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Cellular proteomic analysis of porcine
circovirus type 2 and classical swine fever
virus coinfection in porcine kidney-15 cells
using isobaric tags for relative and absolute
quantitation-coupled LC-MS/MS

Viral coinfection or superinfection in host has caused public health concern and huge
economic losses of farming industry. The influence of viral coinfection on cellular protein
abundance is essential for viral pathogenesis. Based on a coinfection model for porcine
circovirus type 2 (PCV2) and classical swine fever virus (CSFV) developed previously by our
laboratory, isobaric tags for relative and absolute quantitation (iTRAQ)-coupled LC-MS/MS
proteomic profiling was performed to explore the host cell responses to PCV2-CSFV coin-
fection. Totally, 3932 proteins were identified in three independent mass spectrometry
analyses. Compared with uninfected cells, 304 proteins increased (fold change >1.2) and
198 decreased (fold change <0.833) their abundance in PCV2-infected cells (p < 0.05), 60
and 61 were more and less abundant in CSFV-infected cells, and 196 and 158 were more
and less abundant, respectively in cells coinfected with PCV2 and CSFV. Representative
differentially abundant proteins were validated by quantitative real-time PCR, Western
blotting and confocal laser scanning microscopy. Bioinformatic analyses confirmed the
dominant role of PCV2, and indicated that mitochondrial dysfunction, nuclear factor ery-
throid 2-related factor 2 (Nrf2)-mediated oxidative stress response and apoptosis signaling
pathways might be the specifical targets during PCV2-CSFV coinfection.
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with two or more viruses of the same type, by closely related
types, or by completely different virus species or strains [1].

With the rapid advance in global communication and con-
nectivity, viral coinfection or superinfection has become a
worldwide threat. Coinfection involves the combination of
more than one pathogen or strain, and can include infection
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It is widely believed that coinfection of hepatitis B and C
viruses (HBV and HCV, respectively) can have a synergistic
effect in hepatocarcinogenesis by accelerating the develop-
ment of hepatocellular carcinoma, one of the most common
cancers in the world [2]. Similarly, coinfection of influenza
A viruses in individuals and populations is considered the
source of emerging novel assortment subtypes such as H7N9
[3], HIONS8 [4], H17N10 [5], and H18N11 [6], which represent
a potentially serious threat to public health and animal hus-
bandry. In addition to influenza A viruses, numerous other
viral pathogens are highly epidemic in swine herds, especially
in developing countries, examples of which include porcine
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reproductive and respiratory syndrome virus (PRRSV),
porcine parvovirus (PPV), classical swine fever virus (CSFV)
and porcine circovirus type 2 (PCV2). Coinfection of two or
even more viruses in swine individuals is common and results
in huge economic losses to the swine production industry.

The immunosuppressive virus PCV2 is a member of
the genus Circovirus of the family Circoviridae, and this
non-enveloped virus contains an ambisense, single-stranded,
closed-circular genome ranging from 1766 to 1768 nu-
cleotides [7, 8]. PCV2 is the main agent of porcine circovirus
diseases (PCVD) or PCV2-associated diseases (PCVAD) [9].

CSFV is a member of the genus Pestivirus in the family
Flaviviridae, and this small, enveloped virus is non-segmented
and has a single-stranded positive RNA genome [10]. CSFV
is the causative agent of classical swine fever, also known as
hog cholera, which is notifiable to the World Organization
for Animal Health (OIE). Multiple clinical cases of PCV2 and
CSFV coinfection have been reported, and PCV2 infection
was found to interfere with the protective efficacy of an at-
tenuated CSFV vaccine in field experiments [11]. Our recent
study also revealed that PCV2 and CSFV coinfection occurred
within the single cell in vitro, and PCV2 interfered CSFV
replication [12]. However, the potential molecular mecha-
nism involved in the coinfection of these two viruses remains
unknown.

As efficient methods for large-scale screening, quantita-
tive proteomic approaches are widely used to explore changes
in host proteins in response to viral infection [13]. Methods
include 2DE [14], 2D-DIGE [15], stable isotope labeling with
amino acids in cell culture (SILAC) [16], iTRAQ [17] and
label-free proteomic techniques [18]. These techniques have
inherent advantages and limitations, and are therefore com-
plementary [19]. For example, iTRAQcan be combined with
LC-MS/MS to allow four or more samples to be analyzed
simultaneously, which improves peptide identification cov-
erage and accuracy [20] and significantly reduces the time
required for MS analysis, in addition to lowering chemical
noise and variation between individual experiments [21].

To follow on from our recent study, in the present work
we investigated the cellular responses to PCV2 and CSFV
coinfection. Based on our previous coinfection model of
PCV2 and CSFV, three independent comparative proteomic
experiments were performed using 4-plex iTRAQ reagents,
which identified 3932 proteins in porcine kidney-15 (PK15)-
infected cells. Differentially abundant proteins were deter-
mined, and hierarchical cluster and bioinformatic analyses
demonstrated a dominant role for PCV2 in PCV2-CSFV coin-
fection. To illuminate the impact of PCV2 on CSFV during
coinfection, KEGG and IPA analysis of differentially abun-
dant proteins revealed potentially important roles for host
proteins 14-3-3 £, cullin 3, ERK1/2, caspase and NFkB in me-
diating the effect of PCV2 on the life cycle of CSFV in vitro.
Furthermore, bioinformatic analysis of specific differentially
abundant proteins suggested that mitochondrial dysfunction
and the oxidative stress response mediated by nuclear factor
erythroid 2-related factor 2 (Nrf2, also NFE2L2) might be the
specifical targets of PCV2-CSFV coinfection.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Proteomics and 2DE 1277
2 Materials and methods
2.1 Cells, viruses, and antibodies

The PCV-free porcine kidney epithelial cell line (PK15) [22]
and PK15 cells harboring the replicating CSFV HCLV-strain
(PK15-CSFV) [12] were kept in our laboratory and main-
tained in minimal essential medium (MEM; Gibco, Carlsbad,
CA) containing 10% gamma-irradiated fetal bovine serum
(FBS; Gibco). PCV2 strain HZ0201 (AY188355; 1064 TCIDs, /
0.1 mL) isolated from a pig with naturally occurring PMWS
was propagated in PK15 cells [8]. A polyclonal antibody (pAb)
and monoclonal antibody (mAb) against the PCV2 Cap pro-
tein [23], and a pAb against the CSFV NP protein were
obtained as previously described, and mAb WH303 raised
against CSFV E2 protein [24] was kindly gifted by Prof.
Trevor Drew of Animal and Plant Health Agency (former
Veterinary Laboratories Agency, Weybridge, UK).Primary
antibodies against macrophage migration inhibitory factor
(MIF; ab175189, rabbit mAb; Abcam, Cambridge, MA), het-
erogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2BI1;
ab6102, mouse mAb; Abcam), ferritin heavy chain (FTHI,
ab65080, rabbit pAb; Abcam), CCAAT / enhancer binding
protein delta (CEBPD; ab65081, rabbit pAb; Abcam) or his-
tone H3 (R1105-1, rabbit pAb; Huabio, Hangzhou, China),
and secondary antibodies conjugated with Alexa Fluor 546,
Alexa Fluor 647 (Life Technologies, Gaithersburg, MD),
FITC, or HRP (KPL, Gaithersburg, MD) were obtained from
commercial suppliers.

2.2 Virus inoculation

Cells (>90% confluent) were subcultured, inoculated directly
with PCV2 at the indicated multiplicities of infection (MOI),
and maintained at 37°C with 5% CO,. After culturing for
the specified time period, cells were fixed for examination of
viral infection by indirect immunofluorescence assay (IFA),
collected for total RNA extraction to determine the mRNA
levels of genes by absolute quantitative real-time PCR, or
lysed to determine protein abundance profiles by iTRAQ and
immunoblotting.

2.3 IFA and confocal laser scanning microscopy
(CLSM)

IFA and CLSM were performed as previously described [12].
Briefly, cells were inoculated with virus for indicated times,
washed twice with PBS, fixed with a methanol-acetone mix-
ture (1:1, v/v) at -20°C for 20 min, blocked with 5% skimmed
milk in PBS at 37°C for 1 h, and incubated with antibod-
ies at 4°C overnight or at room temperature (RT) for 1 h.
Cellular nuclear DNA were stained with 4'-6-diamidino-2-
phenylindole (DAPI) (Roche, Mannheim, Germany) at RT
for 5 min. For IFA, mouse mAbs against PCV2 Cap or CSFV
E2 were used as primary antibodies, followed by incuba-
tion with FITC-conjugated secondary antibodies. Images of
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stained cells were observed and captured using an IX71 in-
verted fluorescence microscope and related software (Olym-
pus, Tokyo, Japan). Viral infection rates in cell lines were
analyzed using Image] software. For CLSM, primary anti-
bodies included swine pAb anti-PCV2 Cap, mouse mAb anti-
CSFV E2 and rabbit pAbs anti-FTH1 or anti-CEBPD. After
gentle washing, cells were incubated with FITC-conjugated
goat anti-swine IgG (KPL), Alexa Fluor 647-conjugated don-
key anti-mouse IgG (Life Technologies) and Alexa Fluor 546-
conjugated donkey anti-rabbit IgG (Life Technologies) as sec-
ondary antibodies. Cells were visualized with a Zeiss LSM780
confocal laser scanning microscope and ZEN 2012 software
(Zeiss, Oberkochen, Germany).

2.4 Protein preparation and digestion

PK15 and PK15-CSFV infected with or without PCV2 were
collected, lysed with SDT buffer (4% SDS w/v, 0.1 M DTT,
0.15 M Tris-HCl, pH 8.0) and ultrasonicated at 100 W for
10 min in pulses of 10 s with 15 s pauses. Samples were cen-
trifuged at 12 000 x g for 10 min at 4°C, and supernatants
were collected and stored at -80°C until needed. Protein di-
gestion was performed according to the filter-aided sample
preparation (FASP) procedure as described previously [25],
and the resultant peptide mixture were analyzed as described
below.

2.5 Electrospray ionization mass spectrometry (ESI
MS)

Peptide mixtures for digestion were prepared as described
above and loaded on a Zorbax 300SB-C18 peptide trap (Ag-
ilent Technologies, Wilmington, DE) and separated on an
EASY column (ProxeonBiosystems). MS analysis was per-
formed on an LTQ Velos mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) with a m/z range from 300 to 1800,
and full-scan MS base peak chromatograms were recorded
for all peptides.

2.6 iTRAQ labeling, fractionation, and liquid
chromatography-tandem MS (LC-MS/MS)
analysis

Using the 4-plex iTRAQ reagents according to the man-
ufacturer’s instructions (Applied Biosystems, Foster city,
CA), peptide mixtures were respectively labeled as mock-
infected (NE)-114/117/116, PCV2-infected (SP)-115/116/117,
CSFV-infected (SC)-116/115/114 and PCV2-CSFV coinfec-
tion (PC)-117/114/115. Protein samples from independent
experiments were mixed, vacuum dried and fractionated by
strong cation exchange chromatography using an AKTA Puri-
fier 100 system (GE Healthcare) and analyzed on a Q Exactive
mass spectrometer coupled with an EASY nLC system (Prox-
eonBiosystems, now Thermo Fisher Scientific) as described
previously [26].

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrophoresis 2017, 38, 1276-1291
2.7 Sequence database searching and data analysis

MS/MS spectra were searched using the MASCOT en-
gine (version 2.2; Matrix Science, London, UK) embed-
ded within Proteome Discoverer 1.3 (Thermo Electron, San
Jose, CA) against the UniProtSusscrofa database (55 598 se-
quences, downloaded on February 20, 2014), the UniProt
CSFV database (1356 sequences, downloaded on December
31, 2013) and the UniProt PCV2 database (2234 sequences,
downloaded on December 31, 2013). For protein identifica-
tion, the following options were used: Peptide mass tolerance
= 20 ppm, MS/MS tolerance = 0.1 Da, enzyme = trypsin,
missed cleavage = 2, fixed modification: carbamidomethyl
(C), iTRAQ 4-plex (K), iTRAQ 4-plex (N-term), variable mod-
ification: oxidation (M), false discovery rate <0.01. Data were
deposited at ProteomeXchange [27] via the PRIDE database
[28] using submission tool version 2.3.2. Fold changes and
p values were analyzed using Microsoft Excel 2013. Proteins
with a fold change >1.200 or <0.833 and a p value <0.05
were defined as differentially abundant.

2.8 Hierarchical cluster analysis

To evaluate the capability of identified proteins in differ-
entiating samples, proteins with selective feature were de-
termined using information gain attribute evaluation and
correlation-based feature selection in WEKA data mining soft-
ware [29], and analyzed by hierarchical cluster as previously
described [30].

2.9 Bioinformatic analyses of Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes
(KEGG)

Sequence data from selected differentially abundant proteins
were retrieved in batches from the UniProtKB database (Re-
lease 2014_04) in FASTA format. The retrieved sequences
were locally searched against the SwissProt database (Mam-
mal) using the NCBI BLAST 2.2.28 software to obtain se-
quences of homologs from which the functional annota-
tion data could be extracted, and the identified sequences
were then functionally annotated. In this study, the top 10
BLAST hits with an E-value less than 1E-3 for each query
sequence were retrieved and loaded into Blast2GO (Version
2.7.1) for GO mapping and annotation. Following annotation
and annotation augmentation, proteins were BLAST searched
against the KEGG GENES database to retrieve KEGG Orthol-
ogy identification (KO) entries and subsequently mapped to
pathways in KEGG.

2.10 Ingenuity pathways analysis (IPA)
To obtain further insight into the functions of the identi-

fied differentially abundant proteins, pathways and molec-
ular networks between groups were analyzed using IPA
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(Ingenuity Systems, Redwood City, CA). Briefly, identified
proteins were uploaded to the IPA software and mapped to
their corresponding gene objects, and biological functions,
canonical pathways and molecular networks of gene objects
were subsequently evaluated and constructed based on in-
formation in the IPA database. Statistics for the functional
analysis were calculated automatically by the software using
the right-tailed Fisher’s exact test. Molecular networks gen-
erated based on ranking scores were optimized to include
as many proteins from input abundance profiles as possible,
and to maximize network connections. Nodes in networks
were coloured, and different shapes were used to represent
fold changes and functional classes of genes and gene prod-
ucts. Interactions between nodes were connected only when
supported by at least one or more references.

2.11 Relative quantitative PCR (qPCR)

To validate the changes in abundance of the proteins identi-
fied by iTRAQ), total mRNA was extracted from cells infected
with one or both viruses using TRIzol reagent (Invitrogen,
Carlsbad, CA) and reverse-transcribed using the SuperScript
First-Strand Synthesis System (Fermentas, Pittsburgh, PA)
according to manufacturer’s instructions. The B-actin gene
was used as an internal standard, and the relative quantitative
abundance of selected genes was assayed by real-time PCR us-
ing the SYBR Premix Ex Taq (TaKaRa, Dalian, China) with an
ABI 7500 sequence detection system (Applied Biosystems).
The results were calculated as the mean value of triplicate re-
actions. Primers used for amplification of the selected genes
are shown in Supporting Information Table S1.

2.12 Western blotting

To further verifythe changes in abundance of the proteins
identified by iTRAQ, cells infected with viruses were col-
lected, lysed in SDT buffer, and analyzed by Western blot-
ting as previously described [31]. Briefly, protein samples
were separated on 12% SDS-PAGE gels and transferred onto
0.22 pm nitrocellulose membranes (Amersham Biosciences,
Berks, UK) using a semidry electrophoretic transfer cell (Bio-
Rad Laboratories, Hercules, CA). Membranes were subse-
quently blocked in 5% (w/v) skimmed milk in PBS contain-
ing 0.05% Tween-20 for 1 h, and incubated with the indicated
primary antibodies at 4°C overnight, followed by the corre-
sponding HRP-conjugated antibodies for 1 h at RT. Bands on
the membrane were visualized using the SuperSignal West
Pico Trial Kit (Pierce, Rockford, IL) under a FluorChem M
detection system (Cell Biosciences, Santa Clara, CA).

2.13 Venn diagram
Venn diagrams were constructed online (http://bioinfogp.

cnb.csic.es/tools/venny/index.htmlL) according to the intro-
duction on the website.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.14 Statistical method

Data are presented as mean + SD of at least three individual
experiments. Statistical differences between groups were an-
alyzed by the unpaired t-test using Microsoft Excel 2013. A
value of p < 0.05 was considered as statistically significant.

2.15 Ethics statement

The procedures used for the preparation of pAb and mAb
in experimental animals were approved by the Institutional
Animal Care and Use Committee (IACUC) of Zhejiang Uni-
versity (Permit No. SYXK 2012-0178), in accordance with the
Regulations for the Administration of Affairs Concerning
Experimental Animals approved by the State Council of PR
China.

3 Results

3.1 Preparation of PCV2-CSFV coinfection samples
for proteome analysis

To explore global proteomic changes following PCV2-CSFV
coinfection and the mechanisms involved, PCV2 infection
experiments were performed. Our recent study showed that
there are no differences in the phenotype PK15 cells infected
with PCV2 or coinfected with PK15-CSFV [12], therefore
PK15 cells were inoculated with PCV2 at various MOI values
and subjected to IFA analysis to determine the infection rate.
As shown in Fig. 1A, the percentage of PCV2-positive cells
reached a peak at 64 h post-inoculation (hpi), then decreased
gradually. A higher PCV2 infection rate (>30%) at an MOI of
10 at 64 hpi was considered suitable and used for subsequent
iTRAQ-based proteome analysis. IFA (Fig. 1B) and Western
blotting (Fig. 1C) confirmed that samples were infected with
a high titre of virus, and ESI MS (Fig. 1D) confirmed that
parallel samples were consistent.

3.2 Identification and quantification of differentially
abundant proteins by using iTRAQ-based
LC-MS/MS

In total, 42664 unique peptides with false discovery rate
<0.01 were identified from three biological replicate sam-
ples using LC-MS/MS analysis, which mapped to 5890 pro-
tein groups/proteins in the UniProt database (Supporting
Information Tables S2 and S3, respectively). Representative
MS/MS spectra of peptides from the identified putative dif-
ferentially abundant proteins CEBPD and FTH1 from all 12
channels are shown in Supporting Information Fig. S1. Of
the 5890 identified proteins, 12 were from the UniProt PCV2
database, one was from the UniProt CSFV database, and
the rest were from the UniProtSusscrofa database. In every
pair of replicates, more than 85% of the identified proteins

www.electrophoresis-journal.com
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Figure 1. Viral infection and protein abundance profiles in cells. PK15 cells infected with PCV2 at the indicated MOls were prepared for
IFA and infection rates of PCV2 were calculated (A). PK15 and PK15-CSFV cells were infected with PCV2 at an MOI of 10 and cells were
collected at 64 hpi and analyzed using IFA (B), Western blotting (C) and ESI mass spectrometry (D). Bar = 200 um. NE, negative PK15.
SP, PK15 infected with PCV2. SC, PK15-CSFV. PC, PK15-CSFV infected with PCV2. These experimental group names were used in all
subsequent analyses.
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of elements in a, PC/SC and PC/SP. (C) Venn diagram of elements in b and SC/SP. The number of differentially abundant proteins is shown

under the respective cluster name.

overlapped (Supporting Information Table S4), confirming
the results were of a high quality. In total, 3932 proteins were
identified in all three biological replicates from the iTRAQ-
based analysis (Fig. 2A). MS-derived data have been deposited
in the ProteomeXchange Consortium [27] via the PRIDE part-
ner repository [28] under the dataset identifier PXD005125.
The numbers of proteins that increased and decreased
their abundance using a cutoff ratio of >1.200 or <0.833
(p<<0.05) were summarized in Fig. 2B. Compared with mock-
infected cells (NE), the number of proteins that differentially
increased and decreased their abundance was 304 and 198
in PCV2-infected cells (SP), 60 and 61 in CSFV-infected cells
(SC), and 196 and 156 in cells coinfected with PCV2 and CSFV
(PC). Inaddition, 177 and 73 proteins were differentially more
and less abundantin PC/SC, 19 and 32 in PC/SP, and 72 and
220 in SC/SP, respectively. Following serial Venn diagram
analyses (Fig. 2C), 788 differentially abundant proteins were
obtained across all groups and divided into 11 clusters (shown
in the white box). Proteins uncharacterized in the UniProt
database were mapped to the GO database to derive additional
functional information (Supporting Information Table S5).
Identification of a smaller number of differentially abundant

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

proteins in SC/NE and PC/SP than in SP/NE and PC/SC
(Fig. 2C and Supporting Information Table S5) suggested
that infection with CSFV resulted in fewer changes in the
global proteome of PK15 than did infection with PCV2.

3.3 Validation of iTRAQ-identified differentially
abundant proteins

To validate the changes in abundance of the proteins de-
tected byiTRAQ, cells infected with one or both viruses were
subjected to qPCR, immunoblotting and CLSM analyses at
64 hpi. Of the 30 differentially abundant protein-encoding
genes identified by qPCR, the abundance patterns of most
(67.78%) were in accordance with the protein levels deter-
mined by iTRAQ (Fig. 3A). Immunoblotting analysis of five
selected putative differentially abundant proteins (Fig. 3B)
revealed that, compared with mock-infected PK15, FTH1
and monomer MIF (12 kDa) were more abundant in virus-
infected cells, especially in PCV2-infected cells. However,
there was no obvious alteration in trimeric MIF (37 kDa),
and abundance of CEBPD, histone H3 and hnRNPA2B1

www.electrophoresis-journal.com
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decreased in virus-infected cells. Furthermore, CLSM visual-
ization of the intracellular distribution of CEBPD and FTH1
proteins revealed that CEBPD was mainly located within the
nuclei of PK15 and PK15-CSFV-infected (Fig. 3C), but was
dispersed in cells infected with PCV2 (Fig. 3C). Meanwhile,
FTH1 was present at basal levels in PK15 and PK15-CSFV-
infected cells, but its abundance greatly increased within both
the cytoplasm and nuclei of PCV2-infected cells (Fig. 3D).
Taken together, these results confirmed the reliability of the
iTRAQ-based proteome analysis.

3.4 Hierarchical cluster analysis of the identified
proteins

To explore the abundance profiles and relationships between
proteins across all 12 samples, hierarchical cluster analysis
was carried out. Based on the proteome profiles, NE, SP,
SC, and PC formed four minor clusters and two major clus-
ters (Fig. 4), which indicated that NE was more closely re-
lated to SC, and PC was more closely related to SP. Further-
more, 56 proteins were categorized (Supporting Information
Table S6), of which 39 were differentially abundant (Fig. 4,
Ac. No. in red). Proteins in the same cluster were found
to display similar abundance patterns, share similar charac-
ters, or take part in the same cellular processes. For instance,
TUBA4A, TUBB3 and TUBBG are all subunits of tubulin,
and HSP90B1, CCT7, CCT8, and CCT6A work together dur-
ing protein folding.

3.5 GO analysis of the differentially abundant
proteins

Using the Blast2GO tool (version 2.7.1) and the GO Consor-
tium website, GO annotation of cellular components was per-
formed to derive molecular function and biological process
information for differentially abundantproteins. In general,
protein abundance profiles were similar for all identified pro-
teins in terms of cellular components (Fig. 5A), molecular
functions (Fig. 5B) and biological processes (Fig. 5C). Com-
pared with cellular components of all identified proteins, the
others varied from 4.30 to 7.87% as the result of viral infection.
Regarding molecular functions, catalytic activity was present
at 19.05% in SC/NE, 31.62% in SC/SP, and 24.68—29.0% in
the others, and this variation indicated that CSFV was less
dependent on host cellular enzymes for replication than was
PCV2. However, compared with the others (2.15—4.34%), the
percentage of proteins with transporter activity increased in
SC/NE (10.58%) and PC/SP (6.49%), suggesting infection
with CSFV alone or in combination with PCV2 significantly
altered the abundance of proteins with transporter activity.
Additionally, the differentially abundant proteins identified
in SP/NEwere generally related to rhythmic processes, which
might explain the observation of congenital tremors in piglets
infected with PCVAD [32].
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3.6 KEGG pathway analysis of the differentially
abundant proteins

KEGG analysis was performed to obtain information on the
biological pathways in which the differentially abundant pro-
teins may be involved. The results showed that the number of
related KEGG pathways (Fig. 6A) was in accordance with the
number of differentially abundant proteins (Fig. 2B). Specif-
ically, a greater number of pathways were associated with
cells infected with PCV2 than with CSFV. Pathways with sig-
nificant differences (P<0.05) in PC/NE, SC/NE, and SP/NE
were analyzed using a Venn diagram (Fig. 6B), and a total of
76 pathways were categorized (Supporting Information Table
S7), two of which were involved in all three groups. A total of
32 pathways were identified in both SP/NE and PC/NE, sug-
gesting PCV2-CSFV coinfection affected the abundance of
proteins in a greater number of pathways than did infection
with PCV2 alone, and PCV2 appeared to play the dominant
role during PCV2-CSFV coinfection.

3.7 IPA analysis of the differentially abundant
proteins confirmed the dominant role of PCV2 in
PCV2-CSFV coinfection

To investigate the impact of PCV2 on CSFV during coinfec-
tion, 250 differentially abundant proteins in PC/SC (Fig. 2B)
were imported into the IPA software. Following exclusion
of viral proteins, repeated proteins and uncharacterized
proteins, 232 proteins were mapped and analyzed, and
73 biological functions and 65 canonical pathways were
identified (p<<0.05). The predominant biological functions
involved in PC/SC were cellular growth and proliferation, cell
death and survival, and neurological disease (Fig. 7A), and
the major canonical pathways influenced by PCV2 infection
were glycolysis I, gluconeogenesis I and ethanol degradation
IT (Fig. 7B). Among the canonical pathways, Nrf2-mediated
oxidative stress response (Z-score = 1.633, ratio = 0.044)
and PI3K/AKT signaling (Z-score = 1.000, ratio = 0.033)
were predicted to be activated (data not shown).

To investigate the interactions among differentially abun-
dant proteins, 14 molecular networks were constructed by
IPA (Supporting Information Table S8) and neurological dis-
ease, psychological disorders, cancer (Fig. 7C), cellular move-
ment, haematological disease, immunological disease (Fig.
7D) and cell morphology, cellular assembly and organiza-
tion, and cellular compromise (Fig. 7E) were the dominant
categories. Two of the differentially abundant proteins (14-3-3
{, encoded by YWHAZ and cullin, encoded by CUL3) were
central nodes in the resulting molecular networks, and are
known to play important roles in mediating signal transduc-
tion and degrading specific protein substrates by polyubiqui-
tination, respectively. Additionally, although the abundance
of some central node proteins like ERK1/2, caspase or NFkB
(complex) didn't alter significantly, most of their immedi-
ate neighbors in the networks were differentially abundant,
which might induce post-translation modification or changes
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Figure 4. Heatmap of identified proteins based on hierarchical cluster analysis. Abundance profiles of proteins with selective features
of NE, SP, SC, and PC groups were calculated in the context of all 3932 identified proteins after normalization using hierarchical cluster
analysis. Ac. No. indicates the accession number of the respective protein in the UniProt database, and differentially abundant proteins
are colored red. GN indicates the gene name for the corresponding protein, and proteins referenced in the GO database are colored

green.

in the localization of central node proteins to mediate signal
transduction in these biological pathways.

The above results suggest a number of functions, path-
ways and complicated molecular networks are affected when

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PCV2 was involved in the replication of CSFV in host cells,
which further emphasizes the impact that PCV2 has on CSFV
replication and the dominant role that PCV2 plays in PCV2-
CSFV coinfection.
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Figure 5. GO analysis of differ-
entially abundant proteins. An-
notations of cellular components,
molecular functions and biologi-
cal processes obtained from the
GO database analyzed at level
2. All indicates all identified pro-
teins, and others indicates pro-
teins differentially abundant be-
tween groups.

3.8 Bioinformatic analysis of the differentially
abundant proteins involved in PCV2-CSFV
coinfection

To investigate the effect of PCV2-CSFV coinfection, a total
of 184 proteins in clusters A7, B1, B2 and B3 (Fig. 2C) that

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

were defined as differentially abundant during PCV2-CSFV
coinfection were selected for further bioinformatic analysis.
Of these, 94 were differentially abundant in PC/NE, 103 were
differentially abundant in PC/SC, and 20 were differentially
abundant in PC/SP, according to the Venn diagram (Fig. 8A).
Notably, NADH-ubiquinone oxidoreductase chain 1 (ND1)
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(A) Numbers of KEGG maps involved in proteins differentially
abundant between groups. (B) Venn diagram analysis of KEGG
pathway maps with statistical significance (p< 0.05) involved in
SC/NE, SP/NE, and PC/NE.

was in all three groups. KEGG analysis revealed that the 94
differentially abundant proteins are involved in 145 KEGG
pathways, 14 of which were statistically significant (p < 0.05;
Table 1). These KEGG pathways (Table 1) overlapped with
the 15 pathways identified in PC/NE alone (Supporting
Information Table S7). Moreover, mitochondria were in-
volved in many of the identified KEGG pathways, especially
mitochondrial complexes of the electron transport chain,
suggesting mitochondria might play an important role in
PCV2-CSFV coinfection.

To investigate the molecular networks in which the dif-
ferentially abundant proteins were involved, IPA was carried
out as described above. In total, 177 differentially abundant
proteins were matched in the IPA database, which covered 75
biological functions and 32 canonical pathways (p>0.05; top
10 listed in Fig. 8B and 8C, respectively). The predominant bi-
ological functions identified as participating in PCV2-CSFV
coinfection were developmental disorder, hereditary disor-
der and metabolic disease (Fig. 8B), and the major canonical
pathways apparently influenced by PCV2-CSFV coinfection
were oxidative phosphorylation, mitochondrial dysfunction
and Nrf2-mediated oxidative stress response (Fig. 8C). Of
note, the Z-score of Nrf2-mediated oxidative stress response

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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category was 1, indicating that in particular, this pathway was
activated during PCV2-CSFV coinfection (Fig. 8C).

Additionally, 11 molecular networks were constructed by
IPA (Supporting Information Table S9). Figure 8D to 8G
show the top four networks with the highest scores, and
the categories were developmental disorder, hereditary dis-
order, metabolic disease, cellular assembly and organization,
cell-to-cell signaling and interaction, reproductive system de-
velopment and function, lipid metabolism, small molecule
biochemistry, protein synthesis and hair and skin develop-
ment and function. Additionally, as shown in Fig. 8D, com-
plex I (Cx I), Cx IV and Cx V of the mitochondrial electron
transport chain occupied centre nodes positions, and sev-
eral subunits of these complexes were less abundant, such
as MT-ND1, NDUFA12, NDUFA10, NDUFC2, NDUFS3 and
NDUFB4, suggesting mitochondria may be the specifical tar-
get in PCV2-CSFV coinfection.

4 Discussion

Proteomic and bioinformatic analyses are powerful ap-
proaches for studying changes in global protein profiles dur-
ing viral infection, and have been applied previously to inves-
tigate PCV2 [33-37]and CSFV [38,39] mono-infections in vivo
and in vitro. Subsequent investigations on the less abundant
tubulin proteins identified in proteomic analysis of PCV2
infection helped to establish a PCV2 transportation mecha-
nism, and confirmed the important role of host cytoplasmic
dynein systems for PCV2 infection [40]. Proteomic analysis
can therefore help us to analyze and understand the mech-
anisms of viral infection, pathogenesis and host defense. In
the present study, a coupled iTRAQ and LC-MS/MS approach
was applied to explore the global proteome changes that occur
during PCV2-CSFV coinfection, and the results were inter-
preted based on the existing in vitro PCV2-CSFV coinfection
model [12]. Bioinformatic analysis revealed a dominant role
for PCV2 in the major cellular processes specifically involved
in PCV2-CSFV coinfection, and the results provide a basis
for further investigation of the underlying molecular mecha-
nisms.

4.1 Dominant role of PCV2 in PCV2-CSFV coinfection

The identification of proteins that were differentially abun-
dant during viral infection illustrates the broad effects that
PCV2 and CSFV have on host cellular protein abundance and
cell physiology. Furthermore, hierarchical cluster, GO and
KEGG analyses demonstrated the dominant role played by
PCV2 in PCV2-CSFV-coinfected cells. Further investigation
of 250 differentially abundant proteins in PC/SC using IPA
showed that both PI3K/AKT signaling and Nrf2-mediated
oxidative stress response were activated during PCV2-CSFV
coinfection.

Conserved in all eukaryotic cells are 14-3-3 proteins
that regulate a number of signaling-related ligand binding
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proteins with diverse functions. Stimulation of the insulin-
PI3K-AKT pathway in cells induces the interactome and re-
sults in dynamic changes of the 14-3-3 beta scaffold pro-
tein [41], indicating direct and indirect relationships between
PI3K/AKT and 14-3-3 protein-induced signaling pathways.
Activation of the PI3K/AKT signaling pathway during viral
infection has been studied extensively [42—44]. Porcine aor-
tic endothelial cells infected with CSFV displayed attenuated
abundance of endothelial nitric oxide synthase and bioavail-
ability of nitric oxide through activation of the ERK and
PI3K/Akt pathways [45]. Meanwhile in PCV2-infected cells,
the PI3K/AKT pathway plays an antiapoptotic role by prevent-
ing premature apoptosis that benefits PCV2 production [46]
by limiting the extent of JNK1/2 and p38 activation and apop-
tosis signal-regulating kinase 1 [47]. However, in porcine
alveolar macrophages, the PCV2 Cap protein interacts with
gC1lqR and activates the PI3K/Akt and p38 MAPK signal-
ing pathways, and stimulates PCV2-induced IL-10 produc-
tion [48]. In the present study, compared with CSFV mono-
infection, the higher abundance of 14-3-3 ¢ encoded by SFN,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

14-3-3 y encoded by YWHAG, 14-3-3 { encoded by YWHAZ,
and tubulin family members TUBB, TUBA4A, TUBB4B, and
TUBB2B in PCV2-CSFV-coinfected cells is consistent with
the involvement of PI3K/AKT and 14-3-3 signaling pathways.
However, the abundance of kinases in the PI3K/AKT path-
way did not noticeably alter. A reasonable explanation is that
the regulatory function of these kinases may be dependent on
post-translationally modified forms. Moreover, the differen-
tially abundant proteins SFN, YWHAG and YWHAZ are also
known to be involved in other signaling pathways, including
Myc-mediated apoptosis signaling, ERKS signaling, HIPPO
signaling, p70S6K signaling and ERK/MAPK signaling path-
ways. However, the specific functions of these proteins in
PCV2-CSFV coinfection or PCV2 mono-infection need fur-
ther investigation.

Nrf2 binds to the small Maf protein and induces the tran-
scription of phase II enzymes directly through antioxidant
response elements (AREs) [49]. Normally, Nrf2 is located in
the cytoplasm and degraded quickly. However, when cells
are under oxidative stress, Nrf2 is phosphorylated by protein
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Figure 8. Bioinformatic analysis of the differentially abundant proteins during PCV2-CSFV coinfection. The differentially abundant proteins
during PCV2-CSFV coinfectionwere defined and analyzed. (A) Venn diagram of differentially abundant proteins. (B-G) IPA of differentially
abundant proteins. Representative biological functions (B), canonical pathways (C) and molecular networks (D-G) are shown.

kinase C and translocated into the nucleus where it regulates stress response when PCV2 was involved in CSFV replica-
AREs [50]. Moreover, highly pathogenic influenza A viruses tion. The exact molecular mechanisms of Nrf2 and related
(IAV) induced a greater proportion of phosphorylated Nrf2 proteins in PCV2 infection are certainly worth investigating
in the nucleus than did seasonal and pandemic strains [51], in the future.

and Nrf2-deficent mice displayed increased abundance of ox-
idative and inflammatory genes when infected with IAV [52],

indicating an important role for Nrf2 during IAV infection. A 4.2 Physiological processes specifically involved in
recent study showed that the porcine selenoprotein S protein PCV2-CSFV coinfection

blocked ochratoxin A-induced oxidative stress and impaired

PCV2 replication by increasing mRNA levels of Nrf2 and Mitochondria are important organelles that generate most
other genes [53]. Notably, in the present study, compared cellular energy in the form of ATP via the electron trans-
with CSFV mono-infection, PCV2-CSFV coinfection resulted port chain (ETC) and its associated electrochemical proton
in a greater number of differentially abundant proteins associ- gradient. The ETC, also known as the respiratory chain, com-
ated with Nrf2-mediated oxidative stress response, including prises a series of protein complexes that transfer electrons
antioxidant proteins FTL, FTH1 and PRDX1, metabolizing from electron donors to electron acceptors, and this process
enzymes GCLM and GSTA3, chaperone & stress response links to several viral infections. For example, the core pro-
protein STIP1, detoxifying protein ABCC2, and ubiquitin lig- tein of HCV reduces the activity of electron transport protein
ase CUL3. Except for ABCC2 and CUL3, the others were more Cx I and stimulates the production of ROS in liver mito-
abundant, indicating activation of Nrf2-mediated oxidative chondria [54]. Similarly, patients coinfected with HIV and
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Table 1. KEGG maps of the differentially abundant proteins in PCV2-CSFV coinfection

Map ID Map name %Test %Ref pvalue
ko05010 Alzheimer's disease 6.5217 2.1617 0.0004
ko04932 Non-alcoholic fatty liver disease (NAFLD) 5.4348 1.7294 0.0008
ko05012 Parkinson’s disease 5.9783 2.1617 0.0013
ko00190 Oxidative phosphorylation 5.9783 2.1872 0.0014
ko00860 Porphyrin and chlorophyll metabolism 2.1739 0.3815 0.0038
ko03320 PPAR signaling pathway 27174 0.6612 0.0052
ko03030 DNA replication 21739 0.4832 0.0089
ko00561 Glycerolipid metabolism 21739 0.5341 0.0125
ko05016 Huntington’s disease 5.4348 2.6704 0.0146
ko00830 Retinol metabolism 1.0870 0.1526 0.0270
ko05204 Chemical carcinogenesis 1.6304 0.4323 0.0354
ko04626 Plant—pathogen interaction 1.0870 0.1780 0.0361
ko00073 Cutin, suberine, and wax biosynthesis 0.5435 0.0254 0.0468
ko00626 Naphthalene degradation 0.5435 0.0254 0.0468

NOTE: “%Test” was the proportion of differentially abundant proteins of map in 184; “%Ref” was the proportion of proteins of map in
all 3932 identified proteins. Pvalue represented the statistical difference between differentially abundant proteins and maps. Bold
represented KEGG maps newly identified here, and underline represented KEGG maps could be found in previously KEGG analysis.)

HCV display more serious metabolic aberrations in liver mi-
tochondria due to compromised Cx IV activity than do pa-
tients infected with HCV alone [55]. Similarly, infection with
rabies virus increases the activity of Cx I and Cx IV in neu-
rons [56], and an increase in Cx I activity correlates with
susceptibility to rabies virus infection and the presence of
a rabies virus phosphoprotein, together with mitochondrial
dysfunction and ROS generation [57]. However, regulation of
the ETC during PCV2 or CSFYV replication has not yet been
reported. In this study, 13 proteins specifically involved in
mitochondrial dysfunction by IPA were identified as differ-
entially abundant in PCV2-CSFV-coinfected cells. Further-
more, ten subunits involved in this network that include Cx
I, Cx IT and Cx V, as well as ERK1/2 and cytochrome C, were
less abundant during coinfection, but not to the extent that
they could be considered as differentially abundant. These
results indicated that mitochondria might be the main target
for PCV2-CSFV coinfection, although the precise influence
on mitochondria during viral infection needs further investi-
gation.

Apoptosis induced by CSFV infection was found to be
closely related to virulence. Attenuated CSFV strain vac-
cines induced apoptosis via 5" and 3° UTR features in the
genome [58], while moderate and virulent forms of CSFV in-
hibited apoptosis through nonstructural proteins [59,60]. The
protein encoded by ORF3 of PCV2 was reported to induce
apoptosis by activating caspase-8 and caspase-3 pathways [61]
and is believed to play an important role in PCV2-induced
pathogenesis in vivo [62]. Recently, the PCV2 Cap protein
was also reported to trigger cell death via various signaling
pathways [63]. Our recent study revealed that the C strain of
CSFV was unable to induce apoptosis in PK15 cells, whereas
PCV2 replication could induce apoptosis and also impaired
CSFV replication in PCV2-CSFV coinfection.

The Bcl-2-associated death promoter (BAD) is involved
in apoptosis. Dephosphorylated BAD dissociates from 14-3-3

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in the cytosol, translocates to mitochondria [64], dimerizes
with the anti-apoptotic proteins Bcl-2 and Bcl-x(L) [65], and
induces apoptosis. Influenza viruses subtly modulate activa-
tion of the apoptotic pathway by regulating BAD, and a fail-
ure to activate apoptosis results in nonproductive viral repli-
cation [66]. Moreover, BAD mRNA expression and protein
abundance were found to be decreased by Epstein-Barr virus
microRNA miR-BART20-5p, which contributes to tumorige-
nesis of Epstein-Barr virus-associated gastric carcinoma [67].
BAD was reported to be more abundant in apoptotic cells
from the spleen tissue of PCV2-infected mice [68]. In the
present study, BAD was found to be to be significantly less
abundant during PCV2-CSFV coinfection. Thus, further in-
vestigation of the mechanism underlying lower abundance
of BAD in PCV2-CSFV coinfectionis needed to better under-
stand virus infection, host defences and viral interactions,
which might help to prevent and control PCV2-CSFV coin-
fection in the field.

To our knowledge, the present study represents the first
attempt to systematically analyze the protein abundance pro-
files of cells coinfected with PCV2 and CSFV using a cou-
pled iTRAQ and LC-MS/MS approach and bioinformatic
analysis. The results showed that PCV2 plays a dominant
role in the differential abundance of host proteins during
PCV2-CSFV coinfection. Moreover, analysis of the differ-
entially abundant proteins during PCV2-CSFV coinfection
suggested that mitochondrial dysfunction, Nrf2-mediated ox-
idative stress response, and apoptosis signaling pathways
were involved in the coinfection of PCV2 and CSFV in host
cells.
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