(Fig. 6C–E). This accords with previous observations suggesting that the
inhibition of LD biogenesis negatively influences PRV replication
(Li et al., 2023), whereby WARS2 depletion compromised the
PRV-induced augmentation in LD numbers and lipid accumulation.

To elucidate the impact of WARS2 downregulation on lipid biosyn-
thesis, cells subjected to RNAi targeting WARS2 and respective controls
were infected with PRV-QXX. The investigation focused on the tran-
scriptional levels of pivotal lipid biosynthesis regulators, including sterol
regulatory element-binding protein 1c (SREBP1c), fatty acid synthase
(FASN), acetyl-CoA carboxylase alpha (ACACA), sterol regulatory
element-binding protein 2 (SREBP2), and 3-hydroxy-3-methylglutaryl-
CoA reductase (HMGCR). Quantitative reverse transcription PCR
(qRT-PCR) analyses demonstrated an absence of PRV-induced mRNA
augmentation for these regulatory factors in cells with WARS2 knock-
down, in comparison to control groups (Fig. 6F–J). Furthermore,
immunoblotting assays indicated that PRV infection resulted in the
upregulation of ACACA, HMGCR, and FASN expression (Fig. 6K). How-
ever, this upregulation was mitigated in the presence of WARS2 knock-
down (Fig. 6K). Additionally, an elevated phosphorylation state of
HMGCR and ACACA was detected in WARS2-deficient PK-15 cells,
indicating potential inactivation of these enzymes consequent to WARS2
silencing (Fig. 6K), a process known to render HMGCR and ACACA
enzymatically inactive upon phosphorylation (Day et al., 2021). To
validate these outcomes, a rescue assay incorporating oleic acid (OA) was
conducted, wherein the incorporation of OA into the media of
WARS2-deficient cells correlated with increased PRV titers, as measured
by TCID50 assay, contingent on OA concentration increments (Fig. 6L).
We further quantified the impact of WARS2 overexpression on intracel-
lular lipid profiles, indicating elevations in TC, TG, and FFAs
(Fig. 6M–O). Collectively, these findings highlight the essential contri-
bution of WARS2 to PRV-enhanced lipid biosynthesis.

4. Discussion

Viruses function as obligate intracellular parasites, necessitating host
cellular machinery for their propagation (Wang and Li, 2012). The
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interaction in nutrient metabolism between host organisms and viruses
provides insights into the pathogenesis of a myriad of viral-induced in-
fectious diseases. This knowledge is instrumental in identifying viable
targets for antiviral therapeutic development, particularly because the
modulation of host factors introduces a substantial genetic hurdle that
could inhibit the evolution of viral resistance mechanisms (Wang and Li,
2012; Allen et al., 2022). The metabolic pathways concerning proteins
and lipids within host cells are critical for viral replication processes
(Lorizate and Krausslich, 2011; Allen et al., 2022), However, the role of
these metabolic pathways in the replication of PRV remains inadequately
explored. Within the scope of the present research, it has been evidenced
that PRV infection facilitates the amplification of both protein and lipid
biosynthesis, which is mediated by an upsurge in WARS2 expression.
This upregulation is attributed to the activation of cGAS/STING innate
immune response and IFN signaling pathways (Fig. 7).

The innate immune system has evolved to serve as a primary defense
mechanism against viral infections. The DNA-dependent activator of IFN-
regulatory factors has been identified as an essential sensor for the
detection of viral DNA, initiating the immune response to viral invasion
(Takaoka et al., 2007; Wang et al., 2007). The detection of cytoplasmic
DNA by these molecular sensors represents a critical juncture in the
innate immune response to viral infection, instigating the synthesis of
type I interferon, cytokines, and chemokines. These constituents signif-
icantly contribute to the antiviral defense, being generated via cascading
amplification reactions that bolster the innate antiviral response (Keating
et al., 2011). However, not all ISGs possess the capacity to counteract
viral infection. Previous research has indicated that the transmembrane
protein 41B, classified as an ISG, facilitates the replication of PRV
(Li et al., 2023). It has been documented that the innate immune ma-
chinery, upon PRV infection, initiates a response mediated by cytosolic
pattern recognition receptors that detect PRV genomic DNA (Xie et al.,
2010; Li et al., 2023). Nevertheless, investigations remain to conclusively
determine the involvement of these DNA sensors in influencing WARS2
expression. Historical evidence from 1991 revealed a protein, highly
inducible by IFN-gamma, known as protein g2, to be identical to the
human cytoplasmic WARS (Bonnevie-Nielsen et al., 1991; Fleckner et al.,
1991; Frolova et al., 1993). Subsequent research has elucidated the as-
sociation between WARS expression and immune modulation, alongside



Fig. 5. Contribution of WARS2 to protein, ATP, and acetyl-CoA synthesis. A Scramble and shWARS2-1 PK-15 cells were infected with PRV-QXX at a MOI of 1 for 24 h.
The optical density was measured at a wavelength of 254 nm (OD254) with varioskan flash. B Scramble, shWARS2-1 and shWARS2-2 PK-15 cells were mock-infected or
infected with PRV-QXX at a MOI of 1 for 24 h, and then pulsed with 5 μg/mL puro for 15 min. Puro, p-eIF2α, eIF2α, WARS2 and PRV gB were assessed by
immunoblotting analysis. C PK-15 cells were transfected with WARS2-FLAG (0–6 μg) for 24 h, and then pulsed with 5 μg/mL puro for 15 min. Puro, p-eIF2α, eIF2α,
WARS2 and PRV gB were assessed by immunoblotting analysis. D Scramble and shWARS2-1 PK-15 cells were transfected with the FLAG-WARS2, FLAG-WARS2 mut
(48–54) and FLAG-WARS2 Δ(1–18) plasmid 6 μg for 12 h, and infected with PRV-QXX at a MOI of 1 for 24 h. Puro, p-eIF2α, eIF2α, WARS2-FLAG and PRV gB were
assessed by immunoblotting analysis. E Cells were infected and treated as in D. Viral titers were assessed by a TCID50 assay. ***P < 0.001. ns, no significance. F
Scramble, shWARS2-1 and shWARS2-2 PK-15 cells were mock-infected or infected with PRV-QXX at a MOI of 1 for 24 h. NDUFA9 (CI), SDHA (CII), COX1 (CIV),
WARS2 and gB were assessed by immunoblotting analysis. G Scramble and shWARS2-1 PK-15 cells were infected with PRV-QXX at a MOI of 1 for 0–24 h. Cellular ATP
was quantified using biochemical kits. ***P < 0.001. H Scramble and shWARS2-1 PK-15 cells were infected with PRV-QXX at a MOI of 1 for 24 h. Cellular acetyl-CoA
was quantified using biochemical kits. ***P < 0.001.
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its correlation with favorable tumor prognosis (Lu et al., 2020). Given the
significant role of WARS in immune regulation, its relevance in the
context of viral infections is substantial. Prior investigations have illu-
minated the critical function of WARS in facilitating the entry and
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infection of enteroviruses (Yeung et al., 2018; Masomian et al., 2021).
Moreover, it has been shown that WARS is swiftly secreted following
viral infection, initiating the innate immune response through the in-
duction of proinflammatory cytokines and type I IFN secretion (Lee et al.,



Fig. 6. WARS2's role in PRV-induced lipid synthesis. A LDs were visualized in scramble and shWARS2-1 PK-15 cells post-infection with PRV-QXX at a MOI of 1 for 24
h using Oil Red O staining. Scale bar, 10 μm. B LDs quantification per cell from A was performed using ImageJ analysis (n ¼ 50). ***P < 0.001. C–E Quantification of
TC (C), TG (D), and FFAs (E) in scramble and shWARS2-1 PK-15 cells was accomplished using biochemical kits following infection with PRV-QXX at a MOI of 1 for
0–24 h. ***P < 0.001. F–JmRNA expression levels of SREBP1c (F), ACACA (G), FASN (H), SREBP2 (I), and HMGCR (J) in scramble, shWARS2-1, and shWARS2-2 PK-
15 cells were measured via qRT-PCR analysis. ***P < 0.001. K The expression of lipid metabolism enzymes and viral proteins in scramble, shWARS2-1, and shWARS2-
2 PK-15 cells mock-infected or infected with PRV-QXX at a MOI of 1 for 24 h were assessed by immunoblotting analysis. L Viral titers in scramble and shWARS2-1 PK-
15 cells, infected with PRV-QXX at a MOI of 1 and treated with oleic acid (OA at 150 μM) for 24 h, were determined through a TCID50 assay. *P < 0.05, **P < 0.01,
***P < 0.001. M–O Quantification of TC (F), TG (G), and FFAs (H) in WARS2-FLAG (0–2 μg) transfected PK-15 cells was accomplished using biochemical kits.
*P < 0.05, ***P < 0.001.
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Fig. 7. Schematic model of PRV manipulates mitochondrial tryptophanyl-tRNA synthetase 2 for viral replication. PRV infection activates the cGAS/STING/TBK1/IRF3
innate immune pathway, mediating type I interferon production, which in turn stimulates WARS2 expression. This enhancement in WARS2 activity boosts protein and
lipid synthesis, facilitating subsequent viral replication.
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2019). Recent studies have underscored the supportive role of WARS in
augmenting innate immunity against coronavirus disease 2019 (Maras
et al., 2021; Najimi et al., 2023). Despite the limited research available
on the role of WARS in viral infections, this study delineates how PRV
infection mediates the upregulation of WARS2 expression via the IFN
signaling pathway.

Owing to the lack of genes encoding for mRNA translationmachinery,
viruses universally exploit host cellular ribosomes for the synthesis of
viral proteins (Cao et al., 2017). Many viruses induce a widespread
suppression of host protein production, a process termed as “host shutoff”
(Gale et al., 2000; Walsh and Mohr, 2011). Nevertheless, infections
caused by the PRV have been documented to provoke an enhancement in
the host's protein synthesis (Zhu et al., 2021). ARS are pivotal enzymes
within the translational apparatus, facilitating the linkage of specific
amino acids to their respective tRNA molecules, thereby playing an
indispensable role in protein biosynthesis in host cells (Yao and Fox,
2013). In parallel, lipid metabolism is crucial for viral replication, serving
as an energy reservoir for the replication processes of viruses (Allen et al.,
2022). Previous investigations have demonstrated that epigallocatechin
gallate can impede the replication and assembly of the porcine repro-
ductive and respiratory syndrome virus by interrupting lipid metabolic
pathways (Yu et al., 2022). Moreover, lipid metabolic processes, influ-
enced by Niemann-Pick type C1, Liver X receptor, and transmembrane
protein 41B, have been found to modulate the entry mechanism of PRV
into host cells (Li et al., 2022, 2023; Wang et al., 2022). There is a sig-
nificant correlation between lipid metabolism and the innate immune
defense against viral infections (Xiao et al., 2020). For instance,
cholesterol-25-hydroxylase is capable of obstructing viral entry and
exerting a wide range of antiviral effects through the biosynthesis of
25-hydroxycholesterol (Liu et al., 2013; Wang et al., 2017). Additionally,
the role of 7-dehydrocholesterol in modulating the production of type I
IFN via the activation of AKT serine/threonine kinase 3, which leads to
diverse antiviral outcomes, has been documented (Xiao et al., 2020). Our
investigation has elucidated that WARS2 facilitates PRV infection,
revealing a previously unidentified mechanism through which an
interferon-stimulated gene may enhance viral replication. Moreover, our
findings further delineate the integral roles of WARS2 in promoting
PRV-induced protein and lipid biosynthesis. Innate immunity is indis-
pensable for the organism's defense against pathogens and is increasingly
recognized for its regulatory influence on various physiological pro-
cesses, including lipid metabolism. Activation of innate immune path-
ways precipitates the secretion of cytokines, such as tumor necrosis
factor-alpha, interleukins, and interferons, which can modulate lipid
metabolism through various mechanisms, including the alteration of
lipoprotein concentrations, the modification of enzymatic activities
related to lipid biosynthesis and degradation, and the impact on lipid
storage within adipocytes (Chen et al., 2019).

5. Conclusions

The results of this study elucidate that WARS2 is integral in pro-
moting PRV replication within the host organism. This observation
proposes the inhibition of WARS2 as a potential strategy for the formu-
lation of pharmacological agents and vaccinations aimed at curtailing the
replication of PRV. Through the targeted inhibition of WARS2, there
exists the potential to mitigate the dissemination and intensity of PRV
infections. Consequently, these findings offer significant insights and
establish a foundation for subsequent explorations aimed at the
412
identification and development of efficacious therapeutic interventions
against PRV.
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