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ABSTRACT Porcine epidemic diarrhea virus (PEDV) is an enteric coronavirus that causes 
high mortality in piglets, thus posing a serious threat to the world pig industry. Porcine 
epidemic diarrhea (PED) is related to the imbalance of sodium absorption by small 
intestinal epithelial cells; however, the etiology of sodium imbalanced diarrhea caused 
by PEDV remains unclear. Herein, we first proved that PEDV can cause a significant 
decrease in Na+/H+ exchanger 3 (NHE3) expression on the cell membrane, in a viral 
dose-dependent manner. Further study showed that the PEDV nucleocapsid (N) protein 
participates in the regulation of NHE3 activity through interacting with Ezrin. Flame 
atomic absorption spectroscopy results indicated a serious imbalance in Na+ concentra
tion inside and outside cells following overexpression of PEDV N. Meanwhile, molecular 
docking technology identified that the small molecule drug Pemetrexed acts on the 
PEDV N-Ezrin interaction region. It was confirmed that Pemetrexed can alleviate the 
imbalanced Na+ concentration in IPEC-J2 cells and the diarrhea symptoms of Rongchang 
pigs caused by PEDV infection. Overall, our data suggest that the interaction between 
PEDV N and Ezrin reduces the level of phosphorylated Ezrin, resulting in a decrease in the 
amount of NHE3 protein on the cell membrane. This leads to an imbalance of intracel
lular and extracellular Na+, which causes diarrhea symptoms in piglets. Pemetrexed is 
effective in relieving diarrhea caused by PEDV. Our results provide a reference to screen 
for anti-PEDV targets and to develop drugs to prevent PED.

IMPORTANCE Porcine epidemic diarrhea (PED) has caused significant economic losses 
to the pig industry since its initial outbreak, and the pathogenic mechanism of por
cine epidemic diarrhea virus (PEDV) is still under investigation. Herein, we found that 
the PEDV nucleocapsid protein interacts with Ezrin to regulate Na+/H+ exchanger 3 
activity. In addition, we screened out Pemetrexed, a small molecule drug, which can 
effectively alleviate pig diarrhea caused by PEDV. These results provide support for 
further exploration of the pathogenesis of PEDV and the development of drugs to 
prevent PED.

KEYWORDS Pemetrexed, porcine epidemic diarrhea virus, nucleocapsid protein, Ezrin, 
piglet diarrhea

P orcine epidemic diarrhea (PED) is an infectious disease causing high mortality in 
suckling piglets. The main clinical symptoms are acute diarrhea, vomiting, and 

dehydration (1). Porcine epidemic diarrhea virus (PEDV) mainly attacks the jejunum 
of piglets, resulting in intestinal villus atrophy and intestinal epithelial cell damage, 
ultimately causing vomiting and diarrhea, which lead to dehydration and death of the 
piglets (2). PEDV has a large and highly variable genome, making it difficult to study 
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its pathogenesis. At the same time, the virus has evolved multiple immune escape 
mechanisms, leading to poor effectiveness of commercially available vaccines to 
prevent and control the disease (3). Therefore, there is an urgent need to develop new 
treatments for PED, and to clarify the diarrheal pathogenesis of PEDV, which will aid 
prevention and treatment.

The PEDV genome is about 28 kb in length, encoding non-structural proteins (pp1a, 
pp1ab), structural proteins [spike protein (S), envelope protein (E), membrane protein 
(M), and nucleocapsid protein (N)], and protein 3 open reading frame (ORF3) (4, 5). The 
PEDV S protein plays an important role in the binding of the virus to receptors, fusion 
with the cell membranes, and cell entry. PEDV E and PEDV M proteins are important 
in virion assembly and budding. The PEDV N gene is 1,326 bp, encoding a protein of 
about 55 kDa, which is the basic structural protein produced by the virus in the host 
cell replication process. PEDV N has multiple potential phosphorylation sites, and as a 
phosphorylated protein, it plays a role in the transcription and replication of the viral 
genome (6).

Na+/H+ exchanger 3 (NHE3) is a major transmembrane transporter protein mediating 
sodium-hydrogen ion exchange, thus playing a key role in sodium and fluid uptake 
(7). NHE3 circulates between the plasma membrane and circulating endosomes, and 
is stimulated by the activity of key proteins, such as Ezrin, after reprocessing by the 
endoplasmic reticulum and Golgi apparatus. Ezrin is a junction protein between the 
cytoskeleton and the cell membrane that directly stimulates NHE3 translocation in 
epithelial cells (8, 9). Phosphorylated Ezrin functions to connect the cell membrane and 
actin filaments in the cytoplasm (10, 11), thus stimulating the transportation of NHE3 
to the cytoplasmic membrane for fixation and maintenance of acid-base homeostasis 
in the intestine (12). Phosphorylated Ezrin transported to the cell membrane has been 
shown to attach NHE3 to the actin backbone in microvilli, thereby anchoring NHE3 and 
allowing it to perform Na+/H+ transport function in microvilli at the tip of epithelial cells, 
which is essential to maintain the intestinal electrolyte balance (13). In addition, several 
studies have demonstrated that reduced NHE3 expression in the small intestine causes 
a general decrease in paracellular water flux and diffusion drive, leading to reduced 
sodium absorption and hydrogen ion retention in the intestine, ultimately triggering 
diarrhea (14). Selective deletion of intestinal NHE3 leads to disruption of intestinal 
structural integrity, watery diarrhea, swelling of the intestine, and even death. Therefore, 
NHE3 is necessary to maintain the normal intestinal physiology (15, 16). Previously, we 
found that NHE3 plays an important role in piglet diarrhea caused by porcine alpha 
coronavirus (transmissible gastroenteritis virus, TGEV) and PEDV. However, the mecha
nisms regulating NHE3 activity in PEDV-infected host cells remain unknown.

In this study, we found that PEDV N and Ezrin are co-localized in IPEC-J2 cells, and 
regulating PEDV N expression could significantly affect the level of phosphorylated 
Ezrin. Furthermore, the small molecule lead drug Pemetrexed was screened out using 
molecular docking technology and shown to target the interaction region of PEDV N 
and Ezrin. Pemetrexed was proven to be effective to alleviate the symptoms of diarrhea 
caused by PEDV in piglets via in vitro and in vivo tests. These results provide new 
insights for the clarification of sodium imbalance diarrhea caused by PEDV, and provide a 
theoretical basis for the treatment of PEDV.

RESULTS

PEDV dose-dependent inhibition of membrane surface protein NHE3

PEDV infection has previously been shown to cause a significant decrease in NHE3 
expression and activity on the cell membrane, leading to diarrhea in piglets (17). 
Therefore, we further explored the relationship between PEDV and NHE3. The results 
showed that with increasing PEDV multiplicity of infection (MOI), the levels of surface 
NHE3 protein decreased significantly at 24 h and 48 h (Fig. 1). Thus, the decrease of 
membrane surface protein NHE3 expression caused by PEDV infection is related to the 
virus dose.
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PEDV N protein interacts with Ezrin

Immunofluorescence assays showed that PEDV N and Ezrin were spatially co-localized 
in the cytoplasm after PEDV infection of IPEC-J2 cells, and the co-localization region 
between PEDV N and Ezrin increased significantly after PEDV N overexpression (Fig. 
2A). Subsequently, we used co-immunoprecipitation (co-IP) and FLAG pull down assays 
to confirm the relationship between these two proteins. The co-IP results showed the 
presence of specific PEDV N and Ezrin bands in the PEDV-infected group, and the reverse 
co-IP results also showed that there was an interaction between Ezrin and PEDV N (Fig. 
2B and D). In addition, the FLAG pull down assay using human embryonic kidney cells 
293 (HEK-293T) cells also showed that specific bands for PEDV N and Ezrin appeared 
after PEDV infection in the IP group (Fig. 2C). The above results confirmed the interaction 
between PEDV N and Ezrin.

PEDV N participates in the regulation of NHE3 activity by interacting with 
Ezrin

To further explore the changes in the levels of phosphorylated Ezrin after PEDV N 
regulation, recombinant interference plasmid pLVX-PEDV N and overexpression plasmid 
pEGFP-PEDV N were constructed and their effects on PEDV N expression were detected 

FIG 1 Changes in surface NHE3 protein levels after PEDV infection at different MOIs. (A) Western blotting results for surface NHE3 protein expression after PEDV 

infection at different MOIs. (B) Quantitative analysis of surface NHE3 levels after PEDV infection at different MOIs.
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using western blotting. The results showed that PEDV N protein levels in IPEC-J2 cells 
were downregulated and upregulated, respectively, indicating that the two recombi
nant plasmids could support subsequent experiments (Fig. 3A and B). Phosphorylated 
(p)-Ezrin/Ezrin levels were significantly downregulated after PEDV infection compared 

FIG 2 Determination of the interaction between PEDV N and Ezrin. (A) After treatment of IPEC-J2 cells with PEDV or PEDV N overexpression plasmids, yellow 

overlapping regions between PEDV N and Ezrin were observed. (B) Co-IP assay demonstrating the mutual interaction between PEDV N and Ezrin. (C) FLAG pull 

down assay demonstrating the interaction between PEDV N and Ezrin. (D) Reverse co-IP assay demonstrating then interaction between Ezrin and PEDV N.
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with those in the control group (Fig. 3C through F). Compared with that in the PEDV-
infected group, the decreasing trend of p-Ezrin/Ezrin was significantly reversed after 

FIG 3 Detection of the levels of PEDV N, p-Ezrin, and Ezrin after transfection of interference plasmid pLVX-PEDV N and overexpression plasmid pEGFP-PEDV 

N in IPEC-J2 cells. (A) Western blotting results of PEDV N levels after transfection of interference plasmid pLVX-PEDV N. (B) Western blotting results of PEDV N 

levels after transfection of overexpression plasmid pEGFP-PEDV N. (C) Western blotting results of p-Ezrin, Ezrin, and PEDV N levels after PEDV N interference. 

(D) Western blotting results of p-Ezrin, Ezrin, and PEDV N levels after PEDV N overexpression. (E) Quantitative analysis of p-Ezrin/Ezrin levels after PEDV N 

interference. (F) Quantitative analysis of p-Ezrin/Ezrin levels after PEDV N overexpression.
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downregulation of PEDV N protein expression (Fig. 3C and E), and p-Ezrin/Ezrin levels 
were significantly reduced at 12–36 h after PEDV N overexpression (Fig. 3D and F). These 
results suggested that PEDV N can significantly reduce the level of phosphorylated Ezrin, 
and that the two are negatively correlated.

We confirmed the regulatory effect of p-Ezrin on NHE3 by detecting the effect of 
regulating PEDV N protein on NHE3 expression and activity. The western blotting results 
showed that, compared with that in the PEDV infected group, the level of surface NHE3 
increased after interfering with PEDV N expression, and the level of surface NHE3 was 
reduced after overexpression of PEDV N, especially within 24–36 h (Fig. 4A and B). 
The results of flame atomic absorption spectroscopy showed that the intracellular and 
extracellular Na+ concentrations in the control group were relatively stable over 12–48 h. 
The intracellular Na+ concentrations in PEDV group and pEGFP-PEDV N group were 
lower than those in the control group over 12–48 h, but were higher than that in the 
control group in the late stages of infection. After interfering with the PEDV N protein 
expression, the intracellular Na+ concentration gradually increased, while the extracellu
lar Na+ concentration gradually decreased (Fig. 4C and D). These results suggested that 
regulation of PEDV N can affect intracellular and extracellular Na+ exchange by altering 
surface NHE3 protein levels.

In summary, the level of phosphorylated Ezrin increased after interfering with PEDV 
N, which in turn increased the expression of surface NHE3, and promoted the restoration 
of intracellular and extracellular Na+ exchange activity. In contrast, overexpression of 

FIG 4 Detection of surface NHE3 protein levels, and extracellular and intracellular Na+ concentrations after transfection of interference plasmid pLVX-PEDV N 

and overexpression plasmid pEGFP-PEDV N in IPEC-J2 cells. (A) Western blotting results of surface NHE3 protein levels after transfection of the interference 

plasmid pLVX-PEDV N and overexpression plasmid pEGFP-PEDV N. (B) Quantitative analysis of surface NHE3 levels after transfection of the interference plasmid 

pLVX-PEDV N and overexpression plasmid pEGFP-PEDV N. (C) Changes in the intracellular Na+ concentration after transfection of the interference plasmid 

pLVX-PEDV N and overexpression plasmid pEGFP-PEDV N. (D) Changes in the extracellular Na+ concentration after transfection of the interference plasmid 

pLVX-PEDV N and overexpression plasmid pEGFP-PEDV N.
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PEDV N reduced the level of phosphorylated Ezrin, thereby inhibiting the expression and 
activity of surface NHE3 protein, ultimately leading to impaired Na+/H+ transport in small 
intestinal epithelial cells, which would result in piglet diarrhea.

Screening the specific inhibitor Pemetrexed for the interaction between 
PEDV N protein and Ezrin

We modeled Ezrin and PEDV N proteins based on their amino acid sequences and then 
performed rigid docking using HDOCK and Maestro 11.9 to select the best conformation 
based on the output model score. APExBIO compound entity libraries of FDA (Food 
and Drug Administration)-approved drugs were screened as small molecule libraries 
and molecular docking was performed using Autodock Vina. Pymol visualization and 
interaction analysis showed that PEDV N protein binding sites (including amino acid 
residues such as Arg-9, Arg-13, Asn-54, His-83, and Asp-85) and Ezrin protein binding 
sites (including amino acid residues such as Gln-48, Gln-105, Tyr-85, Gln-155, Arg-273, 
Lys-53, and Arg-71) can form salt bridges, hydrogen bonds, hydrophobic interactions, 
and other interactions (Fig. 5A). These interactions might improve the stability of the 
PEDV N and Ezrin protein complex. In addition, we found that the Ezrin inhibitor 
NSC668394 could form strong cationic π and π π conjugation interactions with key 
residues Arg-9 (from PEDV N) and Phe-206 (from Ezrin), and strong hydrogen bond 
interactions with Arg-279, Glu-114, and Glu-207 (all from Ezrin) (Fig. 5B). The hydropho
bic benzene ring and nitrogen heterocyclics of NSC668394 form good hydrophobic 
interactions with Pro-15 (from PEDV N), Val-14 (from PEDV N), Trp-217 (from Ezrin), 
and Leu-283 (from Ezrin). These interactions might play an important role in stabilizing 
NSC668394 with the PEDV N-Ezrin complex. We paired NSC668394 with the PEDV N-Ezrin 
protein complex and found that it had good overlap with ligands in the PEDV-N-Ezrin 
protein complex, indicating that the screening method was feasible (Fig. 5C). Combining 

FIG 5 Screening out the drug Pemetrexed acting on the interaction region of the PEDV N and Ezrin using molecular docking technology. (A) Overall 

three-dimensional structure and interaction site of PEDV N (purple) and Ezrin (green), with yellow dashed lines representing hydrogen bonds or salt bridges. 

(B) Overall three-dimensional structure of the PEDV N-Ezrin complex and a close-up view of the active site where the NSC668394 ligand (blue rod) binds to the 

PEDV N-Ezrin complex. (C) Interaction diagram of NSC668394 ligand (yellow) with the PEDV N-Ezrin complex, with protein residues represented by circles (green, 

hydrophobic residues; purple, polar residues). (D) The chemical structure of Pemetrexed.
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the energy scoring and evaluation methods of key residues at the active site, we finally 
screened out Pemetrexed, with the molecular formula C20H21N5O6 (Fig. 5D).

Determining the optimal treatment concentration and pretreatment time for 
Pemetrexed

The 50% lethal dose of Pemetrexed toward IPEC-J2 cells was 512 µM according to 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Fig. 6A). 
To verify the effect of Pemetrexed, we examined the effect of different concentrations 
of Pemetrexed on surface NHE3 protein levels. The results showed that increasing the 
Pemetrexed concentration increased surface NHE3 levels under PEDV infection (Fig. 
6B). Combining the results of the cytotoxicity test and the effect on membrane NHE3 
protein expression levels, we selected an optimal concentration of Pemetrexed that 
maintained a cell survival rate greater than 50% and significantly increased membrane 
NHE3 expression, which was 256 µM. We then examined the effect of 256 µM Peme
trexed on surface NHE3 protein expression after different pretreatment times, which 
showed that the optimal pretreatment time point for Pemetrexed was 6 h (Fig. 6C and D). 
According to the above results, the concentration of Pemetrexed used in the follow-up 
tests was 256 µM and the treatment time was 6 h.

Pemetrexed blocks the interaction between PEDV N and Ezrin

We tested whether PEDV N continued to interact with Ezrin after Pemetrexed treatment 
using co-IP and immunological co-localization assays. The co-IP results showed that 
there were no specific PEDV N bands in the PEDV-infected group after Pemetrexed 
pretreatment (Fig. 7A). The immunofluorescence co-localization results also showed that 
there was no PEDV N-Ezrin co-localization region around the nucleus after Pemetrexed 

FIG 6 Screening of Pemetrexed for optimal treatment concentration and pretreatment time. (A) Statistical plot of cell viability after treatment with different 

concentrations of Pemetrexed. (B) Western blotting results of surface NHE3 protein levels after treatment with different concentrations of Pemetrexed in the 

presence of PEDV infection. (C) Western blotting results of surface NHE3 protein levels at different time points after Pemetrexed treatment in the presence of 

PEDV infection. (D) Quantitative analysis of surface NHE3 levels at different time points after Pemetrexed treatment in the presence of PEDV infection.
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pretreatment (Fig. 7B). The results suggested that Pemetrexed could effectively block the 
interaction between PEDV N and Ezrin.

FIG 7 Effect of Pemetrexed on the interaction between PEDV N and Ezrin. (A) Co-IP results showing that Pemetrexed pretreatment blocked the interaction 

between PEDV N and Ezrin. (B) Immunofluorescence analysis showed that the co-localization region (yellow) between PEDV N and Ezrin was significantly 

reduced after pretreatment with Pemetrexed.
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Pemetrexed pretreatment significantly increased the level of NHE3, 
decreased PEDV titers, and restored the balance of intracellular and extracel
lular Na+ concentrations

A pretreatment infection group (Pemetrexed + PEDV group) and a post-infection 
administration group (PEDV + Pemetrexed group) were set up, respectively, and it was 
found that the level of surface NHE3 was significantly increased by Pemetrexed, to a 
level higher than that in the control group, and the effect was more significant after 
Pemetrexed pretreatment (Fig. 8A and B). The PEDV titers in the Pemetrexed + PEDV and 
PEDV + Pemetrexed groups were significantly lower than those in the PEDV group, and 
the PEDV titers in the Pemetrexed + PEDV group were lower than those in the PEDV + 
Pemetrexed group (Fig. 8C). The flame atomic absorption spectrometry data showed that 
the changes in the intracellular and extracellular Na+ concentrations in the control group 
were relatively stable, while the extracellular Na+ concentration increased rapidly after 
PEDV infection, and was significantly higher than that in the control group at 48 h. PEDV 
inhibited Na+ entry into cells, and the intracellular concentrations were much lower than 
that in the control group. After Pemetrexed pretreatment, the fluctuation of intracellu
lar and extracellular Na+ concentrations decreased, the extracellular Na+ concentration 
decreased slowly, and the intracellular Na+ concentration increased gradually, to a level 
close to that in the control group (Fig. 8D).

Pemetrexed is effective in preventing diarrhea in piglets

To determine the clinical effect of Pemetrexed, we conducted a clinical trial of Peme
trexed as a prophylactic drug for PEDV using Rongchang piglets as animal models. 
Piglets in the PEDV group all showed obvious diarrhea symptoms. None of the piglets 
in the control group, the Pemetrexed group, and the Pemetrexed + PEDV group showed 
diarrhea symptoms. After preventive administration of Pemetrexed, the feces of piglets 
were dry and the diarrhea symptoms of piglets were effectively relieved. The anatomical 
results showed that compared with that of the control group, the gastrointestinal tract 
of piglets pretreated with Pemetrexed showed no significant pathological changes (Fig. 
9A). The expression of the PEDV membrane (M) gene was detected using quantitative 

FIG 8 Effects of Pemetrexed on surface NHE3 protein levels, PEDV titer, intracellular and extracellular Na+ concentrations under PEDV infection conditions. 

(A) Western blotting of surface NHE3 protein levels after Pemetrexed treatment. (B) Quantitative analysis of surface NHE3 levels after Pemetrexed treatment. 

(C) TCID50 (50% tissue culture infective dose) assay to detect the effect of Pemetrexed treatment on PEDV titers. (D) Changes in intracellular and extracellular Na+ 

concentrations after Pemetrexed pretreatment.
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FIG 9 Animal experiments to test the clinical effect of Pemetrexed. (A) Clinical efficacy of Pemetrexed in preventing diarrhea in piglets caused by PEDV infection. 

(B) Expression of PEDV M mRNA in the small intestine tissues of piglets. (C) Western blotting of PEDV N protein levels in the small intestine tissue of piglets. 

(D) Western blotting of surface NHE3 and PEDV N protein levels in the small intestine tissues of piglets. (E) Quantitative analysis of surface NHE3 levels in the 

small intestine tissues of piglets.
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real-time reverse transcription PCR (RT-qPCR) in small intestine tissues of piglets in the 
different treatment groups as a proxy measurement of PEDV infection. The results 
showed that the PEDV M gene expression in the intestinal tissues of piglets in the 
Pemetrexed + PEDV group was significantly lower than that in the PEDV infected group 
(Fig. 9B). Western blotting results showed that the level of PEDV N in the Pemetrexed + 
PEDV group was significantly lower than that in the PEDV group (Fig. 9C) and the levels of 
surface NHE3 protein in the Pemetrexed + PEDV group was significantly higher than that 
in the PEDV group (Fig. 9D and E).

DISCUSSION

Since the outbreak of the novel coronavirus in 2019, researchers have paid more 
attention to the study of other coronaviruses. PEDV is a member of the α-coronavirus 
genus, which mainly causes severe diarrhea and vomiting in piglets aged 3–10 days (18). 
PEDV-induced diarrhea is associated with reduced mobility and expression of NHE3 in 
the organism (17). However, the exact mechanism is unknown. An important biological 
role of NHE3 is to maintain the concentration gradient of Na+ on the cell membrane 
(19). Reduced expression of NHE3 results in reduced absorption of Na+ by the jejunum, 
leading to disruption of the normal structure of the intestinal microvilli, which increases 
diarrhea. NHE3 is a highly regulated ion exchange protein whose regulation depends on 
its C-terminal cytoplasmic domain, which acts as a scaffold to bind a variety of regulatory 
proteins (including Ezrin), thereby exerting its biological activity (20).

Ezrin is a backbone protein localized on the apical membrane of epithelial cells 
(such as the uterus, small intestine, and renal tubules), where it maintains the apical 
microvilli of polarized epithelial cells, and interacts with a variety of signaling pathway-
related proteins (such as CD44, receptor tyrosine kinase) (21, 22). A correlation has 
been identified between NHE3 and Ezrin, linking NHE3 to the actin cytoskeleton in 
microvilli, which is necessary to regulate the endocytosis rate and stimulates changes 
in the exocytosis rate. At the brush borders of intestinal and renal epithelial cells, the 
Na+/H+ exchange regulatory factor 1 (NHERF1) and Ezrin binding domains are essential 
to regulate the transport of ion transporters and the function of receptors on the cell 
membrane. Ezrin and NHERF1 anchor or retain NHE3 in microvilli through multiple 
protein interaction domains (23). NHE3’s function is regulated by assembling it into large 
complexes. Ezrin can regulate NHE3 activity through direct or indirect binding. On the 
one hand, p-Ezrin can interact directly with NHE3 by binding to its C-terminus of NHE3 or 
through the FERM domain (a tetrahymena shamrock-shaped protein structural domain) 
(24), which determines the expression of surface NHE3. Thus, reducing the direct binding 
of NHE3 to Ezrin could decrease NHE3 activity at the base of the ileum. On the other 
hand, p-Ezrin indirectly binds to the C-terminus of the membrane protein NHE3 via 
NHERF1 or NHERF2 (25, 26), relying on Na+-K+-ATPase to provide energy, such that Na+ 

and H+ are alternately transported in equal proportions, and the dynamic balance of Na+ 

inside and outside the cell is maintained (27).
PEDV N protein is a highly functionally conserved structural protein (28), comprising 

three domains: The N-terminal domain, linkage region, and C-terminal domain (29). 
PEDV N recognizes and binds to viral genomic RNA to eventually form the helical 
nucleocapsid (30). PEDV N interacts with tumor suppressor p53 to induce cell cycle 
arrest in S-phase and promote viral replication (31). PEDV inhibits histone deacetylase 
1 expression to promote replication by binding its nucleocapsid protein to the host 
transcription factor sp1 (32).

The present study found that PEDV N interacts with Ezrin, and identified an inverse 
relationship between PEDV N and Ezrin phosphorylation. We further found that PEDV 
N significantly affected the amount and activity of NHE3, demonstrating that PEDV 
N is involved in regulating NHE3 activity by influencing Ezrin phosphorylation levels. 
Finally, we used virtual screening to identify the small molecule Pemetrexed as an 
inhibitor of the PEDV N-Ezrin interaction. Pemetrexed is often used as a standard drug 
for the treatment of rectal and pancreatic cancer. The results of co-IP and fluorescence 
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co-localization showed that Pemetrexed pretreatment could block the interaction 
between PEDV N and Ezrin. In vitro experiments showed that Pemetrexed could increase 
the expression and activity of NHE3, and in vivo experiments showed that Pemetrexed 
pretreatment could effectively prevent diarrhea in piglets caused by PEDV infection. 
These results increase our understanding of the pathogenesis of coronavirus N protein 
and provide new ideas for screening novel therapeutic drugs for animal infectious 
diseases.

MATERIALS AND METHODS

Cells and virus

Porcine small intestinal epithelial cells (IPEC-J2) and African green monkey kidney cells 
(Vero) were purchased from Shanghai Suer Biotechnology Co., Ltd (Shanghai, China). 
HEK-293T and the PEDV-LJX strain were preserved in our laboratory. All cell assays were 
performed at MOI = 0.1. All cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (Biological 
Industries, Beit Haemek, Israel) and 1% double antibiotics (streptomycin + penicillin; 
Gibco).

Extraction of total proteins

Samples in lysis buffer (Beyotime, Shanghai, China) were lysed on ice for 15 min, and 
vortexed every 5 min to fully lyse the cells. The supernatant was collected by centrifuga
tion at 12,000 × g for 15 min at 4°C, and 1/5 vol of 6 × Protein Loading Buffer (TransGen 
Biotech, Beijing, China) was added. The proteins were denatured by boiling at 100°C for 
10 min and then frozen at −80°C.

Extraction of membrane proteins

Membrane extraction reagent A (Beyotime) containing 1% phenylmethylsulfonyl fluoride 
(PMSF) was added to the cells, frozen and thawed in liquid nitrogen, and centrifuged at 
4°C and 700 × g for 10 min. The supernatant was pipetted into a new centrifuge tube, 
centrifuged at 4°C and 14,000 × g for 30 min, the precipitate was retained, then 200 µL 
of membrane protein extraction reagent B containing 1% PMSF (Beyotime) was added. 
The samples were incubated on ice for 15 min, and centrifuged at 4°C and 14,000 × g for 
5 min. The supernatant was collected as the membrane protein solution.

Western blotting

Equal amounts of protein samples were subjected to sodium dodecyl sulfate-polya
crylamide gel electrophoresis (SDS-PAGE), and then the proteins were transferred to 
polyvinylidene fluoride membranes (Merck Millipore, Billerica, MA, USA). The mem
branes were blocked with Tris-buffered saline-Tween 20 (TBST) with 5% skim milk 
at room temperature for 1 h, and then washed with TBST. Rabbit-derived anti-p-
Ezrin polyclonal antibodies (Abcam, Cambridge, UK), rabbit-derived anti-Ezrin polyclo
nal antibodies (Proteintech, Rosemont, IL, USA), mouse-derived anti-NHE3 polyclonal 
antibodies (Proteintech), mouse-derived anti-PEDV N polyclonal antibodies (kindly gifted 
by Guangliang Liu, Research Fellow, Lanzhou Veterinary Research Institute, Chinese 
Academy of Agricultural Sciences), and mouse-derived anti-β-actin polyclonal antibody 
(Proteintech) were diluted in TBST and incubated with the membranes overnight at 4°C. 
The next day, goat anti-rabbit or goat anti-mouse antibodies (Proteintech) labeled with 
horseradish peroxidase were incubated with the membranes at room temperature for 
1 h. The immunoreactive protein bands were visualized using the FX5 imaging system 
(VILBER, Collégien, France), and the grayscale values of the bands were analyzed using 
Image J software (National Institutes of Health, Bethesda, MD, USA).
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Immunofluorescence co-localization

IPEC-J2 cells were inoculated into 24-well plates pre-lined with cell climbing tablets cell 
crawlers (Solarbio, Beijing, China), and transfected with plasmids when the cells’ adhesive 
growth reached 70%.

Twenty-four hours after transfection of the plasmid, the cells were then infected with 
PEDV. After 24 h of PEDV infection, the cells were treated with 4% paraformaldehyde 
(Solarbio) for 25 min and permeabilized with 0.03% Triton X-100 (Solarbio) for 10 min. 
The cells were then blocked using 0.3% bovine serum albumin (Beyotime) for 1 h and 
incubated with anti-Ezrin antibodies (1:150) and anti-PEDV N antibodies (1:1) at 4°C for 
14 h. The cells were washed using phosphate-buffered saline-Tween 20 three times 
and incubated with fluorescent secondary antibodies (cy3 mouse secondary antibody 
1:500; AlexaFluor 647 rabbit secondary antibody 1:500; Proteintech) in the dark for 
1 h. The nuclei were stained with 4′,6-diamidino-2-phenylindole (Beyotime) in the dark. 
Finally, the cells were observed using a laser confocal microscope and photographed. 
The images were processed and analyzed using ZEN software (Carl Zeiss, Oberkochen, 
Germany).

co-IP

The PEDV N overexpression vector with a Flag tag was transfected into IPEC-J2 cells and 
samples were collected after 48 h. Cell samples were lysed using 1 mL of lysis buffer 
(Beyotime) containing 1% PMSF, centrifuged at 10,000–14,000 × g for 3–5 min at 4°C, 
and the supernatant was collected. Anti-Flag Agarose Gel magnetic beads (Beyotime) 
were added to the sample and Mouse IgG Agarose Gel magnetic beads (Beyotime) were 
added to the negative control for immunoprecipitation. Then, the samples were placed 
on a rotary mixer and incubated for 12 h at 4°C. After incubation, the samples were 
centrifuged at 6,000 × g for 30 s at 4°C and the supernatant was discarded. Then, 0.5 mL 
of lysis buffer containing inhibitor lysate was added, placed in an ice bath for 5 min, 
centrifuged at 4°C 6,000 × g for 30 s, and the supernatant was discarded. Then, 2 × 
SDS PAGE Sample Loading Buffer (Beyotime) was added and heated at 95°C for 5 min, 
and the supernatant was removed and subjected to western blotting.

Flag pull down assay

When HEK-293T cells reached 80% confluence, His-pEGFP-PEDV N, Flag-pEGFP-Ezrin, and 
empty plasmid pEGFP were transfected into the cells using TransIntro EL Transfection 
Reagent separately. Samples were collected after 48 h, and a portion of each sample was 
collected as the Input group. After adding Anti-Flag Agarose Gel and Mouse IgG Agarose 
Gel beads to the samples, HEK-293T cell samples transfected with His-pEGFP-PEDV N and 
Flag-pEGFP-Ezrin were mixed on the rotary mixer, and then treated in the same way as in 
the co-IP assay.

Construction and transfection of overexpression and shRNA interference 
vectors

The overexpression vector and shRNA vectors of PEDV N protein (Table 1) were 
synthesized by Genecreat Biotechnology Co., Ltd. (Wuhan, China). TransIntro EL 
Transfection Reagent (TransGen Biotech, Beijing, China) was used to transfect the vectors 
into IPEC-J2 cells, IPEC-J2 cells were infected with PEDV when the plasmid-transfected 
cells showed stable fluorescence (usually 24 h after transfection), and samples were 
collected at different time points.

TABLE 1 shRNA vector sequence

shRNA vector name Sequence

PEDV N-shRNA GCAACTGGCACTTCTACTACCCTCGAGGGTAGTAGAAGTGCCAGTTGCTTTTT
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Flame atomic absorption spectrometry

The Na+ standard solution was configured in advance. The acetylene valve was opened, 
and the instrument and computer software were switched on in turn according to the 
operating instructions of the instrument and computer software. The Na element lamp 
was selected, the parameters on the computer software were set, and the working 
wavelength of Na was measured. After selecting the peak, energy balancing was carried 
out. When the energy value reached 100%, zero point calibration was performed. After 
cleaning the igniter with ultrapure water and then with 5% KNO3 media solution, each 
sample was finally measured (including the dilutions of the standard Na solutions 
with mass concentrations of 0.05 µg/mL, 0.10 µg/mL, 0.20 µg/mL, 0.30 µg/mL, and 
0.40 µg/mL, respectively), and the values were recorded.

Molecular docking and screening of blocking drugs

Acquisition of the structure of the binding target protein

Both the PEDV N and Ezrin protein structures were constructed using the HDOCK 
online server based on their amino acid sequences [http://hdock.phys.hust.edu.cn/, 
homologous templates: 2GEC (37.7%), 4RM8 (95.6%)]. HDOCK protein docking software 
was used to perform molecular docking between PEDV N and Ezrin, and the lowest 
energy structural conformation was selected as the receptor template protein through 
the scoring function, followed by compound screening. The processing and optimiza
tion of the virtual screening was carried out using the Glide module in Schrödinger 
Maestro software (Schrödinger, New York, NY, USA), which selects the prediction site 
of the protein as the center of a 20 Å box. First, the ligand was re-docked to confirm 
the feasibility of the selected docking method. The data set was then screened using 
standard-precision (SP) docking, which is suitable to screen a large number of com
pounds. Finally, the extra-precision docking template was used to screen the high scores 
of the primary ligands determined using the SP method.

Reliability validation of binding target protein structures

To verify the validity of the docking method, we selected the Ezrin inhibitor NSC668394 
as a positive control. NSC668394 molecules can form strong cation-π and π-π conjugate 
interactions with key residues, and can also form strong hydrogen bond interactions. To 
determine the appropriate docking protocol for screening potential active compounds, 
NSC668394 was attached to the receptor binding site between Ezrin and PEDV N, and 
its binding conformation overlapped well with the ligands in the complex mentioned 
above, indicating that the screening method was effective and feasible.

Virtual screening of blocking drugs

The FAD-approved APExBIO compound entity library (https://www.apexbio.cn/discov
eryprobetm-clinical-fda-approved-drug-library) was selected as an alternative library, 
and all compounds were protonated and minimized using the LigPre module in the 
Maestro11.9 platform. The docking data were filtered according to the energy score, 
the first 155 compounds were screened, and the target drug Pemetrexed was finally 
obtained by combining the energy score and the evaluation of key residues in the active 
site.

MTT test

Pemetrexed was dissolved in dimethyl sulfoxide (DMSO). IPEC-J2 cells were inoculated 
in 96-well plates. When the cell growth reached about 85% confluence, the medium 
was discarded, DMEM semi-culture medium was added to dilute the drug to different 
concentrations, and the culture medium was changed 90 min later. After a further 24 h, 
the MTT reagent (Beyotime) was added to each well, incubation was continued for 
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4 h, formazan lysate was then added, and incubation continued for another 4 h. The 
absorbance of each well was measured at OD570. The maximum non-toxic dose of the 
drug to cells was calculated according to the cell survival rate (%), calculated as (the OD 
of the experimental group − the OD of the blank group) / (the OD of the control group − 
the OD of the blank group) × 100.

TCID50

Vero cells were seeded in 96-well plates at a density of 4 × 104/0.1 mL, and when they 
reached 90% confluence, the cell supernatant was collected at different time points after 
PEDV infection and diluted 10-fold with DMEM semi-culture medium supplemented with 
10 µg/mL trypsin at a total of six dilutions of 10−1, 10−2, 10−3, 10−4, 10−5, and 10−6, while 
a blank control group was established and placed at 37°C, 5% CO2 incubator for 72 h. 
The cytopathic conditions in each well were observed every 12 h and the viral titer was 
calculated using the Reed-Muench method (33).

Animal experiments

Twelve 7-day-old lactating Rongchang piglets (PEDV and TGEV-negative) were randomly 
divided into a control group, PEDV group, Pemetrexed group, and Pemetrexed + PEDV 
group, with three piglets in each group. Piglets in the Pemetrexed group and Peme
trexed + PEDV group were fed 0.5 mg/kg Pemetrexed (MedChemExpress, Monmouth 
Junction, NJ, USA) 6 h in advance. Pemetrexed was diluted with 10% DMSO, 40% 
polyethylene glycol (PEG300), 5% Tween 80, and saturated saline. After 6 h, piglets in 
the PEDV group and Pemetrexed + PEDV group were fed 15 mL of PEDV-LJX solution 
(derived from Vero cell propagation) with a titer of 1.35 × 106 TCID50/mL, and piglets 
in the control group and Pemetrexed group were fed 15 mL of normal saline. The 
clinical symptoms of piglets infected with PEDV were observed, and photographs were 
daily. When the piglets in the PEDV group showed obvious diarrheal symptoms, the 
piglets were humanely sacrificed and clinically dissected, and the intestinal lesions were 
observed and recorded. The jejunal tissues were frozen at −80°C for the extraction of 
tissue protein and total RNA.

Absolute fluorescence quantitative PCR

The PEDV M fluorescent PCR primers were designed and synthesized by Sangon 
BiotechShanghai Co., Ltd. (Shanghai, China). cDNA was obtained by reverse transcription 
of PEDV-LJX solution (derived from Vero cell propagation), and was then gradient diluted 
10-fold to 10−7 as a positive qPCR standard template. The primers are shown in Table 2. 
After qPCR, the linear relationship between the Ct value and copy number was analyzed 
using Bio-Rad CFX Manager software (Bio-Rad, Hercules, CA, USA), and the standard 
curve was generated using the random matrix method. The Ct values of cDNAs from 
different intestinal tissues were substituted into the standard curve to obtain the copy 
number of the M gene of the PEDV-LJX strain.

Statistical analysis

The experimental results were statistically analyzed using GraphPad Prism 8.0 (GraphPad 
Inc., La Jolla, CA, USA) software. All data are expressed as the mean ± SD or standard error 
of the mean of three independent experiments. In addition, one-way analysis of variance 

TABLE 2 Primer sequences

Primer names Primer sequences (5´−3´) Product size (bp)

PEDV M-F AGGTTGCTACTGGCGTACAG 157
PEDV M-R GAGTAGTCGCCGTGTTTGGA
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and t-tests were used to detect statistical differences between the groups. A P-value less 
than 0.05 was considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).
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