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The Porcine Circovirus Type 2 Nonstructural Protein ORF3 Induces
Apoptosis in Porcine Peripheral Blood Mononuclear Cells
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Abstract: Porcine circovirus type 2 (PCV2) is the primary causative agent of porcine circovirus-associated diseases in
pigs. To analyze whether the PCV2 nonstructural protein ORF3 is able to induce apoptosis in nature target cells, transient
expression of ORF3 in porcine peripheral blood mononuclear cells (PBMC) was performed, and apoptosis was confirmed
by terminal dexoynucleotidyl transferase (TdT)-mediated BrdUTP-nick end labeling (TUNEL) assay. The apoptotic
responses induced by the full length or the C-terminal half of ORF3 were significantly higher (p < 0.001) than that of cells
transfected with the control plasmid. In contrast, the N-terminal half of ORF3 restrictively localized in the cytoplasm and
remarkably reduced its ability to induce apoptosis, the apoptotic activity might be correlated with the nuclear localization
of ORF3. Furthermore, two clusters of basic residues on the C-terminal half region at the amino acid residues 53-68 and
85-104 could mediate the nuclear localization of fusion protein, confirming their potential role as a nuclear localization

signal.
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INTRODUCTION
Porcine circovirus (PCV) is a member of the
Circoviridae family, and the virion is icosahedral,

nonenveloped and 17 nm in diameter [1]. PCV type 1
(PCV1) is non-pathogenic in swine and was first described
in 1974 as a persistent contaminant of a porcine kidney PK-
15 cell line [2, 3]. On the other hand, PCV type 2 (PCV2) is
closely associated with a disease syndrome in pigs described
as “postweaning multisystemic wasting syndrome” (PMWS)
now known as porcine circovirus-associated diseases
(PCVAD) [4, 5]. The characteristic symptoms of the
syndrome include severe progressive weight loss, dyspnea,
tachypnea, anemia, diarrhea, and lymphadenopathy in pigs
of 5-15 weeks of age [4, 6, 7]. Lymphoid depletion is the
histological hallmark of PMWS and PCV2 infection [8-11].
PMWS is endemic in the majority of the swine-producing
countries, causing a severe economic impact on the swine
industry worldwide [12].

The genome of PCV2 is a single-stranded circular DNA
of about 1.76 Kb, and contains two major open reading
frames (ORFs). They are ORF1, the rep gene, which encodes
the Rep proteins responsible for virus replication; and ORF2,
the cap gene, which encodes the immunogenic capsid (Cap)
protein [13-15]. A recent report showed that PCV2 induced
apoptosis in the cultured porcine kidney cell (PK-15) via a
viral protein encoded by ORF3 in the antisense direction of
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ORF1 [12]. Further studies demonstrated that ORF3 protein
could interact with the porcine homologue of Pirh2, a p53-
induced ubiquitin-protein E3 ligase, leading to increased p53
levels and apoptosis of the infected cells [16].
Monocyte/macrophage lineage cells are the major target cells
for PCV2 infection [17]. The purpose of this study was to
prepare a specific immune serum against PCV2 ORF3 for
further analyzing the role of ORF3 in inducing apoptosis in
porcine peripheral blood mononuclear cells (PBMC).

MATERIAL AND METHODS

Construction of Recombinant Expression Plasmids by
Polymerase Chain Reaction (PCR) Cloning

PCV2 genomic DNA was extracted with a commercial
DNA extraction kit (QIAamp Tissue kit, QTAGEN) from 20
mg of frozen lymph nodes that was collected from a severe
PMWS-affected piglet in a commercial farm in central
Taiwan. The PCR primer pairs were designed according to
the PCV2 SC strain sequence (GenBank no. AF465211) and
used for amplification of the defined coding region of PCV2
ORF3 (Table 1). The PCR reaction was carried out as
described previously [18]. The full length of PCV2 ORF3
gene DNA fragment was gel-purified and digested with
restriction enzymes EcoRI/Xhol followed by cloning into the
expression vector pET24a (Novagen) to generate the
recombinant plasmid pET24/ORF3. The nucleotide
sequences of the ORF3 gene were determined using an
automatic DNA sequencer (ABI-377, PE Applied
Biosystems). Recombinant plasmids pcDNA/ORF3,
pcDNA/ORF3N52, and pcDNA/ORF3N53-104 were used
for transient expression of ORF3 and deletion mutants in
cells. Those plasmids were constructed by cloning the full
length, the N- or C-terminal half of the coding regions of
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ORF3 into the pcDNA4/HisMax expression vector
(Invitrogen). Recombinant plasmids ORF3N53-68/GFP,
ORF3N53-85/GFP, and ORF3N85-104/GFP were used to
express the defined C-terminal fragments of ORF3 fused to
the green fluorescence protein (GFP). Those plasmids were
constructed by cloning the DNA fragment encoding the
amino acid (aa) residues 53-68, 53-85, and 85-104 of ORF3
into the expression vector pEGFPN3 (BD Biosciences
Clontech), respectively. All the recombinant plasmids were
sequenced to confirm the accuracy of the open reading frame
of ORF3 coding sequences. Recombinant plasmids
pcDNA/Cap and pcDNA/RepN314 containing the full length
of PCV2 ORF2 (cap) and ORF1 (rep) gene, respectively
have been constructed previously [18, 19].

Preparation of Specific Mouse Immune Serum Against
PCV2 ORF3 Protein

Recombinant pET24/ORF3 expression plasmid was
transformed into E. coli BL21 (DE3) competent cells.
Expression was induced with 1 mM isopropyl [-D-
thiogalactopyranoside (IPTG), and the protein products were
purified and characterized by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western immunoblotting
assay, respectively. Expression protein was further purified
as described previously [18]. Three BALB/c mice were
injected three times interperitoneally every two weeks with
0.2 mg of purified ORF3 protein mixed with Freund’s
adjuvant (Gibco BRL) at ratio 1:1. The animals were bled
and sera were harvested at 1 week after the final injection.
The specificity of mouse immune serum was determined by
indirect immunofluorescence (IFA) with the Porcine
Circovirus FA substrate slides (VMRD, USA) according to
the manufacturer’s manual.
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Transfection and Transient Expression

Peripheral blood was collected into a collection tube with
EDTA and peripheral blood mononuclear cells (PBMC)
were separated by ficoll-paque (Sigma). The cells were
washed twice with phosphate-buffered saline (PBS) and
transfected with each purified recombinant pcDNA/ORF3-
derivative expression plasmid DNA (1 pg) using jetPEI™
(Polyplus-transfection) as specified by the manufacturer. All
transfected cells were incubated at 37°C for 24 h or 48 h
followed by indirect immunofluorescence assay and TUNEL
assay for detection of apoptosis.

Indirect Immunofluorescence Assay

Transfected cells were washed three times with PBS
followed by fixing with 4% paraformaldehyde for 10 min.
After washing with PBS, the fixed cells were treated with
PBS buffer containing 0.25% Triton X-100 and 5% dimethyl
sulfoxide (DMSO) for 10 min to increase the permeability of
the cellular membrane. After washing with PBS, the cells
were treated sequentially with blocking solution, with
appropriate dilution of protein specific mouse antiserum,
respectively and with 1000 x dilution of Alexa 488-
conjugated goat anti-mouse IgG (Invitrogen). The cells were
visualized with Olympus IX 70 phase-contrast fluorescence
microscope.

Terminal Dexoynucleotidyl Transferase (TdT)-Mediated
BrdUTP-Nick End Labeling (TUNEL) Assay and
Caspase Activity Assay for Apoptosis

Transfected cells were stained with the APO-BrdU™
TUNEL Assay Kit (Invitrogen) for detection of apoptosis
according to the manufacturer’s manual. The cells were
visualized with Olympus IX 70 phase-contrast fluorescence
microscope. Transfected cells lysates were further analyzed

Table 1. Sequences of Oligonucleotides Used for Cloning the Defined Coding Region
Recombip ant II]:ZSIf:(t)(]iTIT; PCR primer pair (5°-3’)* Restn:iction
Plasmid Protein Region Site
PETHORES | ORFS 32 1-104 YA vee ol
PDNAORFS | ORFS 32 1104 S TR A ARG ol
PDNAORFINSZ || ORFS 22152 Ot A A OAGSOaARA ol
PDNA/ORESNSZ-104| ORF3 oa 3-104 SR AT IO oAC ol
PONACw | Copsa 1233 Capk235: QTTCTCGAGT TAGGGTITAAGTGG "ol
PeDNA/Rep3 14 Repaa 1314 Re}?}fg 1F ;::T"SC%%%%%%%%GT 1%51}}(111
PEGFPIORFINS3-85 | ORF3 aa 53-85 O A et LeoRl
PEGFP/ORF3N85-104 | ORF3 aa 85-104 8&5;23;?5&@%@%%%&2}%’} ookt
pEGFPIORFINS3-68 | OREs a0 5368 | O N coctsan oo AT OAAncAT | pom

“The primer sequences recognized by the specific restriction enzyme are boxed.

"The DNA fragment encoding the ORF3 aa 53-68 was generated by denaturing the mixture of ORF3N53 and the antisense ORF3R68 followed by annealing at room temperature.
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with the ApoTarget'™ Caspase Colorimetric Protease Assay
Sampler kit (Invitrogen) for determining proteolytic activity
of caspases according to the manufacturer’s manual. The
absorbance was recorded at 405 nm using a MRX Revelation
ELISA reader (Dynex). The statistical significance of
differences between transfected porcine PBMC was tested
by student’s t-test.

Statistical Analysis

The statistical significance of differences between
transfected PBMC was tested by applying student’s t-test.
Differences were considered significant when p < 0.05.
Statistical analyses were performed using SigmaPlot” (Systat
Software Inc., USA).

RESULTS

Detection of ORF3 Protein in PCV2-Infected Cells Using
Mouse Antiserum Against ORF3

The mouse antiserum against recombinant ORF3 protein
was employed to detect the viral ORF3 in PCV2-infected
swine testicle cells (PT-1) fixed on the slide (VMRD) by
IFA (Fig. 1). This antiserum stained specifically antigens
localized in the nuclei of infected cells, whereas the
corresponding preimmune mouse serum did not stain the
infected cells.

(A)

Fig. (1). IFA staining of PCV2-infected cells using the mouse
immune serum against expressed ORF3 protein. The PCV2-
infected cell fixed on the slide (VMRD) was reacted with mouse
preimmune serum (A), and mouse anti-ORF3 serum (B),
respectively, for detecting the ORF3 protein in infected cells.
Magnification 400x.

ORF3 Protein Alone Can Induce Apoptosis in Porcine
PBMC

To analyze whether ORF3 is able to induce apoptosis,
transient expression of the full length and the N- or C-
terminal half of ORF3 protein in porcine PBMC was
performed. In addition, transient expression of Cap and Rep
were also included in parallel for comparison. At 24 or 48 h
post-transfection, the transfected cells were detected by IFA
using specific mouse immune serum against each viral
protein and apoptosis induced by transient expression of
viral protein was confirmed by TUNEL-labeling which
detected the DNA breakage. The efficiency of transfection
for porcine PBMC was approximately 20% and 4 x 10
transfected cells expressing specific viral protein were
evaluated for apoptosis. About 34.6% and 42.6% of the
transfected cells expressing ORF3 protein were apoptotic at
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24 and 48 h post-transfection respectively in contrast to an
average of 8.4% in those of cells transfected with control
plasmids  including pcDNA/Rep, pcDNA/Cap and
pcDNA4/HisMax (Fig. 2). No appreciable levels of TUNEL-
positive cells were detected in pcDNA/Rep, pcDNA/Cap or
pcDNA4/HisMax transfected cells for PBMC. Quantification
of TUNEL-positive cells showed that the percentage of
apoptotic cells transfected with pcDNA/ORF3 was
significantly higher (p < 0.001) than that of cells transfected
with the control plasmid pcDNA4/HisMax. In addition, the
degree of apoptotic response of the N-terminal half of ORF3
protein (ORF3N52) expressing cells were remarkably
decreased to the same level as that of pcDNA4/HisMax-
transfected cells. In contrast, the C-terminal half of ORF3
(ORF3N53-104) retained its ability to induce apoptosis
similar to the full length of ORF3. Further, caspase activity
assays demonstrated significant activation of caspase-3, -8,
and -9 at 48 h post-transfection by the full length and the C-
terminal half of ORF3 protein (Fig. 3).

=]

[ 24hr postiranstection
W 4Shr posttransfection
S0
3
2
g 30
=
-
Y
>
—
10
1]
v M
7 & ¢
& & 2 & @ 8
&P * © @ N
\s Q & \a NS B
S T & W §
& & §» &
Q(_.

Fig. (2). Histogram of percentage of TUNEL-positive of porcine
PBMC transfected cells at 24 h (gray) and 48 h (black) post-
transfection.  ***Significant  difference (p< 0.001) from
pcDNA4/HisMax.

Intracellular Distribution of ORF3 and Deletion Mutants

To determine the intracellular distribution of ORF3
protein, PK-15 cells were transfected with pcDNA/ORF3,
pcDNA/ORF3N52, and pcDNA/ORF3N53-104, respectively;
and analyzed by IFA using mouse immune serum against
ORF3 at 48 h post-transfection. The full-length and the C-
terminal half of ORF3 were dominantly localized in the
nucleus. In contrast, the N-terminal fragment ORF3N52 was
detected in the cytoplasm. The results indicate that the C-
terminal half of ORF3 contains essential sequences for
nuclear localization. Examination of the C-terminal half
amino acid sequences revealed two regions, N53-68
(s3FQKFSQPAEISDKRYRes) and N85-104 (ssHSSRQVTPL
SLRSRSSTLHQ4), containing basic aa residues (which are
underlined) with homology to other nuclear localization
signals (NLS) [20]. To confirm whether these fragments
function as an NLS, the N53-68, N53-85, and N85-104
fragments were fused to the green fluorescent protein (GFP)
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Fig. (3). Analysis of caspase activities of PBMC transfected cells at
48 h post-tranfection. The bars show the relative caspase-3 (A), -8
(B), -9 (C) activity as the ratio of absorbance at 405 nm of each
plasmid-transfected cells to mock PBMC. *Significant different
(p<0.05) from pcDNA4/HisMax. **p < 0.01, ***p < 0.001.
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and their intracellular distribution in PK-15 cells at 48 h
post-transfection was visualized with a fluorescence
microscope. GFP was localized predominantly in the
cytoplasm, while GFP fusion proteins containing the N53-
68, N53-85, or N85-104 region of ORF3 were distributed
mostly in the nucleus (Fig. 4).

DISCUSSION

PCV2 is recognized as the essential infectious agent
behind the development of PMWS. The main
immunopathological features of PMWS are T- and B-
lymphocyte depletion in lymphoid tissue and peripheral
blood lymphopenia [21, 22]. PCV2 is considered to cause
immunosuppression by replicating and inducing apoptosis in
lymphocytes [23]. The PCV2 nonstructural protein ORF3
was demonstrated to induce apoptosis in infected PK-15
cells by competing with p53 in binding to Pirh2 and
mediating the deregulation of p53 homeostasis [12, 16].
However, the effects of ORF3 on the main
immunopathological target cells are not clear. In the present
study, the PCV2 ORF3 gene was cloned and expressed to
generate a specific immune serum for further studying
structural and function of ORF3. The mouse immune serum
against expressed ORF3 protein could specifically recognize
the viral ORF3 protein which was located predominantly in
the nucleus of PCV2-infected cells (Fig. 1). The PCV2
ORF3 gene was further cloned to construct the recombinant
plasmid pcDNA4/ORF3 for transient expression of ORF3 in
PBMC. Transient expression of ORF3 in porcine PBMC at
24 h post-transfection, more than 34% of the ORF3-
expressing cells detected by the mouse immune serum
against ORF3 were TUNEL-positive (Fig. 2). In contrast, the
Cap- or Rep-expressing cells showed no appreciable levels
of TUNEL-positive cells with the control plasmid
pcDNA4/HisMax-transfected cells. Since the TUNEL assay
should only identify cells in the last phase of apoptosis [24],
our results suggest that transient expression of ORF3 alone
in vitro can induce apoptosis in PBMC. Further caspase
activity analyses also revealed the apoptosis response
through activation of initiator caspase-8 followed by
activation of the effector caspase-3 pathway. Japanese
encephalitis virus (JEV) infection has also been
demonstrated activation of caspase-8, and -9 proceeding the
FADD-independent and mitochondrion-dependent apoptosis
pathway [25]. Activation of caspase-3, -8, and -9 in the
porcine PBMC by the PCV2 ORF3 may facilitate the
process of apoptosis eventually leading to immunosuppress-
ion of PCV2-infected pigs. Liu et al, (2006) have
demonstrated that BALB/c mice inoculated with wild-type
PCV2 showed the depletion of CD4" and CD8" T cells but
not in the ORF3-deficient mutant inoculated group [26]. The
apoptotic activity of ORF3 may directly contribute to viral
pathogenesis. The molecular mechanism of ORF3-induced
apoptosis in porcine PBMC merits further investigation.

PCV2 ORF3 is located in the nucleus. The N-terminal
half of ORF3 (ORF3N52) was detected in the cytoplasm and
could not induce apoptosis in transfected porcine PBMC. In
contrast, the C-terminal half of ORF3 (ORF3N53-104) was
located in the nucleus and retained its ability to induce
apoptosis response. These results suggest that nuclear
localization may be required for apoptosis induction and the
C-terminal half region of ORF3 contains essential sequences
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Fig. (4). Intracellular distribution of ORF3 and deletion mutants. (A) Schematic diagrams of ORF3 and deletion mutants. (B) PK-15 cells
were transfected with recombinant plasmids containing defined coding region of ORF3, and incubated for 48 h. The intracellular
distributions of ORF3 (a), ORF3N52 (b), ORF3N53-104 (¢) were examined with mouse specific immune serum by IFA. The GFP fusion
proteins containing different N-terminal tags of ORF3 subunits, N53-68 (d), N53-85 (e), and N85-104 (f) were visualized with a
fluorescence microscope. The location of each protein was scored as predominantly nuclear (N or N >C) or mostly cytoplasmic (C or C>N).

responsible for nuclear localization. The Chicken anemia
virus VP3 protein (or apoptin) contains a C-terminal
bipartite-type NLS and is believed to be prerequisite to its
apoptotic activity in tumor cells [27, 28]. Examination of the
amino acid sequences of the C-terminal half region of ORF3
revealed two clusters of basic residues with homology to
other NLS. The GFP fusion proteins containing either N53-
68 or N85-104 region of ORF3 could mediate the nuclear
localization of GFP, thus confirming their role as a NLS.

In summary, ORF3 protein of PCV2 is capable of
triggering apoptotic response in porcine PBMC. The
apoptotic activity is correlated with the nuclear localization
of ORF3. The biological function of ORF3 protein structure
and the molecular mechanism involved in the induction of
apoptosis in porcine PBMC are currently under study.
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