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Introduction

Porcine deltacoronavirus (PDCoV) is a newly discovered

entero-tropic swine coronavirus which was first detected in

Hong Kong, China in 2012 [1]. In early 2014, outbreaks of

PDCoV in the US state of Ohio were announced, and then

this novel coronavirus rapidly spread to multiple other US

states [2-5]. Numerous independent investigations

demonstrated that PDCoV can cause severe enteric lesions

and clinical diarrhea in neonatal and gnotobiotic pigs in the

absence of other etiologic agents [6-9]. Since then, PDCoV

has been identified in several Asian pig-raising countries

including South Korea [10], mainland China [11], and

Thailand [12]. A recent survey revealed a relatively high

prevalence of PDCoV across South Korea since its

emergence in the country [13]. This study found that

monoinfection with PDCoV, and coinfection with PDCoV

and porcine epidemic diarrhea virus (PEDV), are most

common in domestic pig herds, posing significant financial

concerns and attracting particular attention [13]. 

PDCoV is a large, enveloped virus that belongs to the

genus Deltacoronavirus within the family Coronaviridae of

the order Nidovirales [1, 14]. The virus possesses a single-

stranded, positive-sense RNA genome of approximately

25.4-kb with a 5’ cap and a 3’ polyadenylated tail. It has the

smallest genome among the known porcine coronaviruses

[1, 14]. The PDCoV genome consists of six canonical

coronaviral genes in the following conserved order: 5’

untranslated region (UTR)-open reading frame (ORF) 1a-

ORF1b-S-E-M-N-3’ UTR. The first two large ORFs, 1a and
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Porcine deltacoronavirus (PDCoV) is an emerging swine enteric coronavirus that causes

diarrhea in neonatal piglets. Like other coronaviruses, PDCoV encodes at least three accessory

or species-specific proteins; however, the biological roles of these proteins in PDCoV

replication remain undetermined. As a first step toward understanding the biology of the

PDCoV accessory proteins, we established a stable porcine cell line constitutively expressing

the PDCoV NS7 protein in order to investigate the functional characteristics of NS7 for viral

replication. Confocal microscopy and subcellular fractionation revealed that the NS7 protein

was extensively distributed in the mitochondria. Proteomic analysis was then conducted to

assess the expression dynamics of the host proteins in the PDCoV NS7-expressing cells. High-

resolution two-dimensional gel electrophoresis initially identified 48 protein spots which were

differentially expressed in the presence of NS7. Seven of these spots, including two up-

regulated and five down-regulated protein spots, showed statistically significant alterations,

and were selected for subsequent protein identification. The affected cellular proteins

identified in this study were classified into functional groups involved in various cellular

processes such as cytoskeleton networks and cell communication, metabolism, and protein

biosynthesis. A substantial down-regulation of α-actinin-4 was confirmed in NS7-expressing

and PDCoV-infected cells. These proteomic data will provide insights into the understanding

of specific cellular responses to the accessory protein during PDCoV infection. 
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1b, encompass the 5’-proximal two-thirds of the genome,

and encode two overlapping replicase polyproteins via a

−1 ribosomal frameshift. These polyproteins undergo

autoproteolysis by viral proteases to eventually produce 15

processing nonstructural proteins (nsp2–16). The 3’-proximal

last third of the genome codes for the four structural

proteins, spike (S), envelope (E), membrane (M), and

nucleocapsid (N), as well as at least three accessory proteins,

nonstructural gene 6 (NS6), NS7, and NS7a [1-3, 10, 15-17].

A variable number of accessory or species-specific genes

are interspersed widely between or within the structural

protein genes of coronavirus [18, 19]. In the PDCoV genome,

there are three putative accessory genes, NS6, NS7, and

NS7a. NS6 is predicted to be located between M and N,

while NS7 is located within N in an alternative ORF

encoding a 200-amino acid polypeptide [1, 16, 17]. The

remaining gene, NS7a, is a novel accessory protein with

100 amino acid residues identical to the 3’-end of NS7 [17].

Although it is acknowledged that coronavirus accessory

proteins are not essential for viral multiplication in vitro

[20, 21], they have been shown to serve functions in

immune modulation and viral pathogenesis in vivo [22-

26]. Thus, the field of coronavirus accessory proteins has

come to be of considerable interest, because of their

potential to provide insights into the viral life cycle.

However, despite their significance in coronavirology, little

information on the putative accessory proteins of PDCoV,

particularly NS7, has been reported to date.

In the present study, alterations in cellular gene

expression caused by the NS7 protein were evaluated as a

first step towards understanding the biological role of NS7

in PDCoV replication. To accomplish this task, stable

porcine-origin cell lines constitutively expressing the

PDCoV NS7 protein were generated and characterized.

Changes in the expression patterns of various cellular

proteins in the NS7 protein-expressing porcine cells

compared with those in control cells were examined using

proteomic analysis at different time points. Our proteomic

data provide novel information for better understanding of

the properties and functions of the NS7 protein during

PDCoV infection.

Materials and Methods

Cells, Virus, and Antibodies

HEK-293T and HeLa cells were cultured in Dulbecco’s modified

Eagle medium (DMEM) with high glucose (Invitrogen, USA) with

10% fetal bovine serum (FBS; Invitrogen) and antibiotic-antimycotic

solutions (100×; Invitrogen). PK-15 and PK-15-Neo [27] cells were

grown in RPMI 1640 medium (Invitrogen) supplemented with

10% FBS and antibiotic-antimycotic solutions (100×) in the

absence or presence of 200 μg/ml G418 (Invitrogen), respectively.

ST cells were cultured in alpha minimum essential medium (α-

MEM; Invitrogen) with 5% FBS and antibiotic-antimycotic solutions

(100×). The cells were maintained at 37°C in an atmosphere of

humidified air containing 5% CO2. PDCoV strain KNU16-07 was

propagated in ST cells in virus growth medium [α-MEM

supplemented with antibiotic-antimycotic solutions, 10 mM HEPES

(Invitrogen), and 5 μg/ml trypsin (USB, USA)] without FBS, as

previously described [28]. The PDCoV N protein-specific

monoclonal antibody (MAb) was described previously [28].

Rabbit anti-6× histidine (His) tag MAb and mouse anti-voltage-

dependent anion channel (VDAC) MAb were purchased from Cell

Signaling Technologies (USA). Mouse anti-myc MAb and Alexa

Fluor 488-conjugated goat anti-mouse (rabbit) IgG and Alexa

Fluor 594-conjugated goat anti-rabbit IgG secondary antibodies

were obtained from Invitrogen. Rabbit monoclonal antibodies

against Calreticulin, GM130, and LMAN1 were purchased from

Abcam (Cambridge, UK). The α-tubulin antibody was purchased

from Sigma-Aldrich (USA). Mouse monoclonal antibodies against

β-actin and α-actinin-4 and horseradish peroxidase (HRP)-

conjugated goat anti-mouse (rabbit) IgG secondary antibodies

were obtained from Santa Cruz Biotechnology (USA).

Construction of the PDCoV NS7 Plasmid

DNA manipulation and cloning were performed according to

standard procedures [29]. Escherichia coli strain DH5α (RBC

Bioscience, Taiwan) was used as the host for general cloning. The

full-length NS7 gene was amplified from the PDCoV KNU14-04

strain [10] with the following primer pair: KNU14-04-NS7-Fwd

(5’-GCCGGTCGACATGGAGTTCCGC-3’) and KNU14-04-NS7-

Rev (5’-GCCGGGATCCGAGCCATGATGC-3’), where underlines

indicate the SalI and BamHI restriction enzyme sites, respectively.

The PCR amplicon was initially inserted into the pBudCE4.1

vector (Invitrogen) that contains a myc epitope and six repetitive

histidine codons, and the resulting plasmid pBud-PDCoV-NS7

was verified by nucleotide sequencing. Because the PDCoV

genome contains a newly discovered accessory gene, NS7a, within

the NS7 gene in an identical reading frame, the presence of NS7a

could affect our functional studies of the PDCoV NS7 protein. To

prevent any such adverse effects, the translation initiation codon

of the NS7a ORF was modified to disrupt its expression using

pBud-PDCoV-NS7. To accomplish this, PCR-directed mutagenesis

was conducted to change the ATG start codon of NS7a to ATA at

genomic nucleotide positions 24,396 to 24,398, using pBud-

PDCoV-NS7 as a template, with the following primers for the

G24397A mutation: NS7a-KO-Fwd (5’-CCAACCGGAGATaGC

CCAGCTCAAG-3’) and NS7a-KO-Rev (5’-CTTGAGCTGGGCtAT

CTCCGGTTGG-3’), where lowercase letters indicate the mutated

nucleotides. Since methionine is encoded only by the single codon

ATG, the translationally non-silent mutation was adopted by

changing it to isoleucine, which is the closest residue in
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mutational and physico chemical distances [30]. The resulting

plasmid, pBud-PDCoV-NS7NS7aKO, was verified by nucleotide

sequencing. A fragment of PDCoV NS7NS7aKO cDNA that was

prepared from pBud-PDCoV-NS7NS7aKO was then subcloned into

the pFB-Neo retroviral vector (Stratagene, USA) using the SalI and

EcoRI restriction sites to construct the PDCoV NS7 gene expression

plasmid pFB-Neo-PDCoV-NS7-myc/His, which produces the

recombinant NS7 protein.

Generation of Stable PK-15 Cell Lines Expressing the PDCoV

NS7 Protein

The retrovirus gene transfer system (Stratagene) was used to

generate cell lines constitutively expressing the recombinant

PDCoV NS7 gene or an empty vector only, as described elsewhere

[27, 31-33]. Antibiotic-resistant continuous cell clones were

analyzed using RT-PCR to determine the presence of the full-

length NS7 gene, and the positive clones (PK-PDCoV-NS7) were

amplified for subsequent experiments.

Immunofluorescence Assay (IFA) and Confocal Microscopy

PK-PDCoV-NS7 cells were grown on microscope coverslips

placed in 6-well tissue culture plates. At 48 h post-seeding, the

cells were fixed with 4% paraformaldehyde for 10 min at room

temperature (RT) and permeabilized with 0.2% Triton X-100 in

PBS at RT for 10 min. The cells were blocked using 1% bovine

serum albumin (BSA) in PBS for 30 min at RT and then incubated

with the anti-His tag antibody for 2 h. After washing five times in

PBS, the cells were incubated for 1 h at RT with a goat anti-rabbit

secondary antibody conjugated with Alexa Fluor 488, followed by

counterstaining with 4’,6-diamidino-2-phenylindole (DAPI; Sigma-

Aldrich). The coverslips were mounted on glass microscope slides

in mounting buffer and the stained cells were visualized using a

fluorescence Leica DM IL LED microscope (Leica, Wetzlar,

Germany). For the study of colocalization, HeLa cells on

microscope coverslips placed in 6-well plates were transfected

with a plasmid encoding NS7 for 48 h and subjected to co-staining

with the following primary antibodies: mouse anti-myc tag

antibody and rabbit anti-Calreticulin, anti-GM130, or anti-

LMAN1 antibody. The cells were incubated with a mixture of

Alexa Fluor 488-conjugated anti-mouse and Alexa Fluor 594-

conjugated anti-rabbit secondary antibodies, followed by DAPI

counterstaining. In addition, MitoTracker Red CMXRos (200 nM;

Invitrogen) was added to the transfected HeLa and PK-PDCoV-

NS7 cells under indicated conditions as described previously [34].

The cells were then stained with anti-myc tag antibody as described

above. Fluorescent images for co-staining were obtained using a

Confocal Laser Scanning microscope (Carl Zeiss, Germany).

Fluorescence-Activated Cell Sorting (FACS) Analysis

The expression of NS7 in PK-PDCoV-NS7 cells was analyzed

using flow cytometry. The cells were trypsinized at 48 h post-

seeding and centrifuged at 250 ×g (Hanil Centrifuge FLETA 5) for

5 min. The cell pellet was washed with cold washing buffer (1%

BSA and 0.1% sodium azide in PBS), and 106 cells were

resuspended in 1% formaldehyde solution in cold wash buffer for

fixation at 4°C in the dark for 30 min followed by centrifugation

and incubation of the pellet in 0.2% Triton X-100 in PBS at 37°C for

15 min for permeabilization. After centrifugation, the cell pellet

was resuspended in a solution of the primary anti-His tag

antibody or normal rabbit IgG (Invitrogen) and the mixture was

incubated at 4°C for 30 min. The cells were washed and allowed to

react with an Alexa Fluor 488-conjugated anti-rabbit IgG

secondary antibody at 4°C for 30 min in the dark. The stained cells

were washed again and analyzed using a BD FACSAria III flow

cytometer (BD Biosciences, USA). 

Cell Proliferation Assay

The growth properties of cells expressing PDCoV NS7 protein

and control PK-Neo cells were determined by a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

assay (Sigma-Aldrich) to detect cell viability, as previously

described [27, 34]. All MTT assays were performed in triplicate.

Subcellular Fractionation and Western Blot Analysis

Whole-cell lysates were prepared from PK-PDCoV-NS7 and

PDCoV-infected ST cells grown in 6-well tissue culture plates at

the time points indicated, using lysis buffer as described

previously [34]. For subcellular fractionation, PK-PDCoV-NS7

cells were fractionated using a Mitochondria/Cytosol Fractionation

Kit (BioVision, USA) according to the manufacturer’s manuals.

The total protein concentrations in the supernatants were

determined using a BCA protein assay (Pierce, USA). The cell

lysates were mixed with 4× NuPAGE sample buffer (Invitrogen)

and boiled at 70°C for 10 min. Equal amounts of total protein were

separated in a NuPAGE 4-12% Gradient Bis-Tris Gel (Invitrogen)

under reducing conditions and electrotransferred onto an

Immobilon-P membrane (Millipore, USA). The membranes were

subsequently blocked with 3% powdered skim milk (BD

Biosciences) in TBS (10 mM Tris-HCl [pH 8.0], 150 mM NaCl) with

0.05% Tween-20 (TBST) at 4°C for 2 h and reacted at 4°C overnight

with the primary antibodies. The blots were then incubated with

corresponding secondary HRP-labeled antibodies at a dilution of

1:5,000 for 2 h at 4°C. Finally, the proteins were visualized using

enhanced chemiluminescence (ECL) reagents (GE Healthcare,

USA) according to the instructions of the manufacturer. To

analyze the expression kinetics of cellular proteins in PK-PDCoV-

NS7 or PDCoV-infected cells, the band densities of each protein

were quantified using a computer densitometry with the Wright

Cell Imaging Facility (WCIF) version of the ImageJ software

package (http://www.uhnresearch.ca/facilities/wcif/imagej/),

based on the density value relative to the corresponding

housekeeping gene.

Two-Dimensional Gel Electrophoresis (2DE) and Image Analysis

Protein samples for proteomic analysis were prepared as

described previously [27] and stored at −80°C until use. 2DE was
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performed using commercial IPG dry strips (pH 4–10, 24 cm;

Genomine Inc., Korea) for the first-dimensional separation

(isoelectric focusing; IEF) and sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) for the second

dimension, as previously described [27]. The 2D gels were stained

using the silver staining method as described previously, with

some modifications [35]. To compensate for the variability of 2DE,

three independent experiments were conducted to facilitate

statistical analysis. 

The stained gels were imaged using Dyversity, a high-

resolution 2D gel CCD image analyzer, (Syngene, USA), and

quantitative analysis of the digitized gel images was carried out

using the PDQuest software (version 7.0, Bio-Rad, USA) according

to the protocols provided by the manufacturer. Data from three

independent 2DE experiments for each sample were statistically

analyzed. The quantitative data from each protein spot were

normalized based on the total valid spot intensity for each gel.

Only protein spots that showed significant differential expression

(p < 0.05) with a ± 2-fold consistent change in the expression level

in comparison with the control sample were selected for mass

spectrometry (MS) analysis. 

Protein Identification by Peptide Mass Fingerprinting (PMF)

Each selected protein spot was excised manually from the

silver-stained gels and was enzymatically digested in-gel using

modified porcine trypsin (Sequencing Grade; Promega, USA) as

previously described [27, 36]. MALDI-TOF analysis was performed

using a Microflex LRF 20 instrument (Bruker Daltonics, USA) as

described in [27, 37]. The search program MASCOT from Matrix

Science (http://www.matrixscience.com/) was used for protein

identification by PMF. The following parameters were used for

the database search: trypsin as the cleaving enzyme, a maximum

of one missed cleavage, iodoacetamide (Cys) as a complete

modification, oxidation (Met) as a partial modification, monoisotopic

masses, and a mass tolerance of ±0.1 Da. The PMF acceptance

criterion was probability scoring.

Quantitative Real-Time RT-PCR

Total RNA was extracted from the lysates of PK-PDCoV-NS7

cells at 12 and 36 h post-seeding using the TRIzol Reagent

(Invitrogen) and was treated with DNase I (TaKaRa, Japan)

according to the manufacturer’s protocols. The concentrations of

the extracted RNAs were measured using a NanoVue

spectrophotometer (GE Healthcare). Quantitative real-time RT-

PCR was performed using a Thermal Cycler Dice Real-Time

System (TaKaRa) with gene-specific primer sets as described

previously [38]. The sequence information of all the primers was

listed in Table 1. The RNA levels of cellular genes were

normalized relative to porcine β-actin mRNA, and the relative

quantities (RQ) of mRNA accumulation were calculated using the

2-ΔΔCt method [39]. To detect alterations in cellular mRNA levels in

the presence of the PDCoV NS7 protein, the relative fold change

of each cellular gene was calculated with the comparison to PK-

PDCoV-NS7 and control PK-Neo cells.

Statistical Analysis

All values are expressed as the mean ± standard deviation of

the mean (SDM). Statistical analyses were performed using

Student’s t-test. P-values of less than 0.05 were considered to be

statistically significant.

Results

Generation and Characterization of Stable Porcine-

Origin Cell Lines Expressing the PDCoV NS7 Accessory

Protein 

Although several aspects of the interactions between the

PDCoV and its host have been studied, alterations of

cellular protein expression in response to the accessory

protein remain poorly understood. In the current study, the

PDCoV NS7 protein was chosen for proteomic analysis,

and specific host cellular responses were evaluated. NS7 is

not only a representative accessory protein of PDCoV, but

also potentially plays multiple indispensable roles in

completing viral infection in vivo. Sublines of PK-15 cells,

which stably expressed recombinant PDCoV NS7 under

Table 1. The primers used for real-time RT-PCR in this study.

Target for RT-PCR Primer sequence (5’->3’) Amplicon size

Alpha-actinin-4 Forward: GGCATCAGCCAAGAGCAGAT 107 bp

Reverse: CTGATGAGGCAGGCCTTGAA

Cytoskeletal beta actin Forward: ACCACTGGCATCGTGATGGA 128 bp

Reverse: ATGAGGTAGTCGGTCAGGTC

Carbamoyl-phosphate synthase Forward: ACGTCAGCCTGCTTTGAACCT 128 bp

Reverse: GCCATGACCTCTCCTACGCT

40S ribosomal protein S12-like Forward: GCTTGCATCCAACTGTGATGAG 121 bp

Reverse: GAGGCCTACCCATTCTCCTAA

Porcine β-actin Forward: GACCACCTTCAACTCGATCA 63 bp

Reverse: GTGTTGGCGTAGAGGTCCTT
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the control of a retroviral long-terminal-repeat promoter,

were established. Ten cell clones were collected and

subjected to RT-PCR and western blotting to confirm the

NS7 gene expression at the mRNA and protein levels (data

not shown). Assuming a relatively minor expression of

NS7 as an accessory protein in PDCoV-infected cells, one

PK-PDCoV-NS7 cell clone that constitutively expressed a

modest level of NS7 was selected for subsequent studies on

the basis of the western blotting results.

To characterize the PK-PDCoV-NS7 cells, we assessed

the intracellular expression levels of NS7 using IFA, FACS

analysis and western blotting. As shown in Fig. 1A, specific

cell staining was clearly evident when PK-PDCoV-NS7

cells were treated with anti-His tag antibody, confirming a

constant expression level of the NS7 protein. The majority

of the cells consistently exhibited specific fluorescent

signals, indicating a homogenous population of cells in

terms of NS7 expression (Fig. 1B). Time-course western

blot analysis showed that the PK-PDCoV-NS7 cells stably

expressed and accumulated steady intensities of an around

25 kDa recombinant NS7 protein. This weight is larger than

the predicted molecular weight of approximately 22 kDa,

which was estimated based upon putative post-translational

modifications and the presence of C-terminal myc and

histidine tags (Fig. 1C). The overall growth kinetics of PDCoV

NS7-expressing PK cells were found to be comparable to

those of the parental PK-Neo cells, indicating that PDCoV

NS7 expression had no effect on cell proliferation (Fig. 1D).

We next examined the precise subcellular localization of

the recombinant NS7 protein expressed in PK-PDCoV-NS7

cells using immunofluorescence confocal microscopy. Due

to the commercial unavailability of organelle marker

antibodies reacting with swine validated in IFA, we

initially carried out transient transfection of HeLa cells

with the plasmid pBud-PDCoV-NS7NS7aKO (Fig. 2A). The

transfected cells were stained with mouse anti-myc antibody

Fig. 1. Constitutive expression of the NS7 protein in PK-PDCoV-NS7 cells. 

(A) Immunofluorescence assay of the PDCoV NS7 protein. PK-PDCoV-NS7 cells grown in a 6-well tissue culture plate were fixed with 4%

formaldehyde at the time points indicated and incubated with His tag-specific antibody followed by goat anti-mouse secondary antibody

conjugated with Alexa green (left panel). The cells were then counterstained with DAPI (middle panel) and examined using a fluorescence

microscope at 200× magnification. (B) Intracellular expression of PDCoV NS7. One million cells were harvested at 48 h post-seeding and

incubated with anti-His tag antibody (black histogram) or an isotype control (gray histogram) and analyzed using flow cytometry. (C)

Immunoblot analysis of the NS7 protein. PK-PDCoV-NS7 cells were grown in a 6-well tissue culture plate at 4 × 105 cells/well for 6, 12, 24, 36, and

48 h. Cell lysates were prepared at the time points indicated and subjected to western blot analysis with anti-His tag antibody to determine the

expression levels of the NS7 protein (upper panel). The blot was also reacted with mouse MAb against β-actin to confirm equal protein loading

(lower panel). (D) Growth kinetics of the stable PDCoV NS7 protein-expressing cells. Cell proliferation was measured at the indicated times by the

MTT assay. Values are representative of the mean of three independent experiments and error bars denote standard deviations.
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and rabbit antibodies against either the endoplasmic

reticulum (ER) marker Calreticulin, the Golgi apparatus

marker GM130, the ER-Golgi intermediate compartment

(ERGIC) marker LMAN1, or a mitochondrial tracking

reagent. The NS7 protein was observed to be localized

primarily in the mitochondria; it co-stained only with a

mitochondrial-specific marker, and not with other

organelle markers (Fig. 2A). The mitochondrial localization

of PDCoV NS7 was confirmed in PK-PDCoV-NS7 cells

(Fig. 2B). The staining pattern in PK-PDCoV-NS7 cells was

found to be predominantly cytoplasmic, and virtually all

cells expressing NS7 showed distinct fluorescent signals in

the mitochondria. These observations were further verified

by subcellular fractionation and western blotting, which

detected NS7 exclusively in mitochondrial extracts (Fig. 2C).

These data demonstrated that the accessory NS7 protein is

mostly distributed in the mitochondria and cytoplasm,

suggesting that its unique subcellular localization is

important to its function(s) in PDCoV infection. 

2DE Analysis of Porcine Cells Constitutively Expressing

the PDCoV NS7 Protein 

Cellular proteins were extracted from the parental PK-

Neo cells and PK-PDCoV-NS7 cells and subjected to 2DE

analysis in order to compare the host protein expression

profiles. To reduce the variability inherent in gel

electrophoresis, three independent 2DE analyses of cellular

extracts from control and NS7-expressing PK cells were

performed, and spot intensity data from the triplicate gels

were used for statistical analysis. On average, 1,230 ± 33

protein spots were resolved by 2DE within a pH gradient

of 4 to 10 and were visualized using silver staining; the

molecular weights of the spots ranged from 10 to 200 kDa.

Fig. 3A shows representative images of 2DE gels from

control PK cells (top panels) and NS7-expressing PK cells

(middle and bottom panels). A total of 48 protein spots

were found to be differentially expressed in PK-PDCoV-

NS7 cells when compared with control PK-Neo cells. On

the basis of the statistical comparison, only those spots that

Fig. 2. Mitochondrial localization of the PDCoV NS7 protein expressed in PK-PDCoV-NS7 cells. 

(A) Subcellular localization of NS7 in cells transiently expressing (A) and stably expressing (B) PDCoV NS7. HeLa cells were fixed at 48 h post-

transfection and co-stained with anti-myc tag and each organelle marker antibody, followed by incubation with a mixture of Alexa Fluor 594 (red)-

conjugated goat anti-rabbit and 488 (green)-conjugated goat anti-mouse secondary antibodies. In addition, transfected HeLa or PK-PDCoV-NS7

cells were labeled with MitoTracker Red CMXRos, fixed, and incubated with anti-myc tag MAb followed by Alexa green-conjugated goat anti-

mouse secondary antibody. The cells were then counterstained with DAPI and visualized using a confocal fluorescence microscope at 400×

magnification. (C) Cytoplasmic and mitochondrial fractionations of PK cells expressing PDCoV NS7. Each cytosolic and mitochondrial fraction

was prepared from PK-PDCoV-NS7 cells at the time points indicated post-seeding and subjected to western blot analysis with the antibody

specific for α-tubulin as a cytosolic protein marker (top panel), VDAC as a mitochondrial protein marker (middle panel), or His-tag (bottom

panel). 
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showed statistically significant alterations in expression

levels between PK-PDCoV-NS7 cells and the control cells

were chosen for further protein identification.

Identification of Differentially Expressed Proteins

Seven protein spots with statistically significant changes,

including two up-regulated and five down-regulated

protein spots (Fig. 3B), were picked and subjected to

MALDI-TOF analysis. Using combined PMF and database

searching, the identities of five out of the seven proteins,

including two spots representing identical proteins, were

successfully determined. Information on all these proteins

in PK-PDCoV-NS7 cells with their protein scores and

sequence coverage is summarized in Table 2. To better

understand the implications of the cellular responses to the

PDCoV NS7 protein, we further categorized these proteins

according to biological process, using the Gene Ontology

database, as described previously [40]. These proteins

showing altered expression were associated with cellular

functions including metabolic processes, protein synthesis,

and cytoskeleton networks. 

Since changes in cellular protein expression may be

attributed to alterations in the corresponding mRNA

levels, transcriptional changes for all of the identified

proteins were tested using real-time RT-PCR, to confirm

the results of the proteomic analysis (Fig. 4). The altered

expression patterns of some identified proteins were

somewhat erratic compared with those in the real-time RT-

PCR results, showing modest increases or reductions in

mRNA levels. However, two spots, predicted to be α-

actinin-4 (ACTN4) and carbamoyl phosphate synthase 1

(CPS1), were significantly down-regulated in both mRNA

and protein levels. 

Fig. 3. Representative gel images showing spots that displayed significantly differential expression. 

(A) The magnified pictures represent the proteomic analysis of control PK-Neo (top panel) and PK-PDCoV-NS7 cells (middle and bottom panels)

and exhibited differentially regulated proteins identified in NS7 gene-expressing cells. Four-digit numbers at the top represent individual spot

identifications. (B) The quantity of each spot was normalized based on the total valid spot intensity for each gel, and the relative fold change of

each spot was then calculated between control PK-Neo and PK-PDCoV-NS7 cells. Data representing three independent 2DE experiments for each

sample were statistically analyzed and are presented as mean ± SDM. *p = 0.001 to 0.05; **p < 0.001.
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Differential Expression of ACTN4 in Response to the

PDCoV NS7 Protein

The proteomic data identifying potential host proteins

that underwent dynamic alterations in their expression

under the influence of PDCoV NS7 were further

investigated. Since no commercial antibodies reacting with

porcine CPS1 are available, the down-regulated ACTN4

was selected for subsequent time-course western blot

analysis. Total cellular lysates were prepared from PK-

PDCoV-NS7 cells at various time points, and the expression

kinetics of this cytoskeleton protein were compared between

control and NS7 protein-containing extracts. Lowered

production of ACTN4 was first evident in NS7-expressing

cells as early as at 6 h post-seeding in comparison with

production in non-NS7-expressing cells, and lasted for a

longer time in PK-PDCoV-NS7 cells than in control cells,

indicating that the reduced expression is dependent upon

the presence of the NS7 protein (Fig. 5A). This phenomenon

was also observed in cells infected with PDCoV. As shown

in Fig. 5B, the expression of ACTN4 was dramatically

diminished at 6 and 12 h post-infection (hpi) in PDCoV-

infected cells, and its level reverted to that observed in

non-infected cells at 18 hpi. IFA data also revealed that, in

comparison with mock-infection, PDCoV infection resulted

in a significant decrease in ACTN4-positive cells (Fig. 5C).

These results were consistent with those of the proteomic

analysis and real-time RT-PCR, indicating that the

synthesis of ACTN4 is negatively modulated in response to

expression of the NS7 protein of PDCoV.

Discussion

Viruses have to infect the host cell and hijack its

replication machinery to obtain the cellular biosynthetic

mechanism and energy supplies needed for their replication

and production. At the same time, infection of cells also

triggers numerous antiviral responses to neutralize the

invading viruses. However, viruses utilize many different

strategies to evade host defenses in order to ensure that

they successfully replicate and spread, leading to dynamic

alterations in host cell gene transcription. Proteomic

analysis has been widely adopted to evaluate host protein

responses to viral infection or viral protein expression, and

to gain understanding of how modified gene expression

affects viral replication and pathogenesis [27, 33, 41-46].

Although coronavirus accessory proteins are dispensable

for virus replication in vitro, considerable information

about their expression, intracellular localization and

function of accessory proteins from several different

Table 2. List of differentially expressed cellular proteins in PDCoV NS7-expressing PK cells.

Spot 

no.
Protein name Accession no.

MW 

(kDa)
pI

Protein 

score

Sequence 

coverage (%)
Function

Up-regulated protein

7016 40S ribosomal protein S12-like gi|795560028 13.6 6.47 184 80 Protein synthesis

Down-regulated proteins

1815 Alpha-actinin-4 isoform gi|545830727 106.30 4.68 284 37 Cytoskeleton organization

1821 Cytoskeletal beta actin gi|45269029 112.6 4.77 131 46 Cytoskeleton organization

7903 Carbamoyl-phosphate synthase, mitochondrial gi|1191845107 127.12 7.08 201 16 Metabolic process

7904 Carbamoyl-phosphate synthase, mitochondrial gi|1191845107 127.17 7.20 244 22 Metabolic process

Fig. 4. Transcriptional alteration of identified cellular genes in

PK-PDCoV-NS7 cells. 

The mRNA level of each gene was assessed using quantitative real-

time RT-PCR and normalized to that of porcine β-actin. Relative

quantities (RQ) of mRNA accumulation were evaluated using the 2-

ΔΔCt method, and the relative fold change of each gene was calculated

between control PK-Neo and PK-PDCoV-NS7 cells. Results are

expressed as the mean values of three independent experiments in

duplicate and error bars represent the mean ± SDM. *p = 0.001 to 0.05;

**p < 0.001. 
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coronaviruses has been produced [20-26]. However, the

NS7 protein, which is one of the PDCoV accessory genes, is

yet to be investigated. In this work we generated a porcine

cell line stably expressing the NS7 protein and further used

it to profile global protein abundance changes in host cells

in response to NS7 using a proteomic approach. 

We initially used online software programs including

TargetP 1.1 Server (http://www.cbs.dtu.dk/services/

TargetP/), CELLO v.2.5: subCELlular LOcalization predictor

(http://cello.life.nctu.edu.tw/), and PSORT (http://www.

Fig. 5. Differential expression of α-actinin-4 (ACTN4) in cells expressing NS7 or infected with PDCoV. 

(A and B) Western blot analysis for ACTN4. Cell lysates were prepared from PDCoV NS7 gene-expressing PK cells (A) or PDCoV-infected ST cells

(B) at the time points indicated and immunoblotted to determine the expression profile of ACTN4 with anti-ACTN4 antibody (top panels). The

blots were also reacted with anti-His tag or anti-PDCoV N (middle panels) and anti-β-actin (bottom panels) antibodies to confirm the status of

NS7 expression or PDCoV infection and equal protein loading, respectively. ACTN4 expression was quantitatively analyzed using densitometry

in terms of the relative density value to the β-actin gene and PK-PDCoV-NS7 or PDCoV-infected sample results were compared to PK-control or

mock-infected results, respectively. Values are representative of the mean from three independent experiments and error bars denote the mean ±

SDM. *p = 0.001 to 0.05; **p < 0.001. (C) Immunofluorescent detection of ACTN4. At the time points indicated, mock-infected (upper panels) or

PDCoV-infected (lower panels) ST cells were subjected to IFA with an anti-ACTN4 antibody, followed by DAPI counterstaining and examination

under a fluorescence microscope at 200× magnification.
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genscript.com/psort.html), to predict the cellular localization

of viral protein NS7. The results indicated that NS7 is

unlikely to be located in the mitochondria. However,

subcellular localization analyses showed that NS7 is

present in the cytoplasm of PK-PDCoV-NS7 cells, co-

localizing predominantly with the mitochondria, but not

with the ER, ERGIC or Golgi apparatus. The NS7 protein

was present at high concentrations in the mitochondrial

fractions of the stably NS7-transfected cells, but at low

concentrations in their cytoplasmic fractions. This finding

is of interest because the intracellular localization of the

two main accessory proteins of PDCoV, NS6 and NS7,

differs markedly. NS6 was reported to co-localize mainly

with the ER and ERGIC, and partially with the Golgi

apparatus [16]. It is known that the ERGIC is the site of

coronavirus assembly and packaging [18, 47]. Previous

studies have shown that of the PDCoV accessory genes,

only NS6 could be detected in purified virions, indicating

that NS7 is not a component of PDCoV virions [16, 17].

Although this biological localization in NS7-expressing

cells has yet to be confirmed using an authentic NS7

protein in PDCoV-infected cells, the absolutely distinct

distributions of NS6 and NS7 within the cytoplasm

suggests the possibility that their functions are specialized

for PDCoV multiplication, with NS6 playing structural

roles in viral assembly and budding events, and NS7

playing non-structural roles contributing to the completion

of viral replication.

Our proteomic data revealed that seven cellular proteins

are differentially expressed in PDCoV NS7 gene-expressing

porcine cells. These proteins are associated with several

cellular processes such as protein biosynthesis, metabolism,

and cytoskeleton networks. The importance of the

functional roles of the selected host proteins affected by the

interplay of the PDCoV NS7 protein with the host cell is

discussed below. Like many other viruses, coronaviruses

modulate host protein translation in order to favor the

synthesis of their own gene products, leading to effective

virus reproduction. In the present study, the amount of 40S

ribosomal protein S12, a component of the eukaryotic small

ribosomal subunit, was positively affected by the host

response to the PDCoV NS7 protein. Therefore, it is

conceivable that such differential expression of a ribosomal

subunit constituent may be associated with the regulation

of both host and viral protein synthesis. In response to

environmental stressors, including viral infection, cells

reorganize their metabolism to acclimate to stress-mediated

injury, which, in turn, may result in the differential

production of metabolic enzymes. In this regard, we found

significant suppression of CPS1 in cells expressing the

PDCoV NS7 protein. CPS1 is a complex multidomain

enzyme located in the mitochondrial matrix that plays a

paramount role in the urea cycle [48]. Mitochondria are

important cellular organelles that participate not only in

cell life as the source of energy production, but also in

active cell death via the mitochondrial apoptosis pathway

[49]. We have previously demonstrated that PDCoV

triggers caspase-dependent intrinsic apoptosis by releasing

apoptogenic cytochrome c [34]. The present study also

showed that viral accessory protein NS7 is a mitochondrial-

targeting protein that significantly downregulates the

mitochondrial CPS1. Although it is unknown whether

CPS1 deficiency is involved in apoptosis, one hypothesis

that can explain our results is that the mitochondrial NS7

protein is responsible for PDCoV-induced apoptosis by

modulating the expression of metabolism-related enzymes

such as CPS1, which in turn adjusts the intracellular milieu

for optimal PDCoV infection.

The most noteworthy finding in the present study is that

expression of two cytoskeletal proteins that participate

primarily in cytoskeleton organization, beta-actin and

ACTN4, is significantly reduced by elevation of levels of

the NS7 protein of PDCoV. Beta-actin is a major cytoskeletal

protein that forms actin filaments or microfilaments. These

filaments are involved in numerous cellular processes,

including cell shape, movement, division, and signal

transduction [50]. ACTN4 is a conserved, abundant, and

ubiquitous actin-binding protein belonging to the spectrin

superfamily, which modulates a wide range of processes

[51-58]. As a component of the cytoskeleton, ACTN4 plays

crucial roles in remodeling of the actin cytoskeleton, and in

stress fiber formation and stability [59, 60]. Stress fibers are

contractile bundles of actin filaments that span the entire

length of the cell and are anchored at both ends at focal

adhesions, so actin presents a challenging hurdle to virus

entry [61, 62]. However, one of the most striking

observations of infected cells is the actin remodeling or

reorganization that affects every stage of a viral replication

cycle [63-67]. Many viruses have evolved to employ

strategies to engage and manipulate actin, in order to gain

entry into cells, thereby securing progeny reproduction.

Given the biological importance of ACTN4, its down-

regulation observed in our study suggests that PDCoV

manipulates the host cytoskeletal organization, possibly to

facilitate the processes of viral infection and replication; the

NS7 protein may contribute to this actin remodeling pathway.

Since ACTN4 resides in both the cytoplasm and the

nucleus of eukaryotic cells, it has dual roles; the cytoplasmic
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and nuclear functions [68]. The former mainly involves

actin filament organization as described above, while the

latter takes part in the regulation of gene expression by the

activation of various transcription factors, including nuclear

factor-κB (NF-κB). The transcriptional regulatory function

is independent of the cytoskeletal functions associated with

cytoplasmic actin binding [53, 68-70]. Nuclear factor-κB

(NF-κB) is a family of transcription factors that regulate

immune responses, cell proliferation, apoptosis, and

differentiation, through controlling the synthesis of target

genes encoding pro-inflammatory cytokines, chemokines,

and adhesion molecules [71, 72]. Thus, it is conceivable that

as part of the immune evasion process, PDCoV may take

advantage of suppressing immune-related cytokine and

chemokine genes by interfering with the ACTN4-dependent

NF-κB pathway to subvert the host antiviral defenses, and

the NS7 protein may be involved in this mechanism.

In conclusion, to our knowledge this is the first report of

a proteomic analysis of cellular responses to the NS7

accessory protein of PDCoV. Although the definite

functions of the proteins that we identified here were not

determined, it appears likely that alterations in their

expression are involved in virus-host interactions, including

actin remodeling, leading to successful PDCoV replication.

In future studies, we are planning to investigate the actin

proteins which are differentially expressed in cells

overexpressing PDCoV NS7 or in cells infected with

PDCoV, in order to investigate their precise functions in

the replication of PDCoV. Altogether, the data presented

here advance our understanding of the molecular

mechanisms associated with PDCoV-host interactions,

viral replication, and pathogenesis.
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