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Abstract Porcine circovirus type 2 (PCV2) has been
identified as the essential causal agent of post-weaning
multisystemic wasting syndrome, which has spread
worldwide. To discover cellular protein responses of
PK-15 cells to PCV2 infection, two-dimensional liquid
chromatography—tandem mass spectrometry (MS) coupled
with isobaric tags for relative and absolute quantification
(AiTRAQ) labeling was employed to quantitatively identify
the proteins that were differentially expressed in PK-15
from the PCV2-infected group compared to the uninfected
control group. A total of 196 cellular proteins in PK-15 that
were significantly altered at different time periods post-
infection were identified. These differentially expressed
proteins were related to the biological processes of binding,
cell structure, signal transduction, cell adhesion, etc. and
their interactions. Moreover, some of these proteins were
further confirmed by Western blot. The high number of
differentially expressed proteins identified should be very
useful in elucidating the mechanism of replication and
pathogenesis of PCV2 in the future.
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Introduction

Porcine circovirus type 2 (PCV2) is an immunosuppressive
virus in pigs. It is a small, nonenveloped, single-stranded
DNA virus that belongs to the circoviridae family [1]. The
virus genome contains two major open reading frames
(ORFs), ORF1 and ORF2. ORF1 encodes the replication
proteins which are involved in virus replication, and ORF2
encodes the capsid (Cap) protein [2, 3]. PCV2 has been
identified as the etiologic agent of the Postweaning Mul-
tisystemic Wasting Syndrome (PMWS) [4, 5] that is widely
spread in swine farms and represents one of several porcine
circovirus associated diseases (PCVAD). PCV2 infection
usually accompanies lymphocyte or monocyte depletion
and thus further results in immune suppression in the
disease [6, 7]. The immunosuppressive disease mainly
presents as PMWS, which caused a great economic loss
worldwide [8, 9]. However, the immunosuppressive and
pathogenic mechanisms have remained unclear in PCV2-
infected pigs.

Proteomics analysis is a powerful technology used in a
myriad of studies, including those focused on infectious
diseases [10, 11]. Isobaric tags for relative and absolute
quantification (iTRAQ) combined with multidimensional
liquid chromatography (LC) and tandem MS analysis are
emerging as a powerful methodology in the search for
disease-specific targets [12, 13]. The iTRAQ reagent labels
the primary amines on the peptides and thus can theoreti-
cally allow the tagging of most tryptic peptides. The
multiplexing ability afforded by the iTRAQ reagents,
which are available in four to eight different tags, suited the
design of our present study.

Although PCVAD causes substantial economic losses,
PCV2 pathogenesis is not fully understood. For elucidation
of the interaction between host and PCV2, proteome
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analysis has been utilized for host cellular responses to
virus infection. Ramirez-Boo [14] used two proteomics
strategies, 2-DE and 1-DE, followed by (16)0O/(18)O
peptide labeling, identification, and quantification via MS,
leading to the detection of more than 100 differentially
expressed proteins during PCV2 infection in an in vivo
environment. Additionally, Zhang et al. [15.] identified 34
host-encoded proteins that were altered in PCV2-infected
PK-15 cells using two-dimensional gel electrophoresis
(2-DE) coupled with MALDI-TOF/TOF, while Fan and
colleagues [16] detected 163 proteins that were signifi-
cantly affected in PCV2-infected PK-15 cells with the SI-
LAC-based approach. The group of Cheng [17] examined
PCV2-infected porcine alveolar macrophages (PAMs)
using 2-DE, followed by MALDI-TOF/TOF, and identified
21 host-encoded proteins modified by the virus. A quanti-
tative proteomics approach by our group revealed signifi-
cant alterations in 145 cellular proteins in PCV2 infected
PAMs at different time periods post-infection [18].

In the current study, we described quantitative proteo-
mic analysis of a highly permissive PK-15 cell line (cloned
by our laboratory) infected with PCV2 using isobaric tags
for relative and absolute quantification, combined with
multidimensional liquid chromatography and tandem MS
analysis. Overall, we detected 196 proteins showing sig-
nificant alterations in expression at different time periods
post-infection. These proteins may serve as potential bio-
markers to establish the interactions between PK-15 and
PCV2, and provide novel insights into the mechanisms of
disease onset.

Materials and methods
Reagents

Tris-base, SDS, and the 2-D Quantification Kit were pur-
chased from GE Healthcare (Piscataway, NJ, USA). Octane
and sequencing grade-modified trypsin were obtained from
Sigma-Aldrich (St. Louis, MO). The iTRAQ Reagent Kit
was acquired from Applied Biosystems (Foster City, CA).
Acetonitrile (ACN) was purchased from Fisher Scientific
(Pittsburgh, PA), formic acid (FA) from TEDIA (Fairfield,
OH), and trichloroacetic acid (TCA), KH,PO,, methanol,
acetone, HCI, and KCI from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All buffers were prepared with
Milli-Q water (Millipore; Billerica, MA).

Cell culture and virus infection
Porcine circovirus type 2 strain, WG09 (GenBank acces-

sion no. GQ845027), was isolated from an intensive pig
farm in Shanghai, China, in 2009. The virus stock was a

fourth-passage cell culture prepared in PK-15 cells with a
titer of 10%° TCIDsg/mL. PK-15 cells were grown in
Dulbecco’s Modified Eagle’s Medium supplemented with
10 % fetal bovine serum (GIBCO, Invitrogen Corporation,
CA). Cells were seeded in 25-cm? culture flasks (Costar,
Corning Incorporated, NY) until 75 % confluence. Next,
cells were inoculated with PCV2 WG09 strain at 1 MOI
and collected at 12, 24, 48, and 96 h post-inoculation (hpi),
respectively. The amount of fetal bovine serum in medium
was decreased to 2 %. Uninfected cells served as the mock
infection group (Fig. 1). Viral propagation was confirmed
via the indirect immunofluorescence assay and Western
blot using a monoclonal antibody against PCV2 Cap pro-
tein (made in our laboratory).

Protein isolation, digestion, and labeling with iTRAQ
reagents

After culture supernatant was being removed, cells were
collected using a cell scraper after the addition of 300 puL
lysis buffer (7 M urea, 2 M thiourea, 2 % (w/v) CHAPS)
containing a complete protease inhibitor cocktail to the
flask. Cells were lysed by sonication, the soluble protein
fraction harvested by centrifugation at 15,000 x g for
40 min at 4 °C, and the pellet discarded. The protein
concentration in the supernatant was determined using the
2-D Quant Kit (GE Healthcare, Piscataway, NJ). Protein
(100 pg) from PK-15 cells was precipitated with acetone
overnight at -20 °C and dissolved using iTRAQ dissolution
buffer. After reduction and alkylation, protein solutions
were digested overnight at 37 °C with sequence grade-
modified trypsin (Promega) and labeled with iTRAQ tags,
as described in the iTRAQ protocol (Applied Biosystems).

Porcine kidney cells (PK-15)

ﬂ PCV2 free or infected

U0 U0 ©U0 ©Cf
(VAR W W W W TRy

"4 “\/ “\/ (‘\/ “\/ v \'\l v
12hmock 12hpi 24hmock 24hpi  48hmock 48hpi  96hmock 96hpi

Proteinisolation, reduce/block cysteines, digestion with trypsin
and labeled with iTRAQ reagents

Sample combination

l

SCX-LC/MS/MS analysis

Fig. 1 Strategy for isobaric tags for relative and absolute
quantification (iTRAQ)-coupled two-dimensional liquid chromatog-
raphy—tandem mass spectrometry (2D LC-MS/MS) analysis of PK-15
cells infected with PCV2
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Labeled digests were mixed and dried using a rotary vac-
uum concentrator (Christ RVC 2-25; Osterode am Harz,
Germany). Two independent biological replicates were
prepared and analyzed using iTRAQ-based LC-MS/MS.

Off-line 2D LC-MS/MS

The combined peptide mixtures were fractionated via
strong cation exchange (SCX) chromatography on a 20AD
high-performance liquid chromatography (HPLC) system
(Shimadzu; Kyoto, Japan) using a polysulfoethyl column
(2.1 x 100 mm, 5 pm, 200 A Poly LC, Columbia, MD).
Peptides were eluted with a linear gradient of 0-500 mM
KCI (10 mM KH,POy, in 25 % v/v acetonitrile, pH 2.6) for
60 min at a flow rate of 200 pL/min. In total, twenty
fractions were collected.

Each fraction was dried, dissolved in 0.1 % FA (formic
acid) aqueous solution, and analyzed on a QSTAR XL
system (Applied Biosystems, China) interfaced with a
20AD HPLC system (Shimadzu, Kyoto, Japan). Peptides
were separated on a reverse-phase Zorbax 300SB-C18
column (75 x 150 mm, 3 pm, 100 A Microm, Auburn,
CA). The mobile phase was composed of 0.5 % formic
acid in water (A) and acetonitrile (B). The flow rate was
400 nL/min with a gradient from 5 % to 45 % B over
70 min and 90 % B over 10 min. MS data were acquired
automatically using Analyst QS 1.0 software Service Pack
8 (ABI/MDS SCIEX, Concord, Canada). Survey scans
were acquired from 400 to 1800, with up to 4 precursors
selected for MS/MS from m/z 100 to 2000. Curtain gas was
set at 10, nitrogen was used as the collision gas, and the
ionization tip voltage was 4000 V.

Data analysis

Relative quantification and protein identification were
performed with ProteinPilot™ software (version 3.0,
revision 114732, Applied Biosystems) using the Para-
gon™ algorithm as the search engine. Each MS/MS
spectrum was searched against a database of Sus scrofa
protein sequences (NCBI nr, released March 2008, down-
loaded from ftp.ncbi.nih.gov/genomes/Sus_scrofa/protein/).
The search parameters allowed for cysteine modification by
methyl methanethiosulfonate, and biological modifications
were programmed in the algorithm (i.e., amidation, phos-
phorylation, and semitryptic fragments). All identified pro-
teins required >95 % confidence, and the protein confidence
threshold cutoff was set to 1.3 (unused) with at least more
than one peptide above the 95 % confidence level. The true
value for the average ratio was expressed as an error factor
(EF = 10 (95 % confidence interval)) and calculated
according to the reports. EF <2 was set for satisfactory
quantification quality. To designate significant changes in
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protein expression, fold-changes >1.25 or <(.75 were set as
cutoff values. To decrease artificial error, the bias correction
option was executed. In addition, one-way analysis of var-
iance (ANOVA) and LSD analysis (SPSS 18.0) were used to
determine whether the protein was significantly regulated
over time. Differences were considered statistically signifi-
cant for P values <0.05.

Bioinformatics

Proteins that met the criteria for differential expression
were compared with hierarchical cluster analysis using
Cluster 3.0 program [19]. Data were displayed using Java
Tree View [20]. The molecular functions and subcellular
localizations of the unique proteins identified were classi-
fied using Protein Center software (DAVID Functional
Annotation Tools) [21, 22]. The main annotation types
were obtained from the gene ontology consortium Web site
(http://david.abce.ncifcrf.gov/). The protein—protein inter-
action network was analyzed via STRING software (http://
string.embl.de/) [23].

Immunofluorescence assay (IFA)

PCV?2 infected cells were washed with PBS, fixed with
cold acetone/methanol (1/1 v/v) for 20 min at —20 °C, and
allowed to air-dry. Fixed cells were incubated with pig
anti-PCV2 polyclonal antiserum (VMRD, USA) at 37 °C
for 1 h, washed three times with PBST (0.05 % Tween-20
in PBS, pH 7.4), and further incubated with staphylococcal
protein A (SPA) conjugated to FITC (Boshide, Wuhan,
China) at 37 °C for 1 h in the dark. After three washes with
PBST, infected cells were quantified using Zeiss LSM510
laser confocal microscopy.

Western blot

Samples of PCV2-infected and uninfected PK-15 cells
were lysed at 12, 24, 48, and 96 hpi (hours post-infection),
and the protein concentrations determined with the Pierce
BCA Protein Assay Kit (Thermo Scientific, Product No.
23227, USA). Equivalent amounts of cell lysate proteins
were subjected to 12 % SDS-PAGE and transferred to
0.22 pm nitrocellulose membranes (Hybond-C extra,
Amersham Biosciences). After blotting, membranes were
incubated at 37 °C for 60 min, respectively, with mouse
monoclonal antibodies (mAbs) to actin (Abcam, Cam-
bridge, UK), vimentin (Santa Cruz Biotechnology, CA),
Ras-related protein Rab-11A (Santa Cruz Biotechnology,
CA), Hsp90 (Abcam, Cambridge, UK), PCV2 Cap protein
(made in our laboratory), or rabbit polyclonal antibody to
Annexinl (Santa Cruz Biotechnology, CA). After washing
three times with 0.05 % PBST, membranes were incubated
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12 hpi

24 hpi

Fig. 2 Detection of PCV2 in PK-15 cells with IFA. Cells inoculated
with the PCV2 WGQ9 strain at 1 MOI and mock-infected cells were
collected at 12, 24, 48, and 96 hpi, respectively. After fixing with cold
acetone/methanol, cells were incubated with swine serum antibody to

at 37 °C for 60 min with horseradish peroxidase-conju-
gated goat anti-mouse IgG (Boshide, Wuhan, China) or
goat anti-rabbit IgG (Boshide, Wuhan, China). Detection
was performed using chemiluminescence luminol reagents
(SuperSignalWest PicoTrial Kit, Pierce). Protein spot lev-
els were determined using ImageJ quantification software.

Results
Confirmation of PCV2 propagation in PK-15 via IFA

Since PCV2 does not induce a typical cytopathic effect
(CPE) in PK-15 cells, viral infection was confirmed by
detection of PCV2 antigen using IFA at 12, 24, 48, and
96 hpi. The results clearly revealed green fluorescence in
PCV2-infected PK-15 cells, which was absent in mock-
infected cells. Fluorescence microscopy observations
indicated that PCV?2 titers increase during the first 24 h of
infection, and 70-80 % of cells treated with PCV2 are
infected at 96 hpi (Fig. 2).

Protein profile with iTRAQ-coupled 2D LC-MS/MS
analysis

Protein extracts were prepared separately from PCV2-
infected PK-15 cells at 12, 24, 48, and 96 hpi and virus-
free PK-15 cells at the same time points as the mock
control group. Overall, 711 proteins were detected using
iTRAQ-coupled 2D LC-MS/MS analysis. Among these,
196 proteins displayed significantly altered expression
post-infection. As shown in Fig. 3 and Table 1, signifi-
cantly altered proteins were divided into eight clusters: (1)
up-regulated only, (2) down-regulated only, (3) up-down
regulated, (4) down-up regulated, (5) up-down-up regu-
lated, (6) down-up-down regulated, (7) up-down-up-down
regulated, and (8) down-up-down-up regulated.

Mock

PCV2 and subsequently with FITC-labeled SPA (1:50). After
washing, cells were examined using fluorescence microscopy (Zeiss
LSM510)

Functional classification of identified proteins

Functional annotation of the 196 proteins that were sig-
nificantly altered after infection of PK-15 cells with PCV2
was initially performed using Protein Center software.
Three main annotation types were obtained from the gene
ontology consortium Web site: Biological Processes, Sub-
cellular Location, and Molecular Function. Enrichment
analysis of biological processes showed that PCV2 infec-
tion primarily affects the generation of precursor metabo-
lites and energy (Fig. 4a) and revealed nucleotide-binding,
cytoskeletal protein binding, and hydrolyase activity as the
commonly affected metabolic functions in PCV2-infected
PK-15 cells (Fig. 4c). Furthermore, cellular component-
based enrichment analysis showed that proteins with sig-
nificant alterations are differentially distributed in cells
(Fig. 4b).

Protein—protein interactions

Interactions between the virus and host cell are complex
and mutual when a virus invades the host. Next, we aimed
to determine how PCV2 interacts with PK-15 cell proteins
and the effects of these interactions on cell function. The
STRING database was searched for interactions with sig-
nificantly altered proteins in response to PCV2 infection
(Fig. 5). The analysis revealed several proteins with
interesting interactions, including Hspal2a-Hyoul-Hspa5-
Hspd1-Rsp16-Rsp18-RplS and Canx-Calx-Ppib-Ppl10-
Prdx2-Anxa2-Anxal-Vim. These seed proteins play
important functions in signal transduction and cell adhe-
sion. For example, Anxa2 is a RNA-binding protein
implicated in several cellular transport processes, including
internalization and transport of cholesteryl esters, biogen-
esis of multivesicular bodies, recycling of plasma mem-
brane receptors, and Ca*"-induced exocytosis of specific
secretory granules [24].
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Fig. 3 Hierarchical cluster
analysis for proteins revealed
significant alterations in
expression levels at different
time-courses post-infection.
Protein expression is shown
using a pseudocolor scale
(from —3 to 3), with red
indicating high expression and
green signifying low expression
(Color figure online)
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Validation of changes in protein levels via Western blot blot analysis. Equal amounts of cell lysate protein from

PCV2-infected PK-15 and virus-free cells were tested with
To validate the differentially expressed proteins identified  antibodies against vimentin, Annexinl, Hsp90, and Rab-
using the iTRAQ labeled LC-MS/MS system, vimentin, 11A, respectively. As shown in Fig. 6, the Hsp90 was up-
Annexin I, Hsp90, and Rab-11A were selected for Western ~ regulated at 96 hpi. In addition, the expression of vimentin,

@ Springer


http://www.genego.com/
http://www.genego.com/

Virus Genes (2014) 49:400-416

413

X

RGD1562716

N Rpe28 7

Fig. 5 Protein—protein interaction network analyzed via STRING
software. An edge was drawn with up to seven different colored lines
representing the existence of seven lines of evidence used in
predicting associations. A red line indicates the presence of fusion
evidence, a green line indicates neighborhood evidence, a blue line

Annexinl, and Rab-11A showed down-regulation in the
prophase of infection, and then, they up-regulated later.
The ratios of the four representative proteins between
infected and uninfected cells were consistent with those
obtained from iTRAQ-coupled 2D LC-MS/MS analysis.
Protein spot levels were determined using ImageJ quanti-
fication software.

Discussion and conclusions

Upon virus infection, cellular environments are modified to
eliminate the invading virus by host antiviral responses or

-
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indicates co-occurrence evidence, a purple line indicates experimental
evidence, a yellow line indicates text mining evidence, a light blue
line indicates database evidence, and a black line indicates co-
expression evidence (Color figure online)

to favor virus replication by viral evasion strategies. The
changes of host gene production in virus-infected cells
have been largely studied to elucidate pathogenic mecha-
nism associated with such alterations. However, very lim-
ited information is currently available for cellular protein
productions regulated after exposed to individual viral
components. To further elucidate the molecular mecha-
nisms involved in PCV2 infection of host cells, we
screened the differentially expressed proteins associated
with PK-15 cells infected with the virus using comparative
proteomics. Several earlier studies have analyzed the
interplay between PCV2 and host cells using proteomics
analysis, which includes interactions of PCV2 and PK-15
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A P-12 P+12 P-24 P+24 P-48 P+48 P-96 P+96 B

Vimentin, 57 KDa | = 8= = -=  — -

Annexin [ ,35KDa | —+

Rab 11A,25KDa | ==

Hsp90, 90 KDa

Cap, 28 KDa J—

B-actin, 42 KDa

Fig. 6 Confirmation of four differentially expressed proteins
(vimentin, Annexin I, Rab11A, and Hsp90) and viral Cap protein in
PCV2-infected PK-15 cells using Western blot analysis (a). The

cells [15, 16], porcine alveolar macrophages (PAMs)
[17, 18], and inguinal lymph nodes of piglets inoculated
with PCV2 [14]. In order to determine further virus—host
interactions and the processes leading to disease onset, a
high-throughput quantitative proteomic approach, iTRAQ
was utilized to investigate the differential proteomes of a
highly permissive PK-15 clone cells in response to PCV2
infection. The results indicated that a total of 196 proteins
displayed significantly altered expression at different time
points post-infection. Four of these proteins were con-
firmed to be regulated in PCV2-infected PK-15 cells using
immunoblotting as an independent analytical method. It
provided critical clues for further analysis of PCV2
pathogenesis.

Proteomics is a novel methodology employed to detect
the components of cellular protein interactions as well as
host cellular pathophysiological processes that occur dur-
ing virus infection [25, 26]. iTRAQ, combined with LC and
tandem MS analysis, is emerging as a powerful technology
in the search for disease-specific targets. This procedure is
ideally suited to our study, since it allows the comparison
of four time points after infection and four corresponding
controls. Compared with mock infection, PCV2 did not
induce visible cytopathic effects. Furthermore, the full cell
monolayer appeared in PCV2-infected cells. Both IFA and
Western blot results disclosed that PCV2 replicates in
PK-15 cells. Differentially expressed proteins are involved
in cytoskeleton organization, macromolecular biosynthesis,
signal transduction, stress response, ubiquitin—proteasome
pathway (UPP), and metabolic enzymes (Table 1). Our
data aid in the understanding of the pathogenesis of PCV2
infection. In our previous quantitative proteomics study,
we identified that Hsp70 was up-regulated in PCV2-
infected PAMs [18]. Then, we firstly found that Hsp70
could positively regulate PCV2 replication in a continuous
porcine monocytic cell line 3D4/31 [27]. It can be seen that

@ Springer

— — — — — —

—— i — — — —

— — ——— — — — —

E=& Vimentin
257 g8 Annexin - 40
-— ] T
[ & E3 Rab11A H Ag
0 ~ 204 H 5
ZE¥ @D Hsp90 30 B2
c £ 3
%832 15{EACap i ’ g2 g
St H 1 k20 3 S
© H 7 7215 5= =T
Qo HMU % X
== 1.0 r £([11% 3 <8¢
285 " 1l s3z
£EE&5 Al HEII L 0 =55
EEVOS- HI(|P H| I % - 0o
g= 0 H||IP H| I[P 7 =5
x H| A HI||A Z ®
HIIA HEHIIF % &
0.0_ 7 - 7 _0
A A > Q\
X 5 N N
K> o & o

levels of relative proteins were quantified with immunoblot scanning
and normalized to the amount of B-actin (b)

the results of proteomics study should be useful to eluci-
date the mechanism of replication of PCV2 in the future.

The host cytoskeletal network participates in the trans-
port of viral components in the cell, particularly during the
stages of the entry and exit of the virus [28]. Our data
strongly indicate an important role for cytoskeletal proteins
in PCV2 infection in PK-15 cells. The identified microfil-
ament-associated and microtubule-associated proteins, i.e.,
annexin A2 and beta 5-tubulin, were up-regulated
(Table 1), whereas the microtubule-associated protein 4,
alpha-actin, and keratin 8 were down-regulated in the
process of infection (Table 1). The existing evidence sug-
gests that actin can regulate gene transcription in virus-
induced signaling. The mRNA-binding activity of actin is
important for the anchoring, transporting, and topological
positioning of mRNAs [29]. With regard to B-tubulin, there
are several reports showing that viruses may require
microtubule components for RNA synthesis [30]. a-tubulin
was identified as being overexpressed when it interacts
with Rep of PCV2 through colocalization and coimmuno-
precipitation analyses [15]. Changes in B-tubulin and
vimentin levels have been detected in SARS-CoV22 and
infectious bursal disease virus (IBDV) [26, 31]. However,
Fan et al. [16.] indicated that B-tubulin level was down-
regulated in infected PK-15 cells and speculated that the
vimentin and B-tubulin networks collapse and disperse in
host cells, leading to an unstable cytoskeletal structure and
release of viral particles from the infected cells. The roles
of these cytoskeletal proteins in PK15 cells after PCV2
infection should be further investigated.

Heat shock proteins (HSPs) are a class of multifunc-
tional proteins that maintain cell stability when cells are
exposed to elevated temperatures, pathogens, and/or other
environmental stresses [32]. Activation of the heat shock
response might be a specific virus function that ensures
proper synthesis of viral proteins and virions; thus, stress
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proteins may be important for virus replication [33].
Mammalian cells have developed response networks which
detect and control diverse forms of stress. One of these
responses, known as heat shock response, is a universal
mechanism necessary for cell survival under a variety of
unfavorable conditions like virus infections [34]. In the
present study, the up-regulation of Hsp90, Hsp70, and
Hsp60 was identified in the PCV2-infected PK-15 cells
(Table 1). Hsp60 is a mitochondrial chaperonin that is
typically responsible for the transportation and refolding of
proteins from the cytoplasm into the mitochondrial matrix,
and it was reported that Hsp60 folds 30 % of the cyto-
plasmic proteins under heat stress [35]. One study reported
that Hsp60 can directly activate leukocytes, epithelial cells,
and fibroblasts to secrete proinflammatory cytokines such
as TNF and interleukins, which participate in the process of
T cell-mediated immunity [36]. It has been reported that
HSPs inhibit the replication of IV and a variety of RNA
viruses [37]. Inhibition of the expression of Hsc70 blocks
the nuclear export of the IV M1 and NP proteins and
thereby inhibits the production of the progeny virus [37].
Previously, we demonstrated that Hsp70 has a positive
regulatory effect on PCV2 infection cycle, based on pro-
teomics results on PCV2-infected PAMs [27]. Hsp90 has a
very important function in the folding of cell regulatory
proteins and the refolding of stress-denatured polypeptides
[38—40]. Prior research has also shown that Hsp90 is
involved in the assembly and nuclear export process of IV
RNPs [41]. A previous report showed that an initial
increase in Hsp90 expression at 12 h after infection sug-
gests a cellular response to hMPV-induced ER stress ini-
tiated by an increase in unfolded or misfolded proteins
[42]. Recently, an association between Hsp90 protein
complex and lamin A/C has been observed after oxidative
stress [43]. Also, in our PCV2-infected PK-15 cells, we
observe an increase in Hsp90 and lamin subunit beta. Here,
the increased information should be helpful to study on the
molecular mechanisms underlying host-PCV2 interactions.

Several signal transduction-associated proteins were
identified to be differentially expressed in the PCV2-
infected cells. The 14-3-3 protein family is known to be
involved in the regulation of several signal transduction
pathways including those regulating the cell cycle, apop-
tosis, cytoskeletal remodeling, transcription, and stress
responses [44]. A prior study reported that the 14-3-3
protein interacts with the HCV core protein to activate
kinase Raf-1 [45], and the identified interaction of the
14-3-3 protein with Vpr has a functional significance for
cell cycle regulation in HIV-1 infection [46]. In our study,
the expression of 14-3-3 protein in PCV2-infected PK-15
cells was down-regulated. This occurrence may be due to
the cellular physiology dysfunction of PK-15 cells. Further

work is clearly necessary to examine the function of 14-3-3
protein in PCV2-infected tissues.

Ubiquitin—proteasome pathway (UPP), a major intra-
cellular protein degradation pathway, has recently been
implicated in viral infections, including avoidance of host
immune surveillance, viral maturation, viral progeny
release, efficient viral replication, and reactivation of virus
from latency [47]. Some viruses have been reported to
evolve different strategies to utilize the UPP for beneficial
reasons, including the indication that ubiquitin—proteasome
system is required for avoidance of host immune surveil-
lance during HIV-1 and is necessary for transcriptional
regulation of the DNA virus, herpes simplex virus (HSV)
[48, 49]. Mumps virus and simian virus inhibit JAK/STAT
signaling pathway through proteasome degradation of the
cellular STAT protein to escape the interferon-initiated
antiviral responses [50]. In this study, PCV2 infection
induced expression of the ubiquitin-conjugating enzyme
E2, proteasome 26S subunit, and ubiquitin-associated
protein 2. Therefore, their change in abundance levels may
indicate to an important pathway affected by PCV2 repli-
cation. Whether PCV2 takes the similar or different strat-
egy during infection has not been elucidated and deserves
further investigation.

In summary, in this study, an iTRAQ proteomics
approach was adopted to probe differentially expressed
proteins in PCV2-infected PK-15 cells. Using unambigu-
ous methods, we identified 196 cellular proteins that were
significantly altered following PCV2 infection. The abun-
dance of differentially expressed proteins should aid in
elucidating molecular mechanisms associated with inter-
actions between PCV2 and target cells. However, the
proteomics results were preliminary data, which needed to
be further elaborated and analyzed for understanding the
roles of these proteins in PCV2 infection.
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