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ABSTRACT

Porcine epidemic diarrhea virus (PEDV) is a highly pathogenic enteric coronavirus causing lethal watery diar-
rhea in suckling piglets. PEDV could remodel host membrane structures for their replication, assembly and
escape from host cells. However, little is known about the host membrane proteins of PEDV infection. In this
study, we analyzed differentially abundant proteins (DAPs) between PEDV infection group and control group and
identified the polarity protein PARD3 as one of the most significantly DAPs. PARD3 is implicated in the for-
mation of tight junctions at epithelial cell-cell contacts. Then, we found that PEDV infection promoted the
degradation of PARD3 via the ubiquitin proteasome pathway. Moreover, knockdown of PARD3 promoted the
proliferation of PEDV. Further study showed that the downregulation of PARD3 altered the normal morphology
of the tight junction proteins and promoted apical and basolateral virus proliferation. Tight junctions enable
epithelial cells to form physical barriers, which act as an innate immune mechanism that can impede viral
infection and PEDV affected the barrier functions by causing degradation of PARD3. Taken together, this work is
the first time to investigate the membrane protein profile of PEDV-infected cells using quantitative proteomics
and suggests that PARD3 could be a potential novel antiviral protein against PEDV infection.

Significance: Membrane proteins are involved in various physiological and biochemical functions critical for
cellular function. It is also dynamic in nature, where many proteins are changed during in response to envi-
ronmental stress. However, membrane proteins are difficult to study because of their hydrophobicity. Membrane
proteomic methods using mass spectrometry analysis have been developed and applied for the characterization
of the plasma membrane and subcellular organelles of various virus infected cells. Porcine epidemic diarrhea
virus (PEDV) is an enteric pathogen of importance to the swine industry, causing high mortality in neonatal
piglets. Because PEDV infected Vero cells can lead to significant changes in cell membrane morphology and form
syncytial lesions. Here, we isolated the membrane proteins of PEDV infected and control cells and applied
isobaric tags for relative and absolute quantification (iTRAQ) labeling coupled with liquid chromatography-
tandem mass spectrometry (LC-MS/MS) to quantitatively identify the differentially abundant proteins (DAPs)
in PEDV-infected Vero cells and confirmed the DAPs by performing RT-qPCR and Western blot analysis. Among
these differential proteins, we focused on a down-regulated protein PARD3 which is important for cell tight
junction and cell polarity. Loss of PARD3 can destroy the tight junction of cells and promote the proliferation of
PEDV in the apical and basolateral sides. These findings will provide valuable information to better understand
the mechanisms underlying the host defense responses to PEDV infection.

1. Introduction

health of various mammals and birds [1]. Porcine epidemic diarrhea
virus (PEDV) is an etiological agent of porcine epidemic diarrhea and

Coronaviruses (CoVs) constitute a family of enveloped viruses with belongs to the genus Alphacoronavirus in the family Coronaviridae [2].
single-stranded positive-sense RNA genomes, which pose a threat to the PEDV infection is characterized by watery diarrhea, vomiting and
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dehydration [3]. The virus has caused significant economic and public
health concerns since its discovery in the late 1970s and now occurs
worldwide in most major swine-raising countries [4]. Enveloped virus
particles introduce their genetic materials into organisms by binding to
cell receptors and then fusing with viral and cell membranes. The PEDV
spike protein (S) is a class I viral membrane fusion protein and is the key
protein responsible for virus entry into target cells [5]. S protein can be
cleaved into two domains by proteases with distinct functions: the N-
terminal S1 subunit responsible for receptor binding and C-terminal
membrane anchored S2 domain responsible for membrane fusion [5,6].
Some endogenous proteases in the small intestines of pigs may promote
the entry of the PEDV into intestinal epithelial cells. However, in vitro,
PEDV-infected cells produce syncytia only after treatment with an
exogenous protease and greatly promote the proliferation of the virus.
These features are similar to those of other CoVs, such as severe acute
respiratory syndrome coronavirus (SARS-CoV), SARS-CoV-2 and mouse
hepatitis virus (MHV) [7-9].

PEDV enters host cells through intricate interactions with cell
membrane proteins and lipids, and utilize microfilamentous proteins as
tracks or move them when they break through membrane barriers [10].
Intercellular tight junctions (TJs) form a physical fence which protects
underlying tissues from pathogen invasion and define epithelial apico-
basal polarity [11]. Three kinds of TJ proteins: Zonula occludens (ZO),
Occludin and Claudins, are essential to the maintenance of epithelial
barrier integrity and permeability [12]. Some viruses can destroy TJs
and hijack the different components of TJs to initiate their infection. The
SARS-CoV E protein can alter TJ formation, affects polarity and modifies
the subcellular distribution of PALS1, a tight junction-associated protein
[13]. The Coxsackie virus disrupts TJ assembly by decreasing Claudin-4,
E-cadherin and ZO-1 levels, infects epithelial cells and spreads to
neighboring cells [14]. Influenza viruses (H1N1 and H5N1) can induce
epithelial cell barrier disruption, significantly decrease trans-barrier
electrical resistance (TER) level and increase permeability [15]. As
important parts of the intestinal mucosal barrier, TJs are integral to the
maintenance of the mechanical barrier and permeability of the intestinal
mucosal epithelium [16]. Epithelial cell integrity is essential to the
prevention of viral infections. TGEV and PEDV can impair the barrier
integrity of cells by downregulating some proteins of tight and adherent
junctions [17,18]. However, it remains largely unclear how PEDV
breaks through the host cell barriers.

Although there have been proteomics on PEDV, including various
strains and cells [19-22]. However, none of the prior studies included a
global assessment of membrane proteins related to PEDV infection.
Under the action of exogenous protease, the cell membrane of Vero cells
infected with PEDV rearranged and formed typical syncytial lesions. We
hypothesized that the changes in membrane protein abundance may
reveal its mechanism. Herein, we profiled membrane proteins changes
between PEDV-infected Vero cells and control group combined with
quantitative iTRAQ LC-MS/MS Proteomics analysis. We also showed
that polarity protein PARD3 was significantly downregulated in PEDV
infection group which might be contributed to the destruction of tight
junctions of cells by viruses. In general, these findings will contribute to
a better understanding of the role of membrane proteins in PEDV
infection and demonstrate PARD3 is a novel antiviral protein against
PEDV infection.

2. Materials and methods
2.1. Cells and viruses

Vero cell (an African green monkey kidney cell line) was obtained
from National Collection of Authenticated Cell Cultures and cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
FBS. IPEC-J2 cells (a porcine small intestinal epithelial cell line) are
derived from experimental preservation and cultured in DMEM/F12
medium containing 10% FBS. The PEDV wildtype strain (HNXX) used in
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this study was successfully isolated in our laboratory (Accession no.
MK124712) and can form syncytial lesions with 3 pg/mL trypsin (Sigma
T8802), and the reproductive cycle is 8 h. The cell-adapted strain of
DR13 with green fluorescent protein (DR13-GFP) (doi:https://doi.org
/10.1371/journal.pone.0069997) was a gift from Professor Wengtao
Li and was propagated according to the method in the article. The DR13-
GFP strain is constructed by PEDV-DR13 (GB:JQ023162) with the GFP
gene added to the S gene and recombined as rPEDV-SDR13-GFP, and its
proliferation does not require trypsin and the reproductive cycle is 7 h.

2.2. Extraction of membrane proteins of Vero cells

Vero cells were covered with a monolayer and washed twice with
serum-free medium in 10 cm cell culture dishes. Then, the cells were
infected with PEDV strain HNXX at a multiplicity of infection (MOI) of
0.1 and incubated with serum-free DMEM containing 3 pg/mL trypsin.
The PEDV-infected or control uninfected cells were collected at 18 h
postinfection (p.i.). Infected and mock groups were collected as bio-
logical replicates from three independent experiments. Extract the
membrane protein according to the operation instructions of the natural
membrane protein extraction kit (Merck 444,810).

2.3. Protein preparation, digestion, and labeling with iTRAQ labeling

Protein concentration was determined using the Pierce™ BCA Pro-
tein Assay Kit (Thermo) and confirmed by SDS-PAGE. We digested 100
pg of each sample at 37 °C for 12 h with sequencing grade modified
trypsin (Promega, Madison, WI, USA). iTRAQ labeling was performed
according to the manufacturer’s instructions (AB SCIEX, iTRAQ 8PLEX,
Lot number:A8029). Protein samples from the control group were
labeled with tags 113, 114, and 117, while those from the PEDV-infected
group received tags 118, 119, and 121 (three replicates/group). The
labeled samples were then mixed and dried by vacuum centrifugation.

2.4. LC—MS/MS analysis of the membrane proteome

The equal amounts of polypeptide samples were redissolved by UPLC
loading buffer and separated by reversed-phase C18 column (ACQUITY
UPLC BEH C18 Column 1.7 pm, 2.1 mm x 150 mm Waters, USA) with
high pH. According to the peak type and time, 20 fractions were
collected and combined into 10 fractions. After vacuum centrifugation
and concentration (rotation vacuum concentration, Christ RVC 2-25,
Christ, Germany), the fractions were dissolved in mass spectrometry
loading buffer and analyzed by two-dimensional liquid chromatography
tandem mass spectrometry. MS was performed with scan range (M/z)
350-1300, acquisition mode DDA, Top 20 (select the 20 with the
strongest signal among the parent ions for secondary fragmentation);
The resolution of the first-order mass spectrum was set to 70,000, the
fragmentation mode was set for HCD, the second-order resolution was
17,500, and the dynamic exclusion time was set to 18 s.

2.5. RNA extraction and real-time PCR

The total RNA was extracted from cells with TRIzol reagent (Invi-
trogen) according to the manufacturer’s instructions. First-strand cDNA
was synthesized by using PrimeScript RT Master Mix (Takara). Real-
time PCR (RT-PCR) with probe method was used to determine the
copy number of PEDV [23]. The relative expression level of each target
gene was calculated by normalizing for GAPDH levels using the
Comparative Ct Method (AACt Method), and presented relative to the
control sample. The primer sequences used in this paper are in the
supplementary materials.

2.6. Western blotting

Cells were washed with phosphate buffer saline (PBS) and lysed in
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ice-cold lysis buffer (RIPA lysis buffer, Beyotime) with protease inhibitor
cocktail (Beyotime). Protein concentration was determined with a
Pierce BCA Protein Assay Kit (Thermo). Samples containing equal
amounts of protein were separated SDS-PAGE and transferred to a PVDF
membrane. The membrane was blocked with 5% nonfat milk in PBS
containing 0.1% Tween 20 (PBST), then incubated overnight at 4 °C
with primary antibodies, then rinsed and incubated with the corre-
sponding HRP-conjugated secondary antibodies for 60 min then detec-
ted by autoradiography using ECL. Western blotting was quantified by
Gel &chemiluminescence imaging system (Vilber France). The intensity
of the bands in terms of density was measured and normalized against
GAPDH. All data were presented as means + SD of three independent.
The specific information of the antibodies used in this study is in the
supplementary materials.

2.7. Indirect immunofluorescence assay

Vero cells cultured in Glass Bottom Culture Dishes (NEST) covered in
a monolayer and washed with PBS for 3 times and inoculated with
PEDV. The cells were rinsed with PBS after infection and then fixed with
4% paraformaldehyde under room temperature (RT) for 15 min, per-
meabilized with 0.1% Triton X-100 for 5 min, blocked with 1% bovine
serum albumin (BSA) under RT for 1 h, and then stained with Primary
antibody at 4 °C overnight. Then the cells were incubated with the
secondary antibody under RT for 1 h. Between each step, the cells were
washed five times with PBST. The immunofluorescence images were
taken with a laser scanning confocal microscopy (Zeiss LSM 800).

2.8. Small interfering RNA transfection

Vero cells were grown to approximately 80% confluence and then
transiently transfected with small interfering RNA (siRNA) according to
the operation steps of RNAiIMAX (Invitrogen). The siRNA sequences are
as follows: PARD3-460: 5'-3'GGAUACAAGUGCAUCGCUUTT; PARD3-
2352: 5’-3'GCUGCUCUCAGUAGGAUAATT; PARD3-3521: 5'-
3'GCGUCUGAGGCAAGAAUUUTT. A scrambled siRNA was used as a
negative control. The silencing efficiency was determined by Western
blot after transfection for 36 h.

2.9. Infection of PEDV on Transwell

Transwell (pore size 8 pm, Costar) that polycarbonate membrane
filters attached to the bottom of plastic cups were placed into 24-well
tissue culture plates. Subsequently, 200 pL of cell suspension contain-
ing 5 x 10* cells were added to each filter, while 600 pL/well of cell
growth medium was added to each well of the 24-well plate. When the
cells adhered and grew to 80%, siRNA was transfected. After 36 h the
tightness of the monolayers was checked by adding DMEM containing
phenol red to the low chambers and without phenol red in the upper
chamber. Filter-grown Vero cells were infected with PEDV-DR13-GFP
(MOI = 0.1) from either upper chamber or low chambers after the
cells had become highly polarized as determined the tightness of
monolayers. Infection was allowed to take place for 1 h at 37 °C, after
which the inoculum was removed. The filter-grown cells were washed
with PBS and culture medium was added. The quantity of virus infected
cells is determined by the number of lesions formed by virus on cells.

2.10. Adsorption and internalization of PEDV

The cells were pre-chilled for 10 min and inoculated with PEDV
(MOI = 1) at 4 °C for 1 h for virus binding. Then the cells were washed
five times with ice-cold PBS to remove unbounded viruses, collect cells
from this step to determine the adsorption of virus. After the virus was
adsorbed at 4 °C, washed five times with ice-cold PBS to remove un-
bounded viruses, then immediately warmed to 37 °C to initiate inter-
nalization. After incubation 60 min, the cells were treated with
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proteinase K (0.5 mg/mL) at 4 °C for 30 min and then washed with PBS
to inactivate and remove the non-internalized PEDV particles. The cells
were collected and subjected to RT-PCR analysis.

2.11. Drug treatments

Vero cells were treated with the proteasome inhibitor MG132 (5 pM;
Beyotime) and the autophagy inhibitor 3-Methyladenine (3-MA) (5 mM;
Solarbio), the carrier control dimethylsulfoxide (DMSO) for 1 h before
they were inoculated with a mock infection control or PEDV. Cells were
further cultured in the presence of MG132, 3-MA, or DMSO for the
indicated times. Then the cells were collected and analyzed by Western
blotting.

2.12. Extraction of subcellular components

The Vero cells subcellular components were extracted at 18 h p.i.
from PEDV (HNXX) infected group and control group according to the
Membrane, Nuclear and Cytoplasmic Protein Extraction kit (Sangon
Biotech NO. C510002). The changes of PARD3 were detected by West-
ern blotting and GAPDH is the internal reference of cytoplasmic protein
and Histone H3 corresponding to nuclear protein.

2.13. Statistics

For data analysis, protein quantification data with p < 0.05 & (FC <
0.83 or FC > 1.20) was selected as the DAPs.

The experiments in this paper were performed with three indepen-
dent experiments, and the calculated results were presented as mean +
standard deviation (SD). Statistical analyses were performed using stu-
dent’s t-test. Graph Pad Prism5.0 was used to analyze the statistics in
this study. The statistical significances were defined as p < 0.05 (*), and
the higher significance was denoted by p < 0.01 (**) and p < 0.001
(**k).

3. Results

3.1. Identification and analysis of membrane proteins in PEDV-infected
Vero cells

To determine the kinetics of PEDV propagation in Vero cells, viral
titers were calculated as TCIDsy units on basis of the viral-induced
cytopathic effect (CPE) at 6, 12, 18, 24, 30 and 36 h p.i.. As shown in
Fig. 1A, some cells fused and lost their individual demarcation at 18 h p.
i., and obvious CPE were observed at 24 and 30 h p.i.. Numerous
distinctly swollen nuclei accumulated in the centres of the rounded
polycarions. The titer of the virus started to increase at 6 h, peaked at 30
h, and then decreased (Fig. 1B). To capture the intact cell membrane at
the same time as the occurrence of lesions caused by PEDV, membrane
proteins were collected at 18 h p.i.. Western blot analysis was used to
confirm the extracted membrane proteins (Fig. 1C). Quantitative
membrane proteomics were used in analyzing host DAPs in PEDV-
infected Vero cells and the control group. In this quantitative prote-
omics experiments results, a total of 4579 proteins were identified (in
the Supplementary materials 2). Significantly upregulated or down-
regulated proteins were determined with a p-value of <0.05 and FC of
<0.83 or >1.20. After bioinformatics data analysis, ten proteins were
found significantly upregulated, and eleven proteins were markedly
downregulated after virus infection. Approximately 47% of these pro-
teins were membrane proteins or membrane-associated proteins. The
remaining proteins were predicted to localize to the cytoplasm, mito-
chondria and nuclei, and some of them were detected previously in the
other membrane proteome studies (in the Supplementary materials
Tablel and Fig. 1D). The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium (http://proteomecent
ral.proteomexchange.org) via the iProX partner repository [24] with
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the dataset identifier PXD029763.

To confirm PEDV-induced changes in protein abundance, five pro-
teins were subjected to Western blot analysis with specific antibodies,
and 10 proteins were analyzed by RT-PCR assays. The proteins were
selected on the basis of interest and different ratios. Although the veri-
fied proteins were relatively limited, the results of Western blot analysis
were basically in line with those obtained with membrane proteomics
(Fig. 1E). However, the mRNA levels of PARD3, AIDA and METTL17 in
the PEDV-infected cells showed no significant changes (Fig. 1F), indi-
cating that the downregulation was due to post-transcriptional events.

3.2. Changes in PARD3 after PEDV infection

To closely monitor the content of PARD3 in PEDV-infected cells, we
examined 2, 4, 6, 8, 10 and 12 h p.i. by Western blotting. As expected,
PARD3 was significantly downregulated at 6 h p.i. (Fig. 2A). With the
virus infection, the content of PARD3 decreased significantly. The DR13
strain which requires neither trypsin nor syncytial lesions during
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Fig. 1. Membrane proteomics of PEDV infected Vero cells. (A) The cyto-
pathic effects (CPE) of Vero cells at 6, 12, 18, 24, 30, and 36 h after PEDV
(HNXX) infection. (B) Growth curve of PEDV (HNXX) strain in Vero cells. (C)
Verify the membrane protein extracted from Vero cells. Total lysate (T),
Membrane fraction (M) and Remaining ‘non-membranous’ proteins (R). Cad-
herin and GAPDH were the membrane and non-membrane fractions markers
respectively. An equal amount of protein from each sample was used for the
Western blot analysis. (D) Heat-maps of differentially abundant proteins. (E)
Analysis total protein of HSPB1, PARD3, PTPN14, IL11 and RAB7B in PEDV
(HNXX)-infected and control samples. Infection/control ratios are shown on the
right side. (F) RT-PCR analysis of the DAPs in infected cells and control. GAPDH
served as a control. The multiple of changes relative to the control group was
indicated by p < 0.05 (*), and the higher significance was denoted by p < 0.01
(**) and p < 0.001 (***
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Fig. 2. PEDV infection leads to the down-regulation and redistribution of
PARD3. (A) Vero cells were infected with PEDV (HNXX) at MOI = 0.1. PARD3
abundance was quantitated by Western blot analysis at different time points
after virus infection. (B) Effect of PEDV-DR13 on PARD3 in Vero and IPEC-J2
cells at 24 h and 36 h after virus infection. (C) PEDV (HNXX) was inoculated
into Vero cells with MOI = 0.1 and 18 h p.i. and 24 h p.i. cells were fixed with
4% paraformaldehyde, immunofluorescence staining with antibodies against
PEDV-N/S protein and PARD3, respectively. Cell nuclei were counterstained
with DAPI. The fluorescent images were examined under a confocal laser
scanning microscope. (D) The Vero cells membrane protein, cytoplasmic pro-
tein and nuclear protein were extracted at 18 h p.i. from PEDV (HNXX) infected
group and control group, and the changes of PARD3 were detected by Western
blotting. GAPDH is the internal reference of cytoplasmic protein and Histone
H3 corresponding to nuclear protein. Relative intensity of nuclear is PARD3/
Histone H3, and relative intensity of cytoplasmic is PARD3/GAPDH.

infection, was also used for detecting the abundance of PARD3.
Consistent with HNXX infection results, PARD3 was downregulated by
DR13 in the Vero and IPEC-J2 cells (Fig. 2B), indicating that the
downregulation of PARD3 was caused by PEDV infection regardless of
whether syncytial lesions formed or not. We also infected IPEC-J2 with
PEDV (HNXX), but its proliferation on IPEC-J2 cells was not obvious.
Hence, the downregulation of PARD3 was not significant (data not
shown).

Concurrently, PARD3 abundance was evaluated through IFA using
anti-PARD3 antibody at 18 and 24 h p.i. (Fig. 2C). Owing to the high
level of PEDV-N protein at 24 h p.i., its distribution in the Vero cells was
extremely wide, and the IFA signal was extremely strong for observa-
tion. Thus, we utilized an anti-S antibody. PARD3 cytoplasmic locali-
zation was significantly decreased at 18 h p.i., and nuclear aggregated
obviously at the late period of infection when the large vacuoles were
formed, the cytoplasma began to burst in the centers of syncytia and the
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nuclei became pycnotic. The distribution of PARD3 on the cell mem-
brane was difficult to observe in the virus infection group compared that
in the control group. The results showed that PEDV significantly reduced
the abundance of PARD3 compared with the control and changed the
location of PARD3. Moreover, we compared PARD3 abundance in
different subcellular fractions in PEDV-infected and control cells. The
Vero cells were inoculated with the PEDV for 18 h, and protein extracts
were separated into membrane, nuclear and cytoskeletal fractions. The
abundance of PARD3 was ascertained through Western blotting. Fig. 2D
showed that PARD3 levels were obviously reduced in the cytoplasmic
and nuclear fractions of the virus infection cells compared with the
control cells. However, the changes of PARD3 in the cell membrane were
not as obvious as the changes in the cytoplasm and nucleus. This

Journal of Proteomics 253 (2022) 104462

experiment, together with the results present above, indicate that PEDV
induce the downregulation of PARD3 and change intracellular
localization.

3.3. PEDV causes PARD3 degradation through the proteasome-dependent
pathway

The downregulation of PARD3 by PEDV infection could be caused by
incoming virions or by viral replication products. To test whether viral
replication is needed for the interference effect, we inactivated PEDV
virions by UV illumination and verified the inactivation by IFA and
Western blotting after inoculation of Vero cells (Fig. 3A). When the UV-
inactivated virus was used to inoculate Vero cells, PARD3 abundance
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proteasome inhibitor MG132 (5 pM) or autophagy inhibitor 3-MA (5 mM) or the carrier control DMSO for 2 h and then either infected with PEDV (HNXX) at a MOI of
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was similar to those in mock-inoculated cells (Fig. 3B). Similar results
were observed in DR13. These results indicated that active PEDV
replication was needed for the downregulation of PARD3.

Intracellular protein degradation has two main mechanisms: the
ubiquitin—proteasome system (UPS) and the autophagy-lysosome
pathway (ALP) [25]. Ubiquitination is a proteasomal degradation
pathway has high selectivity, and the proteasome generally recognizes
ubiquitinated substrates. Autophagy is a major lysosome-mediated
intracellular degradation pathway [26]. Therefore, to determine the
mechanism by which PEDV induces PARD3 degradation, the content of
PARD3 protein was examined in cells treated with protease inhibitor,
MG132 and 3-MA, which is commonly used to inhibit autophagy [27].
As shown in Fig. 3C, treatment with MG132 can block PARD3 degra-
dation in PEDV-infected Vero cells at 6 h p.i. in the early stage of
infection. However, 3-MA treatment cannot reverse PARD3 degradation
at 18 h p.i. These data indicate that the degradation of PARD3 requires
the replication of PEDV and is degraded through the UPS.

3.4. Knock-down of PARD3 promotes PEDV proliferation in Vero cells

To study the role of PARD3 in PEDV infection, we designed three
siRNAs targeting PARD3. P-2352 was the most efficient one and thus
used in further experiments (Fig. 4A). After PARD3 silencing, the virus
invaded the surrounding cells quickly, and lesion duration was short-
ened. The formation of syncytia and the release of virus were faster than
those in the control (Fig. 4B). The TCIDs5q results showed that the
PARD3-downregulated group produced more viruses than the control
group (Fig. 4C).

In view of the down-regulation of PARD3 can promote the prolifer-
ation of PEDV. We wanted to know whether PARD3 affects the early
stages of viral infection. Therefore, the effect of downregulation of
PARD3 on virus adsorption and internalization were also determined. As
expected, downregulation of PARD3 promoted the adsorption and
internalization of PEDV in Vero cells (Fig. 4D). These data indicate that
inhibition of PARD3 has a significant impact on the proliferation of
PEDV by affecting the entry stage of virus infection.

3.5. Knockdown of PARD3 disrupts the tight junctions of Vero cells

Given that PARD3 is one of the key factors of TJs, we wanted to know
how PEDV influence the formation of such intercellular junctions. The
abundance and localization of ZO-1 and Occludin were analyzed by
fluorescence microscope, which is a reliable marker for TJ assembly
[28]. First, we studied the effect of PEDV on the TJs of Vero cells. In the
control cells, Occludin (green) co-localised with ZO-1 (red) to form a
continuous and smooth junctional structure of even thickness. Two
hours p.i., Occludin and ZO-1 began to have breaks. With the virus
infection, the performance was more obvious at 3 and 5 h p.i., and the
TJs became discontinuous. The levels of ZO-1 and Occludin were
detected through Western Blotting. With the virus infection, ZO-1 and
Occludin were decreased clearly (Fig. 5A&5B). The results were
consistent with previous results that TJ protein abundance decreased
after PEDV infection [17,18]. Then we detected changes in ZO-1 and
Occludin after PARDS silencing. The cells were transfected with si-
PARD3 for 36 h, ZO-1 and Occludin showed complex arrangements,
and the distribution of proteins was spotty and intermittent (Fig. 5C).
The distribution was not uniform, similar to that of structures in
immature cell-cell contacts [29]. However, the suppression of PARD3
was efficient and specific and had no effect on ZO-1 and Occludin pro-
tein levels (Fig. 5D). The possible reason is that the downregulation of
PARD3 affects the distribution of TJs but could not affect the content of
Z0-1 and Occludin. These results show that downregulation of PARD3
disrupts tight junction assembly of Vero cells.
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Fig. 4. Knockdown of PARD3 promotes PEDV proliferation. (A) Western
blot detect the efficiency of the specific siRNAs. Three siRNA targeting PARD3,
P-460 P-2352 and P-3521 and nontargeting control (NC) were transfection of
Vero cells. Thirty-six hours after transfection, total proteins were analyzed.
GAPDH served as a control. (B) IFA to detect PEDV infection in PARD3-deficient
cells. After 36 h of transfection of Vero cells with siNC or siPARD3, the cells
were infected PEDV (HNXX) and DR13 with MOI = 0.1 and examined for PEDV
infection at 24 h by IFA. (C) Determination of virus titer by TCIDgg. Vero cells
were treated with siRNA and virus infection as mentioned above. At 24 h p.i.,
the virus titer was determined by TCIDs, assay. (D) The effect of down-
regulation of PARD3 on virus adsorption and internalization. 36 h after trans-
fection of siPARD3 or siNC, the cells were infected with PEDV (HNXX) (MOI =
1). After the virus was absorbed and internalized, RNA was extracted from cells
and PEDV content was detected by RT-PCR.

3.6. Knockdown of PARD3 promotes PEDV infection in the apical and
basolateral sides

PARD3 polarizes a wide variety of animal cells, including epithelial
cells, and is required for apico-basal epithelial polarity [30]. Epithelial
cells grow with a polarized topology and are involved the separation of
the plasma membrane into apical and basolateral domains. The entry
and release of some coronaviruses in polarized epithelial cells are
restricted at the apical side and others enter and exit at both sites of
polarized epithelial cells [31-34]. To investigate whether down-
regulation of PARD3 affects PEDV infection in Vero cells through the
apical or basolateral surface, we inoculated the cells on Transwell and
transfected with sSiRNA-PARD3. To eliminate the effect of trypsin on cell
morphology, the DR13 strain with GFP tag was used. After cells formed
polarized monolayers, DR13-GFP was exposed on the apical or baso-
lateral surface. These results illustrated that PEDV infection was
significantly higher on the apical surface than on the basolateral surface
(Fig. 6), which is consistent with the previous results [35]. PEDV on the
basolateral side showed more infections in the PARD3-destroyed cells.
Depletion of PARD3 may abolish the functional integrity of TJs between
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Fig. 5. Downregulation of PARD3 disrupts the tight junctions of Vero
cells. (A-B) Patterns of ZO-1 and Occludin at different time points after PEDV
infection. Vero cells were inoculated PEDV (HNXX) at MOI = 0.1 and collected
at different time points after infection for IFA and Western blot. (C-D) Immu-
nofluorescence was used to observe the effect of down regulated of PARD3 on
Z0O-1 and Occludin. After transfection with siPARD3 and siNC for 36 h, cells
were fixed with 4% paraformaldehyde, ZO-1 and Occludin were observed by
confocal microscope. At the same time cells were collected to detect changes in
the protein levels of ZO-1 and Occludin.

cells or the polarized distribution of virus receptor. Thus, PEDV infection
on the basolateral surface increased significantly.

4. Discussion

Given the importance of membrane proteins in the various cellular
processes, as well as the roles they play in diseases and their potential as
drug targets, it is imperative to pay more attention on them [36]. In the
present work, we applied quantitative membrane proteomics to identify
novel DAPs in PEDV-infected Vero cells. The proteomics approach used
here was not intended to provide a comprehensive picture of all proteins
changes in the PEDV-infected cells but to provide new insights into
membrane proteins involved in viral infections. Among these DAPs,
some proteins were found for the first time, compared with previous
proteomics, such as PARD3, PTPN14, and SNX32. Although membrane
proteins were extracted for identification, nuclear and cytoplasmic
proteins were also identified. This could be caused by the proteins can be
distributed in multiple organelles. In particular, during PEDV infection,
a large number of proteins were translocated and rearranged in cells.

Studies have demonstrated that PEDV can inhibit the production of
type I and III interferon and degrade CREB binding protein (CBP)
[37-39]. In addition, several reports have identified many host proteins
involving in the PEDV infection process, such as viperin, GTPase-
activating protein-binding protein 1 (G3BP1), Mortalin and HSPB1
[40-43]. HSPB1 was also found in our results, and it was significantly
down regulated (Fig. 1). By searching the relevant literature and
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Fig. 6. Down-regulation of PARD3 promotes PEDV infection in apical and
basolateral. (A) Vero cells were seeded on Transwell, when the cells were
covered with 80%, siRNA-PARD3 and siNC were transfected. After 36 h, cells
were infected from either apical (upper chamber) or basolateral (lower cham-
ber) with PEDV-DR13 at MOI of 0.1. 18 h after infection, the virus were
detected by immunofluorescence analysis. (B) The amount of virus infection in
the apical or the basolateral was detected by plaque.

analyzing these DAPs in detail, we gained insight into the polarity
related protein PARD3 which is closely related to cell tight junction.
PARD3 belongs to the Post-synaptic density protein-95/Discs large/
Zonula occludens-1 (PDZ) protein family, and viruses have evolved a
mechanism by which they interact with their hosts, including PDZ-
binding-motifs (PBMs) that interact with cellular proteins containing
PDZ domains [44]. Many PDZ-containing proteins are involved in
cell-cell junctions, cell polarity, recycling or trafficking [45]. Viral PBMs
interact with cellular PDZs contributing to their degradation or inacti-
vation and relocalization [44,46]. In addition to Kaposi’s sarcoma
associated herpesvirus (KSHV) and Human papillomavirus target
PARD3 and disrupt polarity and junction formation [47,48]. PARD3 is
recognized by SARS-CoV and SARS-CoV-2, but further studies are
needed to decipher the functional role of PARD3 [49]. In our results,
PARD3 showed a significant down-regulation at 6 h in the early stage of
PEDV infection. Especially in the area of syncytial lesion caused by
PEDV infection, a significant change was observed in the surrounding
uninfected cells (Fig. 2C). However, PARD3 was slightly up-regulated at
12 h after virus infection compared to 6 h and 18 h (Fig. 3C), which may
be caused by protein translocation or interaction with viral proteins,
which needs further study. PARD3 contains three isoforms 180 kDa, 150
kDa and 100 kDa. The role of PARD3 180 kDa is to establish and
maintain tight junctions in epithelial cells [50]. Here, Vero cells con-
tained mainly PARD3 180 kDa, though there were trace amounts of
PARD3 150 kDa and PARD3 100 kDa.

Studies have shown that PARD3 is predominant in the periphery of
cytoplasm and cell membrane [51,52]. In uninfected Vero cells, the
distribution of PARD3 was observed on the membrane through immu-
nofluorescence, but it was difficult to observe after virus infection. At
the early stage of PEDV infection, when the morphology of the mem-
brane changed significantly, the cytoplasmic localization of PARD3
decreased significantly, and PARD3 migrated and aggregated to the
nucleus in the late stage of infection under the condition of overall
down-regulation (Fig. 2C). PARD3 nuclear localization seems to be
associated with biologically significant events. In KSHV-positive cells
PARD3 interacted with LANA led to the translocation of PARD3 from the
cell periphery to a predominantly nuclear [51]. Adenoviral protein
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E4orf4 can interact with PARD3 to induce nuclear rupture and tumour
cell death [53]. PARD3 may act by the transfer of perinuclear actomy-
osin forces to modulate nuclear and cell shape changes. Interestingly,
PARD3 is a large protein (180 kDa), and sequence analysis of PARD3 has
putative nuclear localisation sequences. However, the occurrence of
nuclear localization of PARD3 is more likely to use related nuclear
localization proteins [54]. Nonetheless, the contribution of PEDV to
PARD3 redistribution, the biological significance, and the mechanism of
PARD3 translocation to the nucleus, remain to be elucidated and merit
further investigation.

PEDV can cause protein degradation of some cellular targets [55]. In
our current study, it is intriguing to find that PEDV could target PARD3
for proteasome-mediated degradation in in vitro. Previous research has
shown that Rhesus papilloma-viruses (RhPV) E7 has PBM that directs
the interaction of PARD3, which it targets for proteasome-mediated
degradation [56]. Viral PBM influence cell behavior through the inter-
action with cellular proteins containing PDZ domains, for CoVs, the PBM
of E and 3a in SARS-CoV protein is the only one studied in detail and
these PBMs could be involved in virus replication and pathogenesis
triggering [44]. The mechanism by which PEDV degrades PARD3 is
currently unknown. However, the E protein of PEDV has PBM, but it is
unclear whether E mediates the change of PARD3.

Virus can destroy the key protein-protein interactions in the cell to
change the protein transportation and control the cell homeostasis.
Importantly, tight junctions are known to be targeted by multiple
pathogenic viruses [57]. For example, respiratory syncytial virus, en-
teroviruses, influenza viruses and the coronavirus family increase their
efficiency in disseminating by disrupting TJs [58]. PARD3, partitioning-
defective 6 and atypical protein kinase C constitute the evolutionarily
conserved complex partitioning defective (PAR) proteins. The Par
complex plays indispensable roles in cell polarity regulation processes
that establish and maintain apical-basal polarity in most animal cells,
control proliferation and affect cell migration [59-61]. PARD3 can
interact with cell surface proteins, such as junctional adhesion mole-
cules, nectin, phospholipids, phosphatase and tensin homolog and Rac
exchange factor Tiaml, and the depletion of PARD3 disrupts tight
junction assembly [29,62-64]. PARD3 is the central component of the
PAR complex and is the key regulator of epithelial tight junction for-
mation [65]. Given that PARD3 plays a very important role in the for-
mation of TJ, we depleted endogenous PARD3 by siRNA and found loss
of PARD3 not only promoted virus infection but also increased virus
adsorption and internalization. It shows that PARD3 affects the early
stage of virus infection. In PARD3-downregulated Vero cells, the dis-
tribution of TJs, ZO-1 and Occludin were destroyed, which indicated the
tight junction of cells was destroyed. Compared with PEDV infection, the
content of ZO-1 and Occludin did not change. It indicates that down-
regulation of PARD3 affects the morphology of TJ, but cannot cause
the degradation of TJ proteins. During PEDV infection, the TJs of the
cells destroyed, and the abundance decreased. This result was consistent
with previous research, indicating that PEDV infection is closely related
to TJs [66-68].

More importantly, PARD3 plays a vital role in the regulation of
epithelial cell polarity, especially in maintenance of apical-basal po-
larity [69]. Cell polarity is reflected by the polarisation and division of
cell membrane into apical and basolateral domains [70]. PEDV prefer-
entially infected Vero cells on the apical surface [35]. However, PEDV
infection significantly increased in the basolateral region in PARD3-
downregulated Vero cells, and the apical surface increased too. The
loss of PARD3 is always accompanied by the destruction of the barrier
and the loss of cell polarity. Many viruses bind to receptors on the apical
sides of epithelial cells. Others target basolateral receptors, which are
ordinarily inaccessible due to the TJ barrier [57]. These viruses have
developed mechanisms to cause TJ disassembly, typically either through
the regulation of protein abundance or localization, to reach their re-
ceptors [57]. Many viruses target cell polarity regulators, creating an
replication-permissive environment and avoiding immune detection,
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such as Human papillomavirus (HPV), Influenza A viruses (IAV), Ade-
noviruses, Flaviviruses, Coronaviruses and Rabies virus [70]. The IAV
NS1 protein is able to target Scribble and Dlgl in a PDZ-dependent
fashion in epithelial cells, where the targeting of Scribble induces its
relocation from the cytosol to the perinuclear region, leading to the
destabilization of the tight junction and the protection of infected cells
from apoptosis, thus enhancing IAV replication. At the same time NS1
targeting of these PDZ proteins in antigen-presenting cells may consti-
tute an immune evasion mechanism [71]. The SARS E protein relocalizes
tight junction-associated protein PALS1 outside of the tight junction,
altering polarity establishment in epithelial cells [72]. Viral targeting of
PDZ proteins usually disrupts host PDZ-dependent interactions in
infected cells, thus affecting cellular functions and likely enhancing viral
replication and dissemination in the host or transmission to new hosts
[73]. By hijacking junctional proteins and signaling mechanisms, vi-
ruses ensure their propagation through the manipulation of the cellular
homeostasis, the immune system, and tissue barriers [49].

Based on these results, we conclude that, the PDZ family protein
PARD3 that can be altered by PEDV infection. Although the detailed
interplay between PARD3 and PEDV remains incompletely unclear.
Further work is needed to conclusively answer this question. Together,
these findings provide novel insights into PEDV infection and spreading,
which might be valuable for understanding PEDV-related pathogenesis.

5. Conclusions

Membrane proteomics is an ingenious method for studying mem-
brane proteins involved in viral infection. Through quantitative mem-
brane proteomics, the PDZ family protein PARD3 that can be altered by
PEDV infection was identified for the first time. During PEDV infection,
PARD3 was degraded by proteasome-dependent pathway and down-
regulation of PARD3 can destroy the tight junction of cells and affect
the apical and basolateral sides of cells to promote PEDV infection. By
hijacking proteins associated to tight junctions, viruses ensure their
propagation and spread through the manipulation of the cellular ho-
meostasis and tissue barriers. We demonstrated PARD3 is a novel anti-
viral protein against PEDV infection. These findings will contribute to a
better understanding of the role of membrane proteins in PEDV
infection.
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