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Abstract
As essential transfer carriers for cell-to-cell communication and genetic material, exosomes carry microRNAs that participate 
in the regulation of various biological processes. MicroRNAs are a type of single-stranded noncoding RNA that bind to 
specific target gene mRNAs to degrade or inhibit their translation, thereby regulating target gene expression. Although it is 
known that a variety of microRNAs are involved in the viral infection process, there are few reports on specific microRNAs 
involved in porcine epidemic diarrhea virus (PEDV) infection. In this study, we isolated and identified exosomes in PEDV-
infected Vero E6 cells. Using transcriptomics technology, we found that miRNA-328-3p was significantly downregulated 
in exosomes following PEDV infection. Moreover, exosomal miRNA-328-3p inhibited infection by PEDV by targeting and 
inhibiting tight junction protein 3 (TJP-3/ZO-3) in recipient cells. Our findings provide evidence that, after infecting cells, 
PEDV downregulates expression of miRNA-328-3p, and the resulting reduced inhibition of the target protein ZO-3 helps to 
enhance PEDV infection. These results provide new insight for understanding the regulatory mechanism of PEDV infection.

Introduction

Porcine epidemic diarrhea virus (PEDV), which belongs to 
the genus Alphacoronavirus, family Coronaviridae, is an 
enveloped, single-stranded, positive-sense RNA virus. Por-
cine epidemic diarrhea (PED) is an acute and highly conta-
gious enteric disease caused by PEDV that is characterized 
by watery diarrhea, vomiting, and high mortality in suckling 
and nursing pigs. Some studies have shown that the S1 pro-
tein of PEDV is one of the most critical functional proteins 
contributing to apoptosis [1]. The PEDV envelope (E) pro-
tein, membrane (M) protein, nucleocapsid (N) protein, open 
reading frame 3 (ORF3) protein, nonstructural protein 1 
(NSP1), NSP3, NSP7, NSP14, NSP15, and NSP16 suppress 
interferon (IFN) activity to promote replication [2–5]. How-
ever, Luo et al. demonstrated that occludin plays an essential 
role in PEDV infection. Moreover, PEDV entry and occludin 
internalization appear to be closely coupled [6]. Occludin is 
a critical tight junction (TJ) protein, and TJs are essential for 
the maintenance and repair of the intestinal mucosal barrier. 
Members of the zonula occludens (ZO) family (including 
ZO-1–3) and the occludin and claudin families (including 
claudin-1–24 in pig) are essential TJ proteins. Zong et al. 
found that occludin and claudin-4 play an essential role in 
PEDV infection in piglets [7]. Structurally impaired TJ and 
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adhesion junction (AJ) proteins are involved in the patho-
genesis of PEDV [8]. Moreover, coinfection with PEDV and 
transmissible gastroenteritis virus (TGEV) results in more 
damage to tight corners and remodelling of microfilaments 
than infection with PEDV or TGEV alone [9]. In essence, 
the villous epithelium of the small intestine can maintain 
the integrity of the intestinal wall through tight junction pro-
teins, and PEDV infection has been found to destroy epi-
thelial cells of intestinal villi, reduce intestinal absorption 
capacity, and cause malabsorptive diarrhea.

Exosomes are small vesicles derived from different 
types of cells that are actively released into the extracellular 
space. Exosomes transport proteins, mRNA, miRNA, and 
nucleic acids between cells and serve as mediators of inter-
cellular communication [10]. Accumulating evidence sug-
gests that exosomes derived from cells infected by certain 
viruses selectively mediate cell-to-cell communication and 
virus transmission [11, 12], altering the microenvironment 
at the site of viral infection, transmitting cell growth and 
transformation signals, and participating in various patho-
logical processes in target cells [13, 14]. Hence, it may be 
argued that exosomes play an essential role in virus infec-
tion and pathogenicity. In this study, exosomes were iso-
lated and purified from cells infected with PEDV and from 
mock-infected (negative control) cells, and transcriptomics 
sequencing was applied to explore the role of exosomes in 
the pathogenicity and virulence of PEDV.

Materials and methods

Cells and virus

Vero E6 cells were provided by the Military Veterinary 
Research Institute (Changchun, China). The classical PEDV 
CV777 strain was purchased from Collection of Chinese 
Bacteria and Virus Species (Beijing, China). In all PEDV 
culture experiments, 0.05% trypsin was used.

Isolation, purification, and characterization 
of exosomes

Vero E6 cells were cultured in DMEM (HyClone, USA) 
containing 10% foetal bovine serum until the cells grew to 
90% confluence. The culture medium was then discarded, 
and the cells were washed with phosphate-buffered saline 
(PBS). The experimental group was infected with the stand-
ard PEDV vaccine strain CV777 at a multiplicity of infection 
(MOI) of 1. In the mock infection group, the same volume 
of DMEM was added. After incubation for 1 hour at 37 °C, 
serum-free DMEM was added, incubation was continued for 
another 48 hours. The supernatant was collected and stored 
at −80 °C. We used exosome isolation kits (Umibio Co., 

Ltd. Shanghai, China) for exosome isolation. Briefly, the 
sample, which had been stored at -80 °C, was centrifuged at 
10,000 × g for 10 min at 4 °C to remove cell debris, and the 
supernatant was filtered through a 0.22-μm filter. A 30-kDa 
ultrafiltration tube was used to concentrate the exosomes. 
In accordance with the manufacturer’s instructions, a half 
volume of exosome precipitation reagent was added to the 
sample, which was incubated overnight at 4 °C and cen-
trifuged at 4 °C and 10,000 × g for 1 h. The sediment at 
the bottom of the centrifuge tube was resuspended in PBS, 
transferred to the exosome purification filter (EPF) column, 
and centrifuged at 4,000 × g for 10 min at 4 °C to collect 
the liquid at the bottom of the tube. The product was further 
purified by ultracentrifugation [15]. Finally, the exosomes 
were characterized by transmission electron microscopy 
(TEM) and western blotting.

RNA extraction and transcriptome sequencing

In accordance with the manufacturer’s instructions, total 
RNA was extracted from exosomes obtained from different 
treatment groups using a Simply P Total RNA Extraction 
Kit (BioFlux, China). The quality of the RNA preparation 
was assessed using an Agilent Small RNA Kit with an Agi-
lent 2100 Bioanalyzer. Small RNAs were used for library 
construction using an Ion Total RNA-Seq Kit v2 (Life Tech-
nologies Corp.). Bioanalysis was performed using an Agi-
lent 2100 Eukaryote Total RNA Pico Series II, and RNA-
Seq analysis was carried out using an Illumina HiSeq 2500 
Sequencing System.

Quantitative real‑time RT‑PCR analysis

Total RNA from exosomes or cells was extracted and 
purified using a BioFlux RNA Extraction Kit (BioFlux 
Company, Tokyo, Japan). For analysis of exosomal micro-
RNA (miR-103a, let-7d, miR-411, miR-345, miR-328-3P) 
expression, 0.5 mg of total RNA was reverse transcribed 
using a PrimeScript® 1st Strand cDNA Synthesis Kit 
(BioFlux Company, Tokyo, Japan) according to the stand-
ard protocol. For mRNA (PEDV) expression analysis, 
complementary DNA (cDNA) was synthesized using a 
PrimeScript® 1st Strand cDNA Synthesis Kit (BioFlux 
Company, Tokyo, Japan) according to the manufacturer’s 
protocol. RT-qPCR was performed using SYBR® Premix 
Ex TaqTM II (TaKaRa, Dalian, China) according to the 
manufacturer’s instructions. The sequences of the prim-
ers used are shown in Table 1. Briefly, 2.0 μL of cDNA 
template was added to a total volume of 20.0 μL contain-
ing 10.0 μL of SYBR®Premix Ex TaqTM II (TaKaRa, 
Dalian, China), 0.4 μL of ROX reference dye, 6.0 μL 
of  ddH2O, and 0.8 μL of the forward and reverse prim-
ers. The thermal cycling conditions were as follows: (1) 



903Inhibition of PEDV by exosomal miRNA-328-3p

1 3

Ta
bl

e 
1 

 P
rim

er
 se

qu
en

ce
 li

st

A
ll 

th
e 

ab
ov

e 
pr

im
er

s w
er

e 
sy

nt
he

si
ze

d 
by

 S
ha

ng
ha

i S
he

ng
on

g 
B

io
te

ch
no

lo
gy

 C
o.

, L
td

.

G
en

e 
na

m
e

M
ic

ro
R

N
A

 se
qu

en
ce

 (5
′–

3′
)

RT
 p

rim
er

 se
qu

en
ce

 (5
′–

3′
)

Fo
rw

ar
d 

pr
im

er
 se

qu
en

ce
 (5
′–

3′
)

Re
ve

rs
e 

pr
im

er
 se

qu
en

ce
 (5
′–

3′
)

m
iR

-1
03

a
A

G
C A

G
C A

U
U

 G
U

A
 CA

G
 G

G
C

 U
A

U
G

A
 

G
TC

 G
TA

 TC
C A

G
T G

CA
 G

G
G

 TC
C

 G
A

G
 

G
TA

 TT
C

 G
CA

 C
TG

 G
A

T A
C

G
 A

C
T 

CA
T A

G

G
C

G
 A

G
C A

G
C A

TT
 G

TA
 CA

G
 G

G
A

G
T G

CA
 G

G
G

 TC
C

 G
A

G
 G

TA
 TT

le
t-7

d
A

G
A

 G
G

U
 A

G
U

 A
G

G
 U

U
G

 CA
U

 A
G

U
U

 
G

TC
 G

TA
 TC

C A
G

T G
CA

 G
G

G
 TC

C
 G

A
G

 
G

TA
 TT

C
 G

CA
 C

TG
 G

A
T A

C
G

 A
CA

 
A

C
T A

T

G
C

G
 C

G
A

 G
A

G
 G

TA
 G

TA
 G

G
T T

G
C

 
A

G
T G

CA
 G

G
G

 TC
C

 G
A

G
 G

TA
 TT

m
iR

-4
11

A
A

G
 G

G
C

 TT
C

 C
TC

 TC
T G

CA
 G

G
A

 
G

TC
 G

TA
 TC

C A
G

T G
CA

 G
G

G
 TC

C
 G

A
G

 
G

TA
 TT

C
 G

CA
 C

TG
 G

A
T A

C
G

 A
C

T 
C

C
T G

C

C
G

C
 G

A
A

 G
G

G
 C

TT
 C

C
T C

TC
 T

A
G

T G
CA

 G
G

G
 TC

C
 G

A
G

 G
TA

 TT

m
iR

-3
45

A
G

T G
C

T C
CA

 G
G

G
 C

TG
 C

G
C

 C
TG

A
 

G
TC

 G
TA

 TC
C A

G
T G

CA
 G

G
G

 TC
C

 G
A

G
 

G
TA

 TT
C

 G
CA

 C
TG

 G
A

T A
C

G
 A

C
T 

CA
G

 G
C

C
G

A
 G

TG
 C

TC
 CA

G
 G

G
C

 TG
C

 
A

G
T G

CA
 G

G
G

 TC
C

 G
A

G
 G

TA
 TT

m
iR

-3
28

-3
P

C
TG

 G
C

C
 C

TC
 TC

T G
C

C
 C

TT
 C

C
G

 
G

TC
 G

TA
 TC

C A
G

T G
CA

 G
G

G
 TC

C
 G

A
G

 
G

TA
 TT

C
 G

CA
 C

TG
 G

A
T A

C
G

 A
C

C
 

G
G

A
 A

G

C
G

C
 TG

G
 C

C
C

 TC
T C

TG
C

C
 

A
G

T G
CA

 G
G

G
 TC

C
 G

A
G

 G
TA

 TT

ZO
-3

C
TG

 TG
G

 TT
G

 TG
T C

TG
 A

C
G

 TG
G

 TA
C

 
G

G
C

 TA
T C

TT
 G

A
C

 G
CA

 G
G

T C
TT

 G
A

G
 

ZO
-3

-W
T

A
TC

 TC
T G

G
A

 G
G

C
 C

G
A

 G
A

C
 C

G
G

 
C

C
C

 G
G

T G
G

A
 TC

C A
TG

 G
TT

 G
TA

 
TC

T G
A

C
 G

TG
 G

TA
 C

C
T G

G
A

 G
G

G
C

C
 

C
C

G
 TT

C A
C

C A
TG

 A
C

G
 A

TG
 TG

G
 TC

G
 

C
C

T G
TC

 TG
T A

G
C

 C
TG

 C
C

C
 TC

C
 G

C
C

 
G

G
C

 C
C

T C
CA

 G
G

T A
C

CA
C

 
ZO

-3
-M

U
T

A
TC

 TC
T G

G
A

 G
G

C
 C

G
A

 G
A

C
 C

G
G

 
C

C
C

 G
G

T G
G

A
 TC

C A
TG

 G
TT

 G
TA

 
TC

T G
A

C
 G

TG
 G

TA
 C

C
T C

C
T G

C
C

C
G

 

C
C

G
 TT

C A
C

C A
TG

 A
C

G
 A

TG
 TG

G
 TC

G
 

C
C

T G
TC

 TG
T A

G
C

 C
TC

 G
G

G
 A

G
C

 G
G

C
 

C
G

G
 G

CA
 G

G
A

 G
G

T A
C

CA
C

 
PC

 (o
cu

-m
iR

-3
28

-3
p)

C
C

G
 G

A
A

 G
G

G
 CA

G
 A

G
A

 G
G

G
 C

CA
 

G
A

C
 C

G
G

 TC
G

 G
A

A
 G

G
G

 CA
G

 A
G

A
 

G
G

G
 C

CA
 G

C

TC
G

 A
G

C
 TG

G
 C

C
C

 TC
T C

TG
 C

C
C

 TT
C

 
C

G
A

 C
C

G
 G

TC
 TG

G
 C

C
C

 TC
T C

TG
 C

C
C

 
TT

C
 C

G
G

 A
G

C
T 

O
ve

r-Z
O

-3
C

G
C

 C
C

C
 C

TC
 A

C
C

 C
TG

G
T 

TG
C

 TG
T G

A
A

 A
A

T A
C

T C
TG

 TT
T A

TT
 

A
A

A
 G

A
C

 CA
G

 G
TG

 G



904 H. Zhao et al.

1 3

predenaturation (30 s at 95 ℃) and (2) amplification and 
quantification (40 cycles of 30 s at 94 ℃ and 30 s at 60 ℃). 
Relative expression was assessed as the ratio of expression 
of the target gene to that of a housekeeping gene used as 
an internal standard, using the formula  2−△△t. Relative 
expression was normalized and is given as a ratio relative 
to the control group.

Western blot analysis

Exosomal proteins and PEDV nucleocapsid protein (PEDV-
N) were detected by western blotting. Briefly, protein con-
centrations of exosomes and PEDV-N were determined 
using a BCA Protein Detection Kit (Biouniquer Technology 
Co., LTD, Nanjing, China), and 50 μg of protein lysate from 
each sample was used for further analysis. After SDS-PAGE 
electrophoresis, proteins were electrotransferred to a polyvi-
nylidene difluoride (PVDF) membrane. Next, 5% skimmed 
milk powder was used to block nonspecific antibody bind-
ing to the membrane for 1 h. Rabbit anti-CD63/TSG101 
monoclonal antibody (Abcam, UK), rabbit anti-ZO3 mono-
clonal antibody (ImmunoWay, China), mouse anti-PEDV-
N monoclonal antibody (Medgene Labs, UK), and β-actin 
primary antibodies (ImmunoWay, China) were added, and 
the membrane was kept at 4 ℃ overnight. The membranes 
were washed three times with TBST, and HRP-labelled goat 
anti-rabbit IgG and goat anti-mouse IgG (Proteintech, Chi-
cago, USA) were added. The membranes were incubated at 
room temperature for 1 h and then washed three times with 
TBST. Finally, the blots were visualized using an ECL kit 
(Beyotime, Shanghai, China); signal intensity was quantified 
using greyscale analysis software (Image Tool 3.00).

Virus titre determination and cytopathic 
observation

Each sample was serially diluted tenfold, and 100 μL of 
each dilution was added per well to each of eight columns 
of a microtiter plate, followed by the addition of 100 μL of 
DMEM with 2% FBS. A control of virus-free medium was 
included, and the plate was kept at 37 °C in 5%  CO2. The 
virus median tissue culture infectious dose  (TCID50) was 
calculated using the Reed–Muench formula [??REFER-
ENCE??]. Exosomes were extracted from PEDV-CV777-
infected Vero cells, and PEDV-infected Vero cells with or 
without added exosomes were incubated in 1.3% methylcel-
lulose DMEM for 48 h. Then, 4% formaldehyde was added 
overnight at room temperature, and the cells were stained 
with crystal violet staining solution. Cytopathic effect (CPE) 
was observed using a Leica inverted fluorescence micro-
scope DMi8 (Leica, Germany).

Plasmid construction

The GP-miRGLO vector was used for the construction of 
ZO-3-WT/ZO-3-MUT/PC. First, we used the primers listed 
in Table 1 to clone the target gene into the cloning site of the 
GP-miRGLO vector. The resulting plasmid was introduced 
by transformation into competent cells and then extracted 
using a Plasmid Large-Scale Extraction Kit (Sigma-Aldrich, 
China) and used for subsequent experiments. The prim-
ers shown in Table 1 were used to amplify the complete 
sequence of the ZO-3 gene from Vero E6 cells for cloning 
into the pLVX-IRES-ZsGreen1 vector (Clontech, USA). To 
ensure the fidelity of the gene sequence, we followed the 
appropriate operating steps for the production and packaging 
of lentiviral vectors [16]. Vero E6 cells were transfected with 
the lentiviral vector at 80% confluence. After 48 h, the cells 
and supernatant were harvested for experiments.

Cell transfection

Lipofectamine 2000 (Invitrogen) was used for transfection 
when cells had grown to 80% confluence in a 24-well plate. 
Briefly, DMEM with 10% FBS was added to a 6-well plate, 
and when the cell coverage reached 60%, the medium was 
replaced with DMEM. miRNA, inhibitor (50 nM), ZO-
3-WT/ZO-3-MUT/PC (2 μg), and Lipofectamine 2000 were 
thoroughly mixed with an equal volume of DMEM (500 µl) 
in a centrifuge tube, and the mixture was incubated at 37 °C 
and 5%  CO2 for 24 h. A dual-luciferase experiment was then 
performed. After transfection for 24 h with miRNA mimics 
and inhibitors (50 nM), PEDV was added at an MOI of 1. 
The siRNA (100) shown in Table 1 was introduced into cells 
using a lentiviral vector, and after 24 hours, the cells were 
infected with PEDV at an MOI of 1 and subsequent experi-
ments were carried out.

Dual‑luciferase reporter gene activity assay

A Dual-Luciferase Reporter Assay System Kit (Promega, 
USA) was used to detect luciferase activity in accordance 
with the manufacturer’s protocol. Vero E6 cells were seeded 
into 24-well plates 1 day prior to transfection with 1.6 µg of 
the GP-miRGLO reporter construct containing ZO-3-WT/
ZO-3-MUT/PC (the primer sequences are shown in Table 1) 
together with 10 µL of miR-328-3p mimic/mock, using 
Lipofectamine 2000 (Thermo Fisher Scientific, USA). The 
cells were washed and lysed with passive lysis buffer from 
the Dual-Luciferase Reporter Assay System (Promega Corp, 
USA) at 48 h after transfection. Luciferase activity in each 
cell lysate was measured using a Multifunctional Microplate 
Reader (Tecan, USA). Relative luciferase activity was first 
normalized to Renilla luciferase activity and then compared 
with that of the respective control.
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Results

Exosomes isolated from PEDV‑infected cells 
enhance PEDV virulence

To study the role of exosomes in PEDV-infected cells, we 
first isolated exosomes from the supernatants of infected 
cells. Using TEM, exosomes were observed to have a typi-
cal “cup-shaped” morphology and a crescent-shaped outer 
membrane (Fig. 1A). We detected two exosomal marker 
proteins, CD63 and TSG101, in the PEDV infection group 
and in the mock-infected group. Expression of CD63 
increased significantly after PEDV infection (Fig. 1B), 

and we found that adding PEDV-infected exosomes after 
PEDV infection promoted virus replication (Fig.  1C). 
Moreover, the level of PEDV mRNA expression gradually 
increased with the addition of exosomes (Fig. 1D). Cyto-
pathic changes were revealed by crystal violet staining 
after the addition of exosomes, and the cells were infected 
with PEDV (Fig. 1E), showing that exosomes promoted 
PEDV infection.

PEDV infection affects miRNA levels in exosomes

Exosome extracts were subjected to microRNA tran-
scriptome sequencing, which revealed 861 differentially 
expressed microRNAs (Fig. 2A). When selecting those 

Fig. 1  Isolation of exosomes and their effect on PEDV virulence. 
(A) Image of exosomes observed by TEM after PEDV infection. (B) 
Expression of the marker proteins CD63 and TSG101 in exosomes 
of the PEDV infection group and the mock-infected group detected 
by western blotting. (C) The effect of added exosomes on expres-
sion of PEDV RNA by RT-qPCR. (D) The effect of different vol-

umes of added exosomes on expression of PEDV RNA, as shown by 
RT-qPCR. (E) Effects of exosomes on CPE after cells were infected 
with PEDV, as shown by crystal violet staining. All experiments were 
repeated three times. Error bars represent the mean with SD. ns < 
0.1234; *, p < 0.0332; **, p < 0.0021
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with a p-value range of 0.001-0.01 for statistical analy-
sis, we detected 26 differentially expressed microRNAs 
(Fig. 2B). We then used the enrichment factor, the Q value, 
and the number of genes annotated to pathways to assess 
the degree of pathway enrichment (Fig. 2C). According to 
summary statistical analysis of the results, we found tight 
junctions (TJs) to be of great significance. We screened 
microRNAs targeting the TJ pathway from microRNAs 
with significant differential expression and found eight 
differentially expressed genes related to the TJ path-
way, with miRNA-328-3p being significantly downregu-
lated (Fig. 2D). We randomly selected five differentially 
expressed microRNAs and verified their expression by RT-
qPCR. The results were consistent with the sequencing 
results, and miRNA-328-3p significantly downregulated 
PEDV mRNA expression levels (Fig. 2E). These results 
indicate that the TJ pathway may play an important role 
in PEDV infection and that miRNA-328-3p may play an 
essential regulatory role.

The effect of miRNA‑328‑3p on PEDV infection

To determine whether Vero cells were successfully trans-
fected with miR-328-3p, we used miR-328-3p mimic/
inhibitor labelled with fluorescein amide (FAM) for trans-
fection. Fluorescence microscopy analysis showed that 
the transfection was successful based on observation of 
a green fluorescent signal in the cytoplasm that was not 
observed in mock-transfected cells (Fig. 3A). Compared 
with the control, addition of the miR-328-3p inhibitor 
resulted in a significant increase in the expression level of 
PEDV N mRNA and protein. In contrast, addition of miR-
328-3p mimic substantially reduced the expression level 
of the PEDV N protein (Fig. 3B, C, and D). Furthermore, 
addition of a miR-328-3p inhibitor substantially increased 
the viral titre of PEDV. Compared with the control, addi-
tion of miR-328-3p mimic did not significantly affect the 
viral titre (Fig. 3E).

Fig. 2  Expression of miRNA-328-3p by transcriptome sequenc-
ing and its involvement in the TJ pathway. (A) We used the log10 
(TPM+1) value to perform hierarchical cluster analysis of differen-
tially expressed microRNAs with the same or similar expression 
behaviour. We then employed online analysis software (http:// www. 
metab oanal yst. ca) to produce a heat map of differentially expressed 
microRNA clusters. (B) To further study the relationship between 
PEDV infection and exosomal microRNA expression, we screened 
for microRNAs with significant differences in expression, using a 
p-value of 0.001-0.01 as an indicator of significance. (C) The degree 

of pathway enrichment was measured using the enrichment factor, Q 
value, and number of genes annotated to pathways. We first analysed 
KEGG results using the KOBAS web tool and then used ggplot2 
for drawing. We finally obtained a scatter plot of target gene KEGG 
pathway enrichment. (D) Eight microRNAs with significant differen-
tial expression were screened from among the microRNAs targeting 
the TJ pathway. All experiments were repeated three times. (E) We 
randomly selected five microRNAs for RT-qPCR verification of the 
results. ***, p < 0.0002. The data were derived from three independ-
ent experiments, each performed in triplicate.

http://www.metaboanalyst.ca
http://www.metaboanalyst.ca
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miR‑328‑3p can target the ZO‑3 protein in the TJ 
pathway

To confirm that ZO-3 is a direct downstream target of miR-
328-3p, we first performed western blotting and RT-qPCR 
analysis using extracts from Vero cells that were transfected 
with miR-328-3p mimic/inhibitor or mock transfected. The 
results showed that the miR-328-3p mimic significantly 
reduced mRNA and protein expression levels of ZO-3 com-
pared with the mock-transfected control but that the miR-
328-3p-inhibitor significantly increased levels of ZO-3 
(Fig. 4A-C). These results indicate that miR-328-3p has a 
negative regulatory effect on the ZO-3 protein with respect to 
the TJ pathway. At the same time, we verified the regulatory 
relationship between miR-328-3p and ZO-3 using the dual-
luciferase reporter gene system. Cells with wild-type ZO-3 
that were transfected with miR-328-3p and the positive control 
(PC) showed significantly decreased luciferase activity, but 
miR-328-3p had no effect on mutant ZO-3 (Fig. 4D). These 
results demonstrate that the ZO-3 protein is regulated directly 
by miR-328-3p.

Promotion of PEDV infection by upregulation 
of the ZO‑3 protein

We demonstrated that miR-328-3p can inhibit infection 
of Vero cells by PEDV. To determine whether the regula-
tion of PEDV infection by miR-328-3p requires the ZO-3 
protein, we silenced or overexpressed ZO-3 in Vero cells 
and detected PEDV nucleocapsid protein (PEDV N) and 
mRNA and measured the virus titre. The results showed 
that expression of the ZO-3 protein was significantly 
lower in cells treated with an siRNA than in the control. 
Simultaneously, expression of the viral N protein and viral 
mRNA was significantly lower than in the control group, 
indicating that a decrease in ZO-3 protein expression has 
a negative effect on viral N protein and RNA expression 
(Fig. 5A-C). Moreover, a similar negative effect on the 
virus titre was observed (Fig. 5D). In contrast, overexpres-
sion of the ZO-3 protein in virus-infected cells resulted in 
a significant increase in the expression levels of the viral 
N protein and viral mRNA in infected cells (Fig. 5E-G), 
and the virus titre increased significantly (Fig. 5H). These 

Fig. 3  Inhibition of PEDV infection by miRNA-328-3p. (A) Vero 
cells were transfected with miR-328-3p mimic/inhibitor with a 
5`FAM fluorophore. (B) The expression level of the PEDV N protein 
was estimated by western blotting. (C) We used ImageJ software to 
normalize PEDV N protein levels according to β-actin protein lev-

els. (D) The RNA expression level of PEDV was determined by RT-
qPCR. (E) The effect of miR-328-3p mimic/inhibitor on PEDV virus 
titre after transfection. ns < 0.1234; *, p < 0.0332; **, p < 0.0021; 
****, p < 0.0001. The data were derived from three independent 
experiments, each performed in triplicate.
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results provide strong evidence that the ZO-3 protein facil-
itates PEDV infection.

Discussion

In previous studies, it was shown that exosomes carry 
various intracellular regulatory RNAs, including miRNA, 
sncRNA, and siRNA [17]. Furthermore, the components 
of exosomes, which may be proteins or noncoding RNAs, 
change after virus infection [18]. Exosomes were initially 
regarded as waste products of cells before they received 
extensive attention from the scientific community. Stud-
ies in recent years have found that they represent a novel 
means of cell-to-cell communication. The identification 
of exosomes is usually based on electron microscopy and 
western blotting to detect exosomal marker proteins (such 
as CD63, CD81, TSG101, annexin 5, and ICAM1) [19]. We 
found that PEDV infection increased expression of CD63. 
PEDV infection may promote cells to secrete exosomes, but 
the concentration of exosomes still needs to be determined. 

When we combined the same volume of exosomes from 
PEDV-infected and uninfected cells, we found that add-
ing PEDV-infected cell exosomes upregulated expression 
of PEDV genes and enhanced the CPE caused by PEDV 
in these cells. Hence, there appear to be certain exosomes 
that promote PEDV infection. Overall, the composition of 
exosomes is complex [20], but we did not detect infectious 
virus particles in exosomes from PEDV-infected cells. How-
ever, it still needs to be investigated whether exosomes con-
tain PEDV gene fragments or viral proteins.

We performed transcriptome sequencing on extracted 
exosomes and found 862 microRNAs that were differentially 
expressed. The TJ pathway may play an essential role in 
the PEDV infection process according to KEGG pathway 
annotation, and miRNA-328-3p is related to the TJ pathway. 
MicroRNAs can affect interactions between viruses and host 
cells in a variety of ways. In previous studies, it was shown 
that miRNA-221-5p can target the PEDV genome after 
infection and activate the NF-κB pathway to inhibit viral 
replication [21]. Moreover, some microRNAs can regulate 
related proteins in the interferon pathway, thereby affecting 

Fig. 4  The regulatory effect of exosomal miR-328-3p on the ZO-3 
protein. (A) Expression of ZO-3 protein detected by western blot-
ting. (B) Normalization of the ZO-3 protein with endogenous β-actin 
using ImageJ software. (C) RT-qPCR detection of the genomic RNA 

expression level of ZO-3. (D) The relationship between miR-328-3p 
and ZO-3 detected using a dual-luciferase reporter gene activity 
assay. ns < 0.1234; ***, p < 0.0002. The data are representative of 
at least three independent experiments, each performed in triplicate.
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interferon expression to be conducive to virus proliferation 
[22]. In a study on the relationship between miR-122 and 
hepatitis C virus (HCV), researchers found that miR-122 
can promote HCV replication [23]. Our research showed 
that miRNA-328-3p downregulates PEDV mRNA and the 
N protein and reduces the PEDV titre. Thus, miRNA-328-3p 
exerts an inhibitory effect on PEDV.

Claudin is widely present in various epithelial cells. It 
is mainly responsible for sealing the intercellular space to 
prevent the random entry and exit of the epithelial layer to 
maintain integrity of the epithelial barrier [8]. It has been 
reported that occludin is essential for PEDV infection [6]. 
Expression of occludin is also related to the sensitivity of 
PEDV to cells [6]. Although PEDV and occludin affect each 
other, there is no direct interaction between them [6]. PEDV 
inhibits expression of ZO-1 in the early stage of infection 
[9], but there is no research showing that ZO-3 is related to 
PEDV infection. In our study, addition of miRNA-328-3p 
significantly inhibited the expression of ZO-3, with ZO-3 
apparently playing a significant role in PEDV infection. 
When ZO-3 was inhibited, PEDV mRNA and N protein 
expression levels were significantly reduced. This may be 
because ZO-3 is involved in the process of virus internali-
zation [24]. In addition, overexpression of the ZO-3 protein 
significantly increased the PEDV titre. Interestingly, occlu-
din overexpression also increases the sensitivity of cells to 
PEDV [6]. In general, ZO-3 has a positive regulatory effect 
on PEDV infection.

Based on these results, we conclude that PEDV infec-
tion downregulates expression of miRNA-238-3p in 
exosomes secreted by cells. Such downregulation of 
miRNA-238-3p upregulates ZO-3 protein expression and 
increases the infectivity of PEDV. The mechanism by 
which PEDV regulates expression of miRNA-238-3p and 
the interaction between the ZO-3 protein and PEDV in 
cells is not fully understood, and the interactions between 
PEDV and the host appear to be complex. Therefore, fur-
ther work is required [25]. In short, our study provides 
insight into the infection and pathogenicity of PEDV and 
contributes to research on the mechanism by which PEDV 
damages the intestine.
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