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ABSTRACT

Coronavirus subverts the host cell cycle to create a favorable cellular environment that enhances viral replication
in host cells. Previous studies have revealed that nucleocapsid (N) protein of the coronavirus porcine epidemic
diarrhea virus (PEDV) interacts with p53 to induce cell cycle arrest in S-phase and promotes viral replication.
However, the mechanism by which viral replication is increased in the PEDV N protein-induced S-phase arrested
cells remains unknown. In the current study, the protein expression profiles of PEDV N protein-induced S-phase
arrested Vero E6 cells and thymidine-induced S-phase arrested Vero E6 cells were characterized by tandem mass
tag-labeled quantitative proteomic technology. The effect of differentially expressed proteins (DEPs) on PEDV
replication was investigated. The results indicated that a total of 5709 proteins, including 20,560 peptides, were
identified, of which 58 and 26 DEPs were identified in the PEDV N group and thymidine group, respectively (P <
0.05; ratio > 1.2 or < 0.8). The unique DEPs identified in the PEDV N group were mainly involved in DNA
replication, transcription, and protein synthesis, of which 60S ribosomal protein L18 (RPL18) exhibited signif-
icantly up-regulated expression in the PEDV N protein-induced S-phase arrested Vero E6/IPEC-J2 cells and
PEDV-infected IPEC-J2 cells (P < 0.05). Further studies revealed that the RPL18 protein could significantly
enhance PEDV replication (P < 0.05). Our findings reveal a mechanism regarding increased viral replication
when the PEDV N protein-induced host cells are in S-phase arrest. These data also provide evidence that PEDV
maintains its own replication by utilizing protein synthesis-associated ribosomal proteins.

1. Introduction

Alphacoronavirus (Su et al., 2020b). PEDV causes severe watery diarrhea,
vomiting, dehydration, and a mortality rate of up to 100% in suckling

Coronaviruses are a class of viruses with capsids and linear single-
stranded positive-stranded RNA genomes that are widespread in na-
ture and can infect humans, mammals, and birds (Shi, 2021; Wang et al.,
2022). Over the past 20 years, frequent outbreaks of human and animal
coronaviruses have occurred worldwide, resulting in serious disaster to
human society and serious challenges to public health safety and animal
health (Cui et al., 2019; Li et al., 2022). Porcine epidemic diarrhea virus
(PEDV) is an enveloped, single-stranded, positive-sense RNA virus that
belongs to the order Nidovirales, family Coronaviridae, and genus
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piglets. Vaccination represents the preferred strategy for the prevention
and control of PEDV (Sun et al., 2016); however, PEDV still occurs
frequently due to rapid virus mutation, strain varieties, and delayed
vaccine updates, which has led to tremendous economic losses in the
global swine industry (Gerdts and Zakhartchouk, 2017; Wang et al.,
2019). Therefore, the study of the PEDV infection mechanism is required
for designing antiviral strategies.

Viruses are specific live intracellular parasites that must rely on host
cell resources to complete the virus’s own replication (Su et al., 2020a).
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A common mechanism used by viruses to establish an infection is by
altering biological processes such as the host cell cycle and acquiring
factors associated with their own replication (Bagga and Bouchard,
2014; Nascimento et al., 2012). A proven viral strategy is to modulate
the host cell cycle to promote virus growth (Bagga and Bouchard, 2014).
Various coronaviruses have evolved multiple strategies to regulate the
host cell cycle according to the characteristics of their own replication.
Moreover, they can induce host cell cycle arrest during the S-phase or
G1/G2-phase to create a favorable cellular environment for viral repli-
cation (Bouhaddou et al., 2020; Yuan et al., 2007). An accumulated
number of studies have gradually revealed the molecular mechanism
regarding the coronavirus-induced host cell cycle arrest. Coronaviruses
manipulate the cell cycle by regulating the Cyclin-CDK complex,
p53-dependent pathway, the coronavirus nucleocapsid (N) protein, and
the direct interaction with host cell cycle-associated proteins (Ding
etal., 2013; Ding et al., 2014). Our previous studies reveal that the PEDV
N protein interacts with p53 to activate the p53-DREAM pathway, and
subsequently induces cell cycle S-phase arrest to create a favorable
environment for viral replication (Su et al., 2021). At present, although
the mechanism of coronavirus-mediated host cell cycle arrest has been
widely studied, the mechanistic details regarding increased viral repli-
cation in the coronavirus-induced host cell cycle arrested cells remain
unclear.

In our study, a large-scale proteomic investigation based on tandem
mass tag (TMT) combined with liquid chromatography-tandem mass
spectrometry (LC-MS/MS) was conducted to comprehensively reveal the
protein expression profile of the PEDV N protein-induced S-phase
arrested Vero E6 cells (PEDV N group) and thymidine-induced S-phase
arrested Vero E6 cells (thymidine group). The unique differentially
expressed proteins (DEPs) of the PEDV N protein-induced S-phase arrest
Vero E6 cells were obtained through a comparison with the DEPs
identified in the thymidine-induced S-phase arrested Vero E6 cells. The
Gene Ontology (GO) category, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) annotation, and protein-protein interaction (PPI)
network analysis revealed the highlighted 60S ribosomal protein L18
(RPL18), which is potentially responsible for the mechanism regarding
enhancing viral replication in host cells when the PEDV N protein in-
teracts with p53 to induce host cell cycle arrest in S-phase. Our study
reveals a novel mechanism regarding increased viral replication by
which the PEDV N protein-induces host cell S-phase arrest. These data
also provide a reference for the mechanism by which SARS-CoV-2 and
other coronaviruses regulate the host cell cycle and design antiviral
drugs based on this mechanism.

2. Materials and methods
2.1. Virus, cells, antibody, and reagents

The PEDV strain, CV777 (GenBank accession no. KT323979), was
kindly provided by the Division of Swine Digestive System Infectious
Diseases, State Key Laboratory of Veterinary Biotechnology, Harbin
Veterinary Research Institute, Chinese Academy of Agricultural Sci-
ences. The PEDV strain, HM2017 (subgroup GII-a, GenBank accession
no. MK690502), was isolated and stored in the Laboratory of Swine
Infectious Diseases, College of Animal Science and Veterinary Medicine,
Heilongjiang Bayi Agricultural University (Yang et al., 2020). The Vero
E6 cells and porcine intestinal epithelial cells (IPEC-J2) were stored at
the Laboratory of Swine Infectious Diseases, College of Animal Science
and Veterinary Medicine, Heilongjiang Bayi Agricultural University.
The cells were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) under a humidified
atmosphere of 5% CO; at 37 °C. Monoclonal antibodies (mAbs) against
the PEDV N protein were kindly provided by the Division of Swine
Digestive System Infectious Diseases, State Key Laboratory of Veterinary
Biotechnology, Harbin Veterinary Research Institute, Chinese Academy
of Agricultural Sciences. A polyclonal antibody against RPL18
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(17029-1-AP) was purchased from Proteintech Group. The GAPDH
antibody (G8795) and GFP antibody (AG281) were obtained from
Sigma-Aldrich (St. Louis, MO, USA) and Beyotime Biotechnology
(China), respectively.

2.2. Plasmids

The N gene was amplified using RT-PCR (Primer: PEDV N-F: 5- GCC
TCG AGT ATG GCT TCT GTC AGC TTT CAG GAT C-3; PEDV N-R: 5- GCG
GTA CCT TAA TTT CCT GTA TCG AAG ATC TCG T-3) from the PEDV
CV777 strain (GenBank accession no. KT323979) and cloned into the
vectors pAcGFP1-C1 (with Xhol and Kpnl restriction enzymes) and
pCMV-Myc (with the Sall and Kpnl restriction enzymes), respectively.
The plasmids were termed pAcGFP1-C1-N and pCMV-Myc-N. A pair of
specific primers (RPL18-F: 5- GAA TTC TAT GGG AGT TGA CAT C -3;
RPL18-R: 5- GGA TCC TTA GTT TTT GTA GCC GCG G -3) were designed
according to the nucleotide sequences of the RPL-18 gene (Genbank
accession no. XM_021094700.1). The RPL18 gene was amplified from
IPEC-J2 cells using specific primers. The amplified RPL18 gene was
cloned into the eukaryotic expression vector pAcGFP1-C1 with the Xhol
and Kpnl restriction enzymes. The recombinant plasmids of the RPL18
gene were termed pAcGFP1-C1-RPL18.

2.3. Quantitative proteomics sample preparation

To prepare quantitative proteomics samples of PEDV N protein-
induced S-phase arrested Vero E6 cells and thymidine-induced S-phase
arrested Vero E6 cells, the Vero E6 cells were used for the overexpression
of PEDV N protein with GFP tag (GFP-N) and synchronized during S-
phase, respectively. Briefly, Vero E6 cells were seeded into six well
plates and transfected using the pAcGFP-C1-N (GFP-N) and pAcGFP-C1
empty vector (GFP) plasmids (4.5 mg per well) using Lipofectamine
3000 transfection reagent (L3000008; Invitrogen Life Technologies)
according to the manufacturer’s instructions. At 6 h post-transfection
(hpt), the transfection mixture was replaced with complete growth
medium and incubated for an additional 18 h before being used in as-
says. Vero E6 cells were synchronized by incubating cells with an excess
of 0.85 mM thymidine (T1895; Sigma) for 18 h. Cells were washed two
times with 1 x PBS and incubated in DMEM-FBS without thymidine for 8
h, followed by a second exposure to 0.85 mM thymidine. After 16 h, the
cells were collected for further assays. All cell samples were analyzed by
flow cytometry prior to a proteomic analysis. For all proteomics ex-
periments, three biological replicates were performed for each sample,
including the control sample.

2.4. Cell cycle assay

Vero E6 cells in which GFP-N was expressed were collected and fixed
in 70% cold ethanol overnight at 4°C. After washing with PBS (pH 7.4),
the cells were resuspended and strained with propidium iodide (PI, 50
mg/mL) and RNase A (100 mg/mL) (550825; BD Biosciences) for 15 min
at room temperature in the dark. Cell cycle distribution was performed
using an Accuri C6 flow cytometer (BD Biosciences). Data were analyzed
using ModFit LT 5.0 (Verity Software House).

2.5. Tandem mass tag (TMT)-labeled quantitative proteomic analysis

Tandem mass tag (TMT)-labeled quantitative proteomic analysis of
the PEDV N/thymidine-induced S-phase arrested Vero E6 cells was
performed in accordance with Fig. 1.

2.5.1. Protein extraction

Twelve samples, including three samples of PEDV N protein-induced
S-phase arrested Vero E6 cells, three GFP control samples, three samples
of thymidine-induced S-phase arrested Vero E6 cells, and three DMSO
control samples were homogenized in lysis buffer (4% SDS, 1 mM DTT,
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Fig. 1. Schematic flow diagram of tandem mass tag (TMT)-labeled quantitative proteomic analysis of the PEDV N/thymidine-induced S-phase arrested Vero E6 cells.

150 mM Tris-HCl pH 8.0, protease inhibitor). After a 3 min incubation in
boiling water, the homogenates were sonicated on ice. Next, the crude
extract was incubated in boiling water and clarified by centrifugation for
10 min at 16,000 x g and 25 °C. The protein content was determined
using BCA protein assay reagent (Beyotime). The supernatants were
stored at —80 °C until further use.

2.5.2. Protein digestion and TMT labeling

Protein digestion was performed according to the FASP procedure
described by Wisniewski et al. (2009), and the resulting peptide mixture
was labeled with 16-plex TMT reagent according to the manufacturer’s
instructions (Applied Biosystems). Briefly, 200 pg of protein from each
sample was incorporated into 30 pL SDT buffer (4% SDS, 100 mM DTT,
150 mM Tris-HCl pH 8.0). The detergent, DTT and other
low-molecular-weight components were removed using UA buffer (8 M
Urea, 150 mM Tris-HCI pH 8.0) by repeated ultrafiltration (Pall units, 10
kDa). Next, 100 pL 0.05 M iodoacetamide in UA buffer was added to
block reduced cysteine residues and the samples were incubated for 20
min in the dark. The filters were washed three times with 100 pL UA
buffer and twice with100 pL DS buffer (50 mM triethylammoniumbi-
carbonate at pH 8.5). Finally, the protein suspensions were digested
with 2 g trypsin (Promega) in 40 pL DS buffer overnight at 37 °C, and

the resulting peptides were collected as a filtrate. The peptide content
was estimated by UV light spectral density at 280 nm using an extinction
coefficient of 1.1 of a 0.1% (g/L) solution calculated based on the fre-
quency of tryptophan and tyrosine in vertebrate proteins.

For labeling, TMT reagent was dissolved in 70 pL of ethanol and
added to the respective peptide mixture. The samples were labeled as
(DMSO0)-127C,128N,128C, (Thymidine)-130C,132N,132C, (Empty
vector)-133N,133C,134N, (PEDV N)-129N,129C,130N, multiplexed,
and vacuum dried.

2.5.3. Peptide fractionation with strong cation exchange (SCX)
chromatography

TMT-labeled peptides were fractionated by SCX chromatography
using the AKTA Purifier system (GE Healthcare). The dried peptide
mixture was reconstituted and acidified with 2 mL buffer A (10 mM
KHyPOy4 in 25% of ACN, pH 2.7) and loaded onto a PolySULFOETHYL
4.6x100 mm column (5 pm, 200 ;\, PolyLC Inc, Maryland, USA). The
peptides were eluted at a flow rate of 1 mL/min with a gradient of 0%-—
10% buffer B (500 mM KCl, 10 mM KH5POy4 in 25% of ACN, pH 2.7) for 2
min, 10%-20% buffer B for 25 min, 20%-45% buffer B for 5 min, and
50%-100% buffer B for 5 min. The elution was monitored at an absor-
bance of 214 nm and fractions were collected every 1 min. The collected



Q. Zhu et al.

fractions (about 30 fractions) were finally combined into 10 pools and
desalted on C18 Cartridges (Empore™ SPE Cartridges C18 (standard
density), bed I.D. 7 mm, volume 3 mL, Sigma). Each fraction was
concentrated by vacuum centrifugation and reconstituted in 40 pL of
0.1% (v/v) trifluoroacetic acid. All samples were stored at —80 °C until
LC-MS/MS analysis.

2.5.4. Liquid chromatography (LC)-electrospray ionization (ESI) tandem
MS (MS/MS) analysis by orbitrap fusion

Experiments were performed on a Q Exactive HF-X orbitrap mass
spectrometer coupled to Easy nLC (Thermo Fisher Scientific), and 5 pL of
each fraction was injected for nanoLC-MS/MS analysis. The peptide
mixture (2 pg) was loaded onto a C18-reversed phase column (15 cm-
long, 75 pm inner diameter) packed in-house with RP-C18 5 pm resin in
buffer A (0.1% Formic acid) and separated with a linear gradient of
buffer B (80% acetonitrile and 0.1% Formic acid) at a flow rate of 250
nl/min controlled by IntelliFlow technology over 60 min. MS data was
acquired using a data-dependent top20 method by dynamically selecting
the most abundant precursor ions from the survey scan (300-1800 m/z)
for HCD fragmentation. Determination of the target value was based on
predictive Automatic Gain Control (pAGC). The dynamic exclusion
duration was 60 s. The scans were obtained at the resolution of 70,000 at
m/z 200 and the value of resolution for high energy collisional disso-
ciation spectra were set at 60,000 at m/z 200 (TMT 16plex), and the
width of isolation was 2 m/z. The normalized collision energy was 30 eV
and the AGC Target is 200,000. The instrument was run with the peptide
recognition mode enabled.

2.5.5. Sequence database searching and data analysis

MS/MS spectra were searched using MASCOT engine (Matrix Sci-
ence, London, UK; version 2.2) embedded into Proteome Discoverer 1.4
(Thermo Electron, San Jose, CA.) against the UniProt Chlorocebus
sabaeus database (19,525 sequences, download at 20200518) and the
decoy database. For protein identification, the following options were
used: Peptide mass tolerance = 20 ppm, MS/MS tolerance = 0.1 Da,
Enzyme = Trypsin, Missed cleavage = 2, Fixed modification: Carbami-
domethyl (C), TMT16 (K), TMT16 (N-term), Variable modification:
oxidation (M), and FDR < 0.01.

2.5.6. Bioinformatics

The GO program Blast2GO (https://www.blast2go.com/) was used
to annotate the DEPs to create histograms of GO annotation, including
cellular components, biological processes, and molecular function. For
the pathway analysis, the DEPs were mapped to the terms in the KEGG
database using the KAAS program (http://www.genome.jp/kaas-bin/
kaas_main).

PPI networks were analyzed using the publicly available program
STRING (http://string-db.org/) and the minimum required interaction
score was set at 0.400. STRING is a database of known and predicted
protein-protein interactions. The interactions include direct (physical)
and indirect (functional) associations, and are derived from four sour-
ces: the genomic context, high-throughput experiments, coexpression,
and previous knowledge.

2.6. Validation of RPL18 protein expression levels

To verify the up-regulated expression of the RPL18, the PEDV N
protein-induced S-phase arrested Vero E6 cells and the PEDV N protein-
induced S-phase arrested IPEC-J2 cells were prepared according to the
above methods (Section 2.3). The RPL18 protein of the prepared cells
was subjected to detection and analysis via Western blot according to the
previous protocol described by Li et al. (2019). Briefly, the total cellular
proteins were extracted with RIPA lysis buffer (R0278; Sigma). The
extracted proteins were then separated on a 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and trans-
ferred to a polyvinylidene difluoride membrane. The membranes were
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blocked with 5% nonfat dry milk in PBST (PBS + 0.05% Tween-20) for 2
h and incubated with the primary antibody overnight at 4 °C. After
washing with 0.05% Tween-20 in PBST, the membranes were incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies.
After washing with 0.05% PBST, the membranes were detected with
LuminataTMCrescendo Western HRP substrate (Merck KGaA, Darm-
stadt, Germany) using an Amersham Imager 600 (GE Healthcare, Chi-
cago, IL, USA). The level of target protein expression was analyzed with
Image J software (National Institutes of Health, Bethesda, MD, USA).

To investigate the level of RPL18 protein expression in PEDV-
infected IPEC-J2 cells, the IPEC-J2 cells were incubated with PEDV
strain CV777 at an MOI of 1.0 at 37 °C. The cell samples were collected
at 36 hours post-infection following PEDV infection. The level of RPL18
protein expression in the PEDV-infected IPEC-J2 cells was evaluated via
Western blot. Western blotting was carried out according to the above
protocol.

2.7. Influence of RPL18 protein overexpression on PEDV replication

PAcGFP1-C1-RPL18 recombinant plasmids were extracted using an
EndoFree Plasmid Maxi Kit (Qiagen, Hilden, Germany) and subse-
quently transfected into IPEC-J2 cells. Transient expression of the RPL18
gene in the IPEC-J2 cells was verified by Western blot after pAcGFP1-C1-
RPL18 recombinant plasmid transfection for 24 h. IPEC-J2 cells
expressing RPL18 were incubated with PEDV strain CV777 and PEDV
strain HM2017 at an MOI of 1.0 at 37°C for 48 h. The viral titers of the
samples were tested using the median tissue culture infective dose
(TCIDs0). Briefly, IPEC-J2 cells were seeded into a 96-well plate at a
density of 10° cells per well in 100 pL of medium and incubated for 48 h
at 37°C under an atmosphere of 5% CO3/95% air. The medium was
removed and 100 pL of 10-fold serial dilutions of virus were added to
each well. The cytopathic effect was examined every 12 h for 5 days
post-inoculation. The viral titer was calculated according to the Reed
and Muench method (Nemeth et al., 2018).

2.8. Effects of silenced RPL18 protein on PEDV replication

To investigate the effect of the silenced RPL18 protein on PEDV
replication, small interfering RNA (siRNA) duplexes targeting the RPL18
gene (sus-17:5"-GCC ACA AGG ACC GAA ATT-3’; sus-238: 5’-GCU GUG
GUC GUA GGG ACU ATT-3’; sus-482: 5’-GCC ACA CCA AAC CCU AUG
UTT-3’) were synthesized, respectively. The down-regulated expression
of the RPL18 protein in the PEDV-uninfected IPEC-J2 cells was identi-
fied by Western blot. IPEC-J2 cells were transfected with sus-17, sus-
238, and sus-482 siRNA using Attractene Transfection Reagent (Qia-
gen), respectively. IPEC-J2 cells were incubated with PEDV strain
CV777 and PEDV strain HM2017 at an MOI of 1.0 at 48 h following
transfection with siRNAs for 24 h. The viral titers of the samples were
tested using TCIDsq according to the above methods (Section 2.7).

2.9. Statistical analysis

Values were expressed as the mean + standard deviation (SD). All
statistical analyses were performed using GraphPad Prism 8.00 software
(GraphPad Software, Inc., La Jolla, CA, USA). A one-way analysis of
variance and Student’s t-test were performed for data analysis and graph
production. A probability (P) value of < 0.05 was considered statisti-
cally significant and P < 0.01 was considered to be highly significant.

3. Results

3.1. Preparation of PEDV N/thymidine-induced S-phase arrested Vero E6
cells

To obtain PEDV N protein-induced S-phase arrested cells, recombi-
nant plasmids encoding GFP-N or GFP (empty vector) were transfected
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into the Vero E6 cells. At 36 h post-transfection (hpt), Vero E6 cells were
collected for an analysis of the cell cycle distribution. For the purpose of
a contrast analysis, thymidine-induced S-phase arrested Vero E6 cells
were generated by adding 0.85 mM of thymidine (T1895) into the
growth medium of the Vero E6 cells. After a 24 h incubation with
thymidine, the cell cycle distribution of the Vero E6 cells was analyzed.
The flow cytometry analysis results are shown in Table S1. The Vero E6
cells were revealed to be in the S-phase when the cells were transfected
with the PEDV N recombinant plasmids; the number of S-phase arrested
cells in the PEDV GFP-N group (53.59%) was significantly higher than
that in the GFP control group (31.99%) (P < 0.01, Fig. 2A). The cell cycle
distribution analysis of the thymidine-treated cells indicated that
41.73% of the Vero E6 cells in the thymidine group were in the S-phase,
which was significantly higher than that of the DMSO control group
(21.24%) (P < 0.01, Fig. 2B). These data confirm that the PEDV N/
thymidine-induced S-phase arrested Vero E6 cells were successfully
prepared for quantitative proteomics analysis.

3.2. Protein identification and analysis of the PEDV N/thymidine-induced
S-phase arrested Vero E6 cells

The protein expression profile of the PEDV N protein-induced S-
phase arrested cells (PEDV N group) and the thymidine-induced S-phase
arrested cells (thymidine group) was identified using TMT coupled with
LC-MS/MS (Fig. 1). The identified peptides and proteins lists are pre-
sented in Tables S2 and S3. The DEPs are shown in Tables S4 and S5. A
total of 5709 proteins were identified, including 20,560 peptides
(Table 1). Of the 5709 proteins, 26 DEPs were identified in the thymi-
dine group (P < 0.05, quantitative ratio > 1.2 or < 0.83), of which 15
and 11 proteins were up-regulated and down-regulated, respectively. A
total of 58 DEPs were identified in the PEDV N group (P < 0.05, quan-
titative ratio > 1.2 or < 0.83), of which 27 and 31 proteins were up-
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Table 1
The peptides and proteins identified from the PEDV N/Thymidine-induced S-
phase arrest cells.

Classification Numbers
Total peptides and proteins identified in our ~ Identified peptides 20560

study Identified proteins 5709
The differentially expressed proteins Differentially 26

between CTRL and Thymidine groups expressed proteins

Up-regulated proteins 15

Down-regulated 11
proteins
The differentially expressed proteins Differentially 58

between Vector and PEDV N groups expressed proteins
Up-regulated proteins 27
Down-regulated 31

proteins

regulated and down-regulated, respectively. The level of change in
DEP expression is shown in the volcano plot (Fig. 3A and B). The hier-
archical cluster of the DEPs is presented in the heat map (Fig. 3C and D).
The DEPs were subjected to an analyses of the GO and KEGG pathways
(Tables S6 and S7). The 26 DEPs identified in the thymidine group were
significantly enriched in 69 biological process, 30 cell components, 18
molecular functions, and 1 KEGG pathway annotation (P < 0.05,
Fig. 4A). The 58 DEPs identified in the PEDV N group were significantly
enriched in 75 biological process, 28 cell components, 10 molecular
functions and 3 KEGG pathway annotations (P < 0.05, Fig. 4B). The
significantly enriched biological processes, cell components, molecular
functions, and KEGG pathway exhibited variation at the different levels
between the PEDV N and thymidine groups (Fig. 4C-J).

Further analysis revealed that 10 proteins were the shared DEPs
between the PEDV N and thymidine groups (Table S8). There were 13
proteins that were unique DEPs in the thymidine groups (Table S9).
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Fig. 2. The flow cytometry analysis of the PEDV N/thymidine-induced S-phase arrested Vero E6 cells. A. Flow cytometry analysis of the PEDV N-induced S-phase
arrested Vero E6 cells. The Vero E6 cells were transfected with GFP-N or GFP plasmids for 24 h. The cell cycle distribution was analyzed by flow cytometry (a). The
percentage of cells in S-phase was analyzed and presented in the graph (b). B. The flow cytometry analysis of the thymidine-induced S-phase arrested Vero E6 cells.
The Vero E6 cells were arrested in the S-phase following treatment with thymidine or DMSO. The cell cycle distribution was analyzed by flow cytometry (a). The
percentage of cells in S-phase was analyzed and is shown in the graph (b). The results are representative of three independent experiments (means + SD). * P < 0.05;

** P < 0.01. The P values were calculated using a Student’s t test.
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(A) Volcano plot of the differential expressed genes between the cell lines treated with or without thymidine. (B) Volcano plot of the differentially expressed genes
between GFP-N and GFP expressed cell lines. (C) A heatmap of 26 genes showing significant differential expression between cell lines treated with or without
thymidine. (D) Heatmap of 58 genes exhibiting significant differential expression between GFP-N and GFP expressed cells lines. Each row represents a gene. Red

indicates increased expression. Blue indicates decreased expression.

There were 45 proteins that were unique DEPs in the PEDV N group
(Table S10). The GO and KEGG pathway annotations of the shared DEPs
and unique DEPs are shown in Fig. 5 (Table S11-S13). The DEPs iden-
tified in the PEDV N group were primarily focused on cell growth and
metabolic regulation-associated proteins, DNA replication, transcrip-
tion, and protein synthesis of host cells. The PPI network analysis of the
45 unique DEPs in the PEDV N group revealed that three groups of
proteins, RPL18-RPL10-RPL15-WDR20-PACS2, COPZ1-ARF4-
TBC1D30-ACTRT1-IGBP1, and DCP1B-PCBP2-GTF2E1-SMARCD1, were
found to interact strongly with each other proteins (Fig. 6A). Many vi-
ruses can modulate the host cell translation system to synthesize their
own viral proteins by targeting the ribosomal proteins. To better un-
derstand how the 60S ribosomal protein L18 (RPL18) interacts with the
cellular proteins and affects cell functions, the PPI network related to
“replication and transcription” was established by searching the String
database. The results indicated that RPL18 exhibited a strong interaction

with 69 replication/transcription-associated proteins that include 38
60S ribosomal proteins, 28 40S ribosomal proteins, eukaryotic initiation
factor 6 (elF6), ubiquitin-52 amino acid fusion protein (UbA52), and
eukaryotic elongation factor 2 (eEF2), which form intricate protein-
protein interaction networks (Fig. 6B).

3.3. Validation of the level of RPL18 protein expression in PEDV N-
induced S-phase arrested cells and PEDV-infected IPEC-J2 cells

To investigate the level of the RPL-18 protein expression in PEDV N-
induced S-phase arrested cells and PEDV-infected cells, the PEDV N
protein-induced S-phase arrested Vero E6, the PEDV N protein-induced
S-phase arrested IPEC-J2 cells and PEDV strain CV777-infected IPEC-J2
cells were prepared, respectively. The level of RPL18 protein expression
in the prepared cells was subjected to detection and analysis via Western
blot. The results indicated that the level of the RPL18 protein expression
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in the PEDV N protein-induced S-phase arrested Vero E6 cells and the
PEDV N protein-induced S-phase arrest IPEC-J2 cells were all signifi-
cantly higher than that of the GFP control group (P < 0.01). In the Vero
E6 cells, the ratio of the level of RPL18 protein expression reached 1.91
between PEDV GFP-N group and GFP control group (Fig. 7A). In the
IPEC-J2 cells, the level of RPL18 protein expression the PEDV GFP-N
group was 1.81-fold that of the GFP control group (Fig. 7B). The level
of RPL18 protein expression in the IPEC-J2 cells infected with PEDV
strain CV777 were significantly higher than that in the DMEM control
group (P < 0.01). The ratio of the level of RPL18 protein expression
reached 1.67 between the PEDV group and DMEM control group
(Fig. 7C). These results demonstrate that the expression levels of the
RPL18 protein exhibited a significant increase in PEDV N-induced S-
phase arrested cells and PEDV-infected cells, which is in line with the
results of the TMT-labeled quantitative proteomic analysis.

3.4. Effects of the RPL18 protein on PEDV replication

To investigate influence of RPL18 protein overexpression on PEDV
replication, the swine RPL18 gene was successfully expressed on porcine

IPEC-J2 intestinal epithelial cells using the eukaryotic expression vector,
PAcGFP1-C1 (Fig. 8A). Furthermore, the viral titers of the PEDV classic
strain CV777 and variant strain HM2017 were evaluated in RPL18-
overexpressed IPEC-J2 cells, respectively. The results indicated that
the viral titer of the PEDV classic strain CV777 in RPL18-overexpressed
IPEC-J2 cells reached 4.63 + 0.13 log;o TCIDso/mL, which was higher
than that of the GFP control group (4.17 + 0.19 log;o TCID5¢/mL) (P <
0.05, Fig. 8B). The viral titer of the PEDV variant HM2017 strain in the
RPL18-overexpressed IPEC-J2 cells reached 5.42 + 0.07 logig TCIDso/
mL, which was higher than that of the GFP control group (4.54 + 0.07
log10 TCIDs¢/mL) (P < 0.01, Fig. 8C). These results revealed that RPL18
protein overexpression could significantly enhance PEDV replication.
To investigate the effect of RPL18 protein down-regulation on PEDV
replication, three siRNA duplexes targeting the RPL18 gene, termed sus-
17, sus-238, and sus-482, were synthesized, respectively. The small
interfering RNA sus-482 that significantly down-regulated expression of
the RPL18 protein in the PEDV-uninfected IPEC-J2 cells was identified
by western blot (Fig. 8D). Moreover, the viral titers of PEDV classic
strain CV777 and variant strain HM2017 were evaluated in the RPL18-
silenced IPEC-J2 cells, respectively. The results indicated that the viral
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A

Fig. 6. Protein-protein interaction (PPI) network analysis of the unique DEPs in the PEDV N group. A. The PPI network analysis of the 45 unique DEPs in the PEDV N
group. B. PPI network analysis of the RPL18 interaction with replication/transcription-associated proteins.

titers of the PEDV classic strain CV777 in the RPL18-silenced IPEC-J2
cells reached 5.13 + 0.13 log;¢ TCIDso/mL, which were lower than that
of the GFP control group (5.58 + 0.19 logjo TCID59/mL) (P < 0.05,
Fig. 8E). The viral titers of the PEDV variant strain HM2017 in the
RPL18-silenced IPEC-J2 cells reached 6.21 + 0.19 log;g TCID5p/mL,
which were lower than that of the GFP control group (6.96 + 0.26 logio
TCIDso/mL) (P < 0.01, Fig. 8F). These results revealed that down-
regulated RPL18 protein expression could significantly inhibit PEDV
replication. These data demonstrate that up-regulated RPL18 protein
expression could enhance PEDV replication when the PEDV N protein
interacts with p53 to induce host cell cycle arrest during the S-phase.

4. Discussion
Deregulation of the cell cycle is a common strategy adopted by many

RNA (and DNA) viruses, which aims to exploit the host cell machinery to
create a more favorable environment for survival (Bagga and Bouchard,

2014; Bogdanow et al., 2021; Liu et al., 2020). Coronavirus (CoV) has
evolved multiple mechanisms that induce cell cycle arrest to ensure
sufficient resources and cellular conditions favorable for viral replica-
tion to enhance replication efficiency (Chen et al., 2004; Su et al., 2020a;
Surjit et al., 2006). However, the mechanism by which viral replication
is increased in the CoV-induced host cell cycle arrest cells remain un-
known. The CoV N protein is a multifunctional protein that forms
complexes with genomic RNA, interacts with the viral membrane pro-
tein during virion assembly, and plays a critical role in enhancing the
efficiency of virus transcription and assembly (McBride et al., 2014).
Moreover, the CoV N protein exhibits cell cycle-dependent nucleolar
localization, involving modulation of the host cell cycle (Cawood et al.,
2007; Chen et al., 2002). In previous studies, we identified a key
mechanism underlying PEDV N-induced S-phase arrest to be that the
interaction between PEDV N protein and p53 modulates cell cycle arrest
at S-phase to promote viral replication by activating p53-DREAM
pathway. Furthermore, this S-phase arrest was found to be dependent
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on the nuclear localization signal N7'T%° and the N-p53 binding
domain NS171N194 of the PEDV N protein (Su et al., 2021). In the current
study, TMT-labeled quantitative proteomic technology was employed to
characterize the protein expression profile of PEDV N protein-induced
S-phase arrested Vero E6 cells and thymidine-induced S-phase arrested
Vero E6 cells. A comparison between the PEDV N group and thymidine
group revealed unique DEPs of the PEDV N protein-induced S-phase
arrested Vero E6 cells. We comprehensively elucidated the cellular
components, biological processes, molecular functions, signaling path-
ways, and PPIs of the DEPs identified in the PEDV N group. The 60S
ribosomal protein, L18 (RPL18), is primarily involved in ribosomal
biosynthesis and cellular growth and proliferation, and exhibited
significantly up-regulated expression in the PEDV N protein-induced
S-phase arrested Vero E6/IPEC-J2 cells and PEDV-infected IPEC-J2
cells (P < 0.05). Further studies revealed that up-regulated RPL18
expression significantly enhanced the viral replication of PEDV classical
and variant strains. Our study revealed an important mechanism
regarding the formation of a favorable environment for enhancing viral
replication attributed to the interaction between the coronavirus PEDV
N protein and p53 to induce host cell cycle arrest during S-phase. These
data provide new insight into the mechanism by which coronavirus N
protein induces host cell cycle arrest to enhance viral replication. Our
findings may aid in novel antiviral strategy design for coronaviruses.
Viruses induce profound changes in the host cells they infect. Un-
derstanding these perturbations will assist in designing better thera-
peutics to combat viral infection. System-based proteomic assays now
provide an unprecedented opportunity to monitor a large number of
cellular proteins (Allgoewer et al., 2021; Coombs, 2020; Meignie et al.,
2021; Zecha et al., 2020). TMT-based quantitative proteomic technology
involves tagging differentially treated samples with various markers that
may be differentiated by mass (Thompson et al., 2003). In addition, TMT
coupled with LC-MS/MS allows for a simultaneous and quantitative
comparison of thousands of proteins in complex mixtures, thereby rep-
resenting a powerful approach to uncovering virus-induced protein al-
terations and virus-host protein interactions during the progression of
viral infection (Coombs, 2020; Praissman and Wells, 2021). Shen et al.
(2020) used the newest generation 16-plex TMTpro reagents to reveal
characteristic protein and metabolite changes in the sera of severe
COVID-19 patients, which might be used in the selection of potential
blood biomarkers to evaluate severity (Shen et al., 2020). At present, it
has been shown that coronaviruses have evolved multiple mechanisms
to induce cell cycle arrest to create a cellular microenvironment that
favors viral replication (Su et al., 2021). However, there are no reports of
the panoramic changes in host cells when coronavirus-mediated host
cells are in a state of cell cycle arrest. In this study, we used TMT-based
quantitative proteomics technology for the first time to comprehensively
reveal the changes in protein expression in cells in a state of cell cycle
S-phase arrest mediated by the PEDV N protein. The resulting data
provides a powerful reference for the molecular mechanism by which
virus-mediated cell cycle arrest enhances virus replication, especially in
coronaviruses. However, one inevitable challenge is that a large number
of the experimentally-associated target proteins are obtained due to the
high-throughput characteristics of quantitative proteomics technology
and the complexity of virus-host interactions. The most interesting
protein candidates are associated with the substantial limitation of
further validating whether each target protein is involved in the inter-
action between virus and host cells. Thymidine is a DNA synthesis in-
hibitor that can arrest cell at the G1/S boundary, prior to DNA
replication (Chen and Deng, 2018). Thymidine has been widely used to
study the mechanisms involved in the regulation of cell cycle progres-
sion through cell synchronization (Su et al., 2021; Surani et al., 2021). In
our study, a total of 15 DEPs common between the thymidine group and
PEDV N group were eliminated from the 58 DEPs identified in the PEDV
N group using thymidine as the cell cycle arrest control group. This
process generated unique DEPs of the PEDV N-induced S-phase arrested
cells. The ribosomal protein, L18, was efficiently selected as a
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highlighted target responsible for the formation of a favorable envi-
ronment, which enhances viral replication when the coronavirus PEDV
N protein interacts with p53 to induce host cell cycle arrest at S-phase.

Ribosomal proteins (RPs) are the principal components of cell ribo-
somes, which are involved in 80 various types of ribosomal proteins. In
addition, RPs play an important regulatory role in ribosomal biosyn-
thesis, as well as cellular growth and proliferation. Accumulating studies
have revealed that in the co-evolution process between virus and host
interactions, several viruses were able to modulate the endogenous
translation pathway of the host cell to synthesize their own viral proteins
for replication and proliferation by "hijacking" host RPs (Cervantes-Sa-
lazar et al., 2015; Jefferson et al., 2014). Of the 5709 proteins identified
in our study, a total of 124 RPs were found in the PEDV N-induced
S-phase arrested cells and the thymidine-induced S-phase arrested cells.
These data strongly support RPs as the main participants in the biolog-
ical regulation of host cells upon S-phase arrest. Further analysis indi-
cated that the 60S ribosomal proteins L10 (RPL10), L15 (RPL15), and
L18 (RPL18) were unique DEPs in the PEDV N-induced Vero E6 cell
S-phase arrested cells compared with the thymidine control group. In
addition, the RPL18 exhibited a strong interaction with 69
replication/transcription-associated proteins, including 38 60S ribo-
somal proteins, 28 40S ribosomal proteins, eukaryotic initiation factor 6
(eIF6), ubiquitin-52 amino acid fusion protein (UbA52), and eukaryotic
elongation factor 2 (eEF2). RPL18 aroused our interest to further explore
the molecular mechanism by which viral replication was promoted in
the PEDV N-mediated S-phase arrested host cells. The double-stranded
RNA (dsRNA)-activated protein kinase (PKR) is essential for the regu-
lation of cellular growth. Studies have indicated that RPL18 has been
shown to interact with PKR, inhibiting PKR phosphorylation and the
alpha subunit of eukaryotic translation initiation factor 2 (elF-2a). The
level of PKR and elF-2a phosphorylation positively regulates the for-
mation of stress granules (SGs) via TIA-1 and G3BP1/2. SGs represent an
aggregation product of the translation initiation complex in the cyto-
plasm and plays an important role in gene expression and homeostasis.
In general, viral infection could induce the host cells to promote the
formation of SGs. The host cells halt their own translation when SG
production increases in the cells, which inhibits viral replication; how-
ever, SARS-CoV-2, MERS-CoV, and other viruses can inhibit SG forma-
tion and create cellular conditions favorable for viral replication
(Nakagawa et al., 2018; Zheng et al., 2021). In the current study, RPL18
was confirmed to be up-regulated in the PEDV N-induced S-phase
arrested cells. Moreover, the up-regulated RPL18 expression signifi-
cantly promoted PEDV replication. Our findings are in line with the
previous conclusions. Moreover, accumulating studies have suggested
that the “RPL18-PKR/elF2a-SG-virus replication” pathway may repre-
sent a potential common mechanism regarding increased viral replica-
tion in the virus-induced S-phase arrested host cells (Burke et al., 2019;
Busnadiego et al., 2012; Wang et al., 2018).

In conclusion, TMT-labeled quantitative proteomics was used to
systematically identify the DEP profiles of the PEDV N-induced S-phase
arrested cells, revealing a mechanism by which virus replication is
enhanced during S-phase arrest of host cells mediated by the PEDV N
protein. The level of the 60S ribosomal protein, RPL18, expression was
up-regulated in the PEDV N protein-induced S-phase arrested host cells,
which promoted viral replication. Our study provides novel insight into
the increased viral replication observed in PEDV N protein-induced S-
phase arrested cells and the design of novel antiviral strategies of PEDV.
Our results further expand the understanding of how coronaviruses
regulate the host cell cycle to create a favorable environment for virus
replication.
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