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Porcine circovirus type 2 (PCV2) infection is associated with significant and serious swine diseases world-
wide, while PCV1 appears to be a nonpathogenic virus. Previous studies demonstrated that the ORF3 protein
of PCV2 (PCV2ORF3) was involved in PCV2 pathogenesis via its proapoptotic capability (J. Liu, I. Chen, Q.
Du, H. Chua, and J. Kwang, J. Virol. 80:5065-5073, 2006). If PCV2ORF3-induced apoptosis is a determinant
of virulence, PCV1ORF3 is hypothesized to lack this ability. The properties of PCV1 and PCV2 ORF3,
expressed as fusion proteins to an enhanced green fluorescent protein (eGFP), were characterized with regard
to their ability to cause cellular morphological changes, detachment, death, and apoptosis. PCV1ORF3
significantly induced more apoptotic cell death and was toxic to more different cell types than PCV2ORF3 was.
PCV1ORF3-associated cell death was caspase dependent. PCV1ORF3 also induced poly(ADP-ribose) poly-
merase 1 (PARP) cleavage; however, whether PARP was involved in cell death requires further studies.
Truncation of PCV1 and elongation of PCV2 ORF3 proteins revealed that the first 104 amino acids contain a
domain capable of inducing cell death, whereas the C terminus of PCV1ORF3 contains a domain possibly
responsible for enhancing cell death. These results suggest that the pathogenicity of PCV2 for pigs is either not
determined or not solely determined by the ORF3 protein.

Lymphocyte depletion and the presence of porcine circovi-
rus type 2 (PCV2) genome and antigens (4, 6, 21) are hall-
marks of PCV-associated disease (PCVAD), a wasting and
immunosuppressive ailment of postweaned pigs. Despite two
decades of research, little is known about the molecular patho-
genesis of PCVAD.

PCV2 is the smallest known autonomous vertebrate virus
containing a 1.7-kb single-stranded, ambisense DNA genome
(32). The virus has two major open reading frames (ORFs)
that encode the replication proteins (Rep and Rep�) involved
in the initiation of virus replication (17) and a capsid protein
(Cap), forming the capsid of the virion (32). A third ORF
encodes an ORF3 protein that has been characterized as an
inducer of apoptosis (14). Abrogation of ORF3 expression
attenuated PCV2 pathogenesis in BALB/c mice (13) and spe-
cific-pathogen-free piglets (9). This led to the hypothesis that
ORF3 is involved in PCV2 pathogenesis by inducing apoptosis
in infected lymphocytes, leading to lymphocyte depletion and
ultimately immunosuppression (13, 25). The closely related,
yet nonpathogenic porcine circovirus type 1 (PCV1) also has a
third open reading frame, but the properties of the ORF3
protein of PCV1 (PCV1ORF3) have not been characterized.
Analysis of over 250 PCV2 variants and 30 PCV1 variants
shows a consistent single-nucleotide substitution in the ORF3
coding sequence of PCV2 (PCV2ORF3), resulting in a stop
codon and a protein that is half the size of PCV1ORF3
(PCV2ORF3 is made up of 104 amino acids [aa] compared to

PCV1ORF3, which is made up of 206 aa). A comparison be-
tween PCV1 and PCV2 ORF3 translated regions reveals only
60% amino acid sequence identity (5), making ORF3 the most
variable protein among the three identified major proteins of
PCV. If ORF3 is a determinant of virulence of PCV2 via its
apoptotic capability, PCV1ORF3 is hypothesized to lack the
ability to induce apoptotic cell death. This report demonstrates
the differences in cytotoxic properties between PCV1ORF3
and PCV2ORF3. Interestingly, PCV1ORF3 appeared to be
more cytotoxic than PCV2ORF3, activating a caspase-depen-
dent apoptotic pathway and potentially a caspase-independent,
poly(ADP-ribose) polymerase 1 (PARP) cleavage pathway.
Further analysis of truncated PCV1ORF3 and elongated
PCV2ORF3 showed that different ORF3 proteins had similar
patterns of cytotoxicity, although full-length PCV1ORF3 was
the most potent inducer of cell death.

MATERIALS AND METHODS

Generation of recombinant eukaryotic expression vectors. Coding sequences
of the ORF3 genes were PCR amplified from synthetic PCV1 and PCV2 ge-
nomes (DNA 2.0, Menlo Park, CA) by using primers. For PCV1ORF3, primers
5�-ATTCTCGAGCCATGATATCCATCCCACCACT-3� (forward) (nucleotide
positions 658 to 639) and 5�-AATGGATCCTCAGTGAAAATGCCAAGCAA
G-3� (reverse) (nucleotide positions 38 to 58) were used. For PCV2ORF3, prim-
ers 5�-ATTCTCGAGCCATGGTAACCATCCCACCACTT-3� (forward) (nu-
cleotide positions 671 to 651) and 5�-AATGGATCCTTACTTATTGAATGTG
GAGC-3� (reverse) (nucleotide positions 357 to 376) were used. PCR was
performed with iProof high-fidelity DNA polymerase (Bio-Rad, Mississauga,
Ontario, Canada) in a GeneAmp PCR system 9700 (PE Applied Biosystems,
Carlsbad, CA). PCR consisted of the following: a predenaturation step (30 s at
98°C); (ii) 36 cycles, where 1 cycle consisted of a denaturation step (10 s at 98°C),
an annealing step (30 s at 60°C), and an extension step (60 s at 72°C); and (iii)
a final extension step (10 min at 72°C). PCR products of expected size were
purified using a QIAquick gel extraction kit (Qiagen, Mississauga, Ontario,
Canada). The BamHI/XhoI fragments of ORF3 were cloned into the correspond-
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ing sites of the eukaryotic expression plasmid peGFP-C1 (Clontech, Mountain
View, CA) generating N-terminal enhanced green fluorescent protein (eGFP)
fusion proteins under the control of a human cytomegalovirus promoter.

To generate a truncated PCV1ORF3 (eGFP-PCV1ORF3:Y105*) that resem-
bles the analogous PCV2ORF3, a change of tyrosine residue (Y) to a stop codon
(*) at amino acid position 105 was required. To generate an elongated
PCV2ORF3 (eGFP-PCV2ORF3:*105Y), a substitution of a stop codon (*) to a
tyrosine residue (Y) at amino acid position 105 was achieved through a two-step
procedure. ORF3 genes were first amplified from the viral genomes by using
primers. To create truncated PCV1ORF3, primers 5�-ATTCTCGAGCCATGA
TATCCATCCCACCACT-3� (forward) (nucleotide positions 658 to 639) and
5�-AATGGATCCTTACTTATCGAGTGTGGAGC-3� (reverse) (nucleotide
positions 344 to 363) were used. To create elongated PCV2ORF3, primers
5�-ATTCTCGAGCCATGGTAACCATCCCACCACTT-3� (forward) (nucleo-
tide positions 671 to 651) and 5�-AATGGATCCTCACCCAGCAAGAAGAAT
GG-3� (reverse) (nucleotide positions 54 to 70) were used. PCR was performed
with 1� PCR Taq plus master mix (Applied Biological Materials Inc., Richmond,
British Columbia, Canada) and consisted of a predenaturation step (10 min at
94°C), followed by 35 cycles, with 1 cycle consisting of denaturation (60 s at
94°C), annealing (60 s at 60°C), and extension at (60 s at 72°C), and a final
extension step (10 min at 72°C). The BamHI/XhoI fragments of ORF3 were
cloned into peGFP-C1 in a manner similar to that described previously for the
authentic ORF3 genes. To create an elongated PCV2ORF3, one base mutation
was introduced using a QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA) with 50 ng of DNA template from the first step and 150 ng of the
following mutagenesis primers: 5�-CTGCAGTAAAGAAGGCAACATACTGA
TTGAGTGTGGAGCTC-3� (forward) (nucleotide positions 338 to 378) and
5�-GAGCTCCACACTCAATCAGTATGTTGCCTTCTTTACTGCAG-3� (re-
verse) (nucleotide positions 378 to 338). PCR was performed with 1� Taq DNA
polymerase (Fermentas, Burlington, Ontario, Canada) and consisted of a pre-
denaturation step (2 min at 95°C), followed by 12 cycles, with 1 cycle consisting
of denaturation (1 min at 95°C), annealing (1 min at 50°C), and extension (6 min
at 68°C), and a final extension step at 68°C for 8 min. All ORF3 sequences were
verified by sequencing (Eurofins MWG Operon, Huntsville, AL).

Cells. Human embryonic kidney epithelial 293T and carcinomic human alve-
olar basal epithelial lung A549 cell lines were maintained in Dulbecco’s modified
Eagle medium (Sigma-Aldrich, Oakville, Ontario, Canada) with 10% fetal bo-
vine serum, 2% penicillin-streptomycin solution, and 4% 200 mM L-glutamine at
37°C and 5% CO2. PCV-free porcine kidney epithelial PK-15 cell line and
primary pig kidney epithelial cells (PPKCs) were maintained in Eagle’s minimum
essential medium (Sigma-Aldrich) with 10% fetal bovine serum, 2% penicillin-
streptomycin solution, and 4% 200 mM L-glutamine. PPKCs derived from the
kidney of a healthy pig free of PCV1 and PCV2 were used starting from passages
4 to 16.

Transfection. The wells of a 12-well plate (3.8 cm2 per well) were coated with
poly-D-lysine (Sigma-Aldrich) and cells were seeded 1 day prior to transfection in
growth medium without antibiotics (1 ml per well in a 12-well plate). When the
cells were 70 to 80% confluent, 2 �g of DNA was transfected into the cells in
each well with Lipofectamine 2000 (Invitrogen, Burlington, Ontario, Canada).
One day after transfection, 1 ml of new growth medium without antibiotics was
added to each well that was to be analyzed 48 h after transfection.

Western blot analysis. Whole-cell lysates were resolved by 13% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto
polyvinylidene fluoride (PVDF) membranes (GE Healthcare, Baie d’Urfe, Que-
bec, Canada) via a semidry transfer method (Bio-Rad). To prevent nonspecific
binding, the membranes were blocked in phosphate-buffered saline containing
Tween 20 (PBST) at pH 7.4 (140 mM NaCl, 2.7 mM KCl, 6.5 mM Na2HPO4, 1.5
mM KH2PO4, 0.1% Tween 20) with 5% skim milk for 1 h at room temperature
or overnight at 4°C. They were then incubated with primary antibody for 1 h at
room temperature or overnight at 4°C, washed three times with PBST for 5 min
each time, incubated with secondary antibody conjugated to horseradish perox-
idase for 1 h at room temperature, and washed again three times with PBST
before incubation with an enhanced chemiluminescent substrate reagent mix
(GE Healthcare) at room temperature for 5 min. Membranes were analyzed with
a VersaDoc 5000 MP imaging system (Bio-Rad) and Quantity One software
(Bio-Rad). Primary antibodies included mouse anti-GFP (sc-9996; Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-PARP (P7605; Sigma-Aldrich),
rabbit anti-mitogen-activated protein kinase (anti-MAPK) (M7927; Sigma-Al-
drich), and rabbit anti-�-actin (G046; Applied Biological Materials Inc.).

Cell detachment assay. Detached cells were collected from the supernatant
and one washing (1 ml) of adherent cells. The pellet of detached cells was
resuspended in 50 �l of 1� PBS. After one wash, adherent cells were trypsinized
with 200 �l of 0.25% trypsin-EDTA solution (Sigma-Aldrich) and resuspended

in 500 �l of growth medium to make a total volume of 700 �l. Detached and
adherent cells were counted using a hemocytometer to determine the percentage
of detached cells.

Cell viability assay. All cells, including both detached and adherent cells, were
collected, centrifuged at 2,000 rpm for 3 min, washed twice with PBS, and
resuspended in PBS at 1 � 106 cells/ml. For each treatment, 100 �l of cell
suspension was stained with 5 �l of propidium iodide (PI) (BD Biosciences,
Mississauga, Ontario, Canada) for 5 to 10 min at room temperature. Four
hundred microliters of PBS was added to each tube prior to fluorescence-
activated cell sorting (FACS) analysis.

Phosphatidylserine (PS) externalization detection assay. All cells were col-
lected by centrifugation, washed twice with PBS, and resuspended in annexin
V-binding buffer at 1 � 106 cells/ml. Each sample was stained with 1 �l of
7-amino-actinomycin D (7-AAD) (Sigma-Aldrich) and 5 �l of annexin V-phy-
coerythrin (AV-PE) (BD Biosciences) for 15 min at room temperature in the
dark. Subsequently, 400 �l of 1� annexin V-binding buffer was added to each
tube prior to FACS analysis. Etoposide (Sigma-Aldrich), an apoptosis-inducing
chemical, was used as a positive control in this assay.

Cell cycle analysis. All cells were collected by centrifugation, washed twice
with PBS, and fixed in ice-cold 70% ethanol for at least 1 h at 4°C. Fixed cells
were washed twice with PBS, resuspended in 100 �l of 50-�g/ml PI solution
(Invitrogen) containing 5 �l of 10 �g/ml RNase A (Invitrogen) working solution
that had been boiled for 5 min, and incubated at 37°C for 45 min prior to FACS
analysis.

PARP cleavage detection assay. Whole-cell lysates were subjected to Western
blot analysis, using rabbit anti-PARP antibody (Sigma-Aldrich).

Pancaspase inhibitor assay. At the time of transfection, cells were incubated
with a pancaspase inhibitor, benzyloxycarbonyl-L-aspart-1-yl-[(2,6-dichloroben-
zoyl)oxy]methane (Z-Asp-CH2-DCB; Santa Cruz Biotechnology), to different
final concentrations not exceeding 100 �M. Cell death (PI staining), apoptosis
(AV-PE/7-AAD staining), cell cycle (PI staining), and PARP cleavage were
assessed.

Statistical analysis. All statistical analyses were performed using MINITAB
software (Minitab Inc., State College, PA). One-way analysis of variance
(ANOVA) and Tukey’s multiple-comparison tests were performed when as-
sumptions of normality and equal variance were met; otherwise, a nonparamet-
ric, Kruskal-Wallis pairwise multiple-comparison (Dunn’s) test was conducted. A
P value of �0.05 was considered significant. At least two independent trials were
conducted for each experiment.

Nucleotide sequence accession numbers. ORF3 coding regions from PCV1
(GenBank accession number AY184287) and PCV2 (GenBank accession num-
bers EF394779, AY094619, and AY847748) were used in this study.

RESULTS AND DISCUSSION

ORF3-induced cellular detachment of human embryonic
kidney 293T cells. Previous studies indicated that PCV2ORF3
is involved in apoptotic death of porcine and simian cells (14)
and PCV2-associated pathology in pigs (9). Here, we hypoth-
esized that if PCV2ORF3 is a major determinant for the vir-
ulence of PCV2, the analogous protein derived from the non-
pathogenic PCV1 would not be able to kill cells.
Upon transfection with an expression plasmid for eGFP-
PCV1ORF3, human embryonic kidney 293T cells displayed
morphological changes with a shrunken, grape-like appearance
(Fig. 1A). Quantitative analysis of detached and adherent 293T
cell numbers showed that cellular detachment was significantly
higher in eGFP-PCV1ORF3-transfected cells compared to
eGFP-PCV2ORF3- and eGFP-transfected cells (P � 0.05)
(Fig. 1B). Etoposide, an apoptosis-inducing substance, likewise
induced significant cellular detachment (P � 0.05). No signif-
icant difference in cellular detachment was observed between
eGFP-PCV2ORF3- and eGFP-transfected cell populations.
PCVORF3 coding sequences cloned into a retroviral expres-
sion vector led to similar results (data not shown). Immunoblot
analysis revealed that eGFP-PCV1ORF3 was predominantly
seen in the detached, but not the adherent cell fraction (Fig.

VOL. 84, 2010 CYTOTOXICITY OF ORF3 PROTEINS FROM PORCINE CIRCOVIRUS 11441



1C). In summary, when expressed in 293T cells, PCV1ORF3
caused cellular detachment, while PCV2ORF3 did not. This
result was unexpected, since PCV2ORF3 was previously re-
ported to be cytotoxic in simian Cos-7 and porcine PK-15 cell
lines (14); however, human cell types exposed to PCV2ORF3
as well as cytotoxicity of PCV1ORF3 had not been analyzed
previously.

ORF3-induced cell death is cell type specific. As it was
possible that dead cells could have remained adherent to the
plate and that detached cells were not dead but had simply lost
the ability to adhere, cytotoxicity leading to cell death was

further assessed with PI staining. PI penetrates and stains only
dead cells.

As shown in Fig. 2A, eGFP-PCV1ORF3 induced signifi-
cantly more cell death (P � 0.05) than eGFP in all four cell
lines tested. eGFP-PCV1ORF3 also induced significantly more
cell death (P � 0.05) than eGFP-PCV2ORF3 did in both 293T
and PK-15 cell lines despite a two- to threefold-lower level of
eGFP-PCV1ORF3 protein expression compared to that of
eGFP-PCV2ORF3 on a per cell basis, as measured by mean
fluorescence intensity (Fig. 2B). Thus, the observed higher
toxicity of eGFP-PCV1ORF3 was not the result of higher
protein expression. eGFP-PCV2ORF3 induced significant cell
death (P � 0.05) in A549, PK-15, and PPKC cells, but not in
293T cells. Neither eGFP-PCV1ORF3 nor eGFP-PCV2ORF3
induced significant cell death in bystander, nontransfected cells
(data not shown), suggesting that an intrinsic death pathway
was triggered by ORF3 leading to cell death. It has been
suggested that ORF3s from different genogroups may confer
differences in PCV2 virulence (31). Therefore, ORF3s from
different genogroups were tested for differences in cytotoxicity,
but significant difference in cell death was not observed be-
tween ORF3 from PCV2a and PCV2b genogroups (data not
shown). Hence, two PCV2ORF3 sequences, which differ by 4
amino acids (aa), were presented interchangeably in this re-
port.

Our results show that ORF3 proteins from PCV1 and PCV2
are capable of inducing cell death in a cell-specific manner, as
variations in susceptibility to ORF3-induced cell death were
observed between different cell types and within each cell type.
In particular, human 293T cells were not as susceptible to
eGFP-PCV2ORF3-induced cell death as other cell lines were.
Within a population of one cell type, a large proportion of cells
that expressed eGFP-PCV1ORF3 did not undergo cell death.

FIG. 1. Cell detachment in 293T cells. (A) Phase-contrast micros-
copy 24 h after transfection shows cells with shrunken, grape-like
appearance in eGFP-PCV1ORF3-transfected cells and not in eGFP-
PCV2ORF3-transfected cells. (B) Percentage of detached cells from
four independent experiments (n � 4). Cellular detachment values
that are significantly different (P � 0.05) from the values for negative
controls, e.g., mock and eGFP, are indicated by an asterisk. The target
symbol, the horizontal line in the box, and the box denote the mean,
median, and interquartile range, respectively. (C) Separation of cells
into adherent and detached cell fractions and the detection of eGFP-
PCV1ORF3 predominantly in the detached cell fraction. Whole-cell
extracts were resolved by 13% SDS-PAGE, transferred onto PVDF
membranes, and detected by anti-GFP antibody (�-GFP). �-Actin was
used as a protein loading control. �-�-actin, anti-�-actin antibody.

FIG. 2. Cell viability in various cell lines transfected with different
ORF3 variants. Values are the means � standard errors of the means
(error bars represent 95% confidence interval for the mean) from at
least three independent experiments (n � 3). (A) Percentage of cell
death in transfected cells. Cell death values that are significantly dif-
ferent (P � 0.05) from the cell death values for eGFP-transfected cells
(*) and eGFP-PCV2ORF3-transfected cells (a) are indicated above
the bars. (B) Relative protein expression level on a per cell basis as
measured by mean fluorescence intensity. The numbers above the bars
indicate the average fold differences in mean fluorescence intensities.
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Similarly, it has been reported that cells from different origins
vary in their tolerance and responses to apoptosis-inducing
agents, such as lithium chloride (15, 35). Therefore, it is pos-
sible that ORF3 is proapoptotic but that it is the state of the
cellular host that determines the final outcome of virus-cell
interactions.

PCV1ORF3 induces caspase-dependent apoptosis. To assess
whether cell death induced by PCV1ORF3 occurred via apop-
tosis similar to what has been reported for PCV2ORF3 (14),
PS externalization as an apoptotic marker was analyzed. Dur-
ing apoptosis, PS molecules become externalized to the outer
surface of the cell membrane (18). This externalization is im-
portant for macrophage recognition, phagocytosis, and clear-
ance of apoptotic cells without causing an inflammatory re-
sponse (3, 19). In apoptotic cells, annexin V binds to these
externalized PS molecules (1, 22, 28, 30) while PI or 7-AAD

will not penetrate and stain these cells. Figure 3A shows that
293T cells transfected with eGFP-PCV1ORF3 had a signifi-
cantly higher percentage of apoptotic cells (AV-PE positive,
7-AAD negative) than cells transfected with eGFP or eGFP-
PCV2ORF3. Likewise, control cells treated with etoposide had
a significantly higher percentage of apoptotic cells than mock-
transfected cells did.

In addition to this biochemical marker, the traditional spe-
cific morphological aspects of apoptosis, such as rounding-up
of cells (Fig. 1) and reduction of cellular volume or pyknosis
(Fig. 3B), were also observed for eGFP-PCV1ORF3-trans-
fected 293T cells. The subpopulation of cells with pyknosis, as
demonstrated by lower electronic volume (EV) by FACS anal-
ysis, was found to be identical with the subpopulation of cells
that were apoptotic (AV-PE positive, 7-AAD negative) (Fig.
4C). Cell cycle analysis (Fig. 3C), which showed the presence

FIG. 3. Apoptosis assay results in 293T cells. Values that are significantly different (P � 0.05) from the values for negative controls, e.g., mock-
or eGFP-transfected cells (*), and eGFP-PCV2ORF3-transfected cells (a) are indicated above the bars. Error bars represent 95% confidence
interval for the standard error of the mean from at least two independent experiments (n � 2). (A) Percentage of PS externalization in transfected
cells. (B) Percentage of pyknosis in transfected cells. The subpopulation of pyknotic cells is circled with a broken line and indicated by black arrows.
(C) Percentage of cells with hypodiploid (apoptotic) DNA content.
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FIG. 4. Pancaspase inhibitor (Z-Asp-CH2-DCB) assays in 293T cells at 24 h posttransfection. (A) Effects of various concentrations of
Z-Asp-CH2-DCB on the percentage of cell death induced by eGFP-PCV1ORF3. Error bars represent 95% confidence interval for the
standard error of the mean from three independent experiments (n � 3). Values that are significantly different (P � 0.05) are indicated by
an asterisk. MeOH, methanol; ddH2O, double-distilled water. (B) Effects of various concentrations of Z-Asp-CH2-DCB (0, 10, and 100 �M)
on the percentage of cells with hypodiploid DNA content. (C) Effects of various concentrations of Z-Asp-CH2-DCB (0, 10, and 100 �M)
on eGFP-PCV1ORF3-induced pyknosis (leftmost columns for both eGFP-PCV1ORF3 and eGFP-PCV2ORF3) and eGFP-PCV1ORF3-
induced PS externalization (rightmost columns for both eGFP-PCV1ORF3 and eGFP-PCV2ORF3). For eGFP-PCV1ORF3-induced
pyknosis (the leftmost columns for both eGFP-PCV1ORF3 and eGFP-PCV2ORF3), electronic volume (EV) is shown on the y axis, and side
scatter (SS) is shown on the x axis. The arrow indicates the percentage of pyknosis in transfected cells. For eGFP-PCV1ORF3-induced PS
externalization (rightmost columns for both eGFP-PCV1ORF3 and eGFP-PCV2ORF3), 7-AAD is shown on the y axis, and AV-PE is shown
on the x axis. The bottom right quadrant shows the percentage of PS externalization in transfected cells. 	ve, positive.
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of hypodiploid (sub-G1) cells with lower DNA content in
eGFP-PCV1ORF3-transfected population, further confirmed
the apoptotic capability of PCV1ORF3. eGFP-PCV1ORF3-
induced apoptotic cell death was inhibitable by Z-Asp-CH2-
DCB, as increasing concentrations (10 �M and 100 �M) of this
broad-spectrum caspase inhibitor significantly reduced the per-
centage of eGFP-PCV1ORF3-mediated apoptotic cell death
(P � 0.05) (Fig. 4A) by diminishing the subpopulation of cells
with hypodiploid DNA content (Fig. 4B), pyknosis, and PS
externalization (Fig. 4C). Caution was taken when using the
term caspase dependent, because although Z-Asp-CH2-DCB
is supposed to specifically inhibit caspases, a family of cysteine
proteases, it has been shown that another broad-spectrum
caspase inhibitor, Z-VAD-FMK (benzyloxycarbonyl-Val-Ala-
DL-Asp conjugated to fluoromethylketone), can also inhibit
calpains and cathepsins (24), especially at high concentration
(
10 �M), and can associate with targets that are not part of
a caspase-dependent pathway by binding to other cysteine pro-
teases and proteins (12). Since only a 10 �M concentration of
the pancaspase inhibitor was used to inhibit PCV1ORF3-me-
diated apoptotic cell death, it should be safe to assume that
PCV1ORF3-mediated apoptotic cell death is caspase depen-
dent. Future experiments using small interfering RNA
(siRNA) to knock down different caspases will confirm the
involvement of specific caspases.

These results demonstrate that PCV1ORF3 induced apop-
totic cell death via a caspase-dependent pathway, with
PCV1ORF3 being a more potent inducer of cell death than
PCV2ORF3. Yet, only PCV2, not PCV1, leads to lymphocyte
depletion and disease in pigs. Similarly, PCV1 persistently in-
fects PK-15 cells without any obvious cytopathic effects (7, 32,
33), whereas PCV2 infection appears to kill PK-15 cells. As
ORF3 protein expression has not been reported over the
course of PCV1 infection, either in vitro or in vivo, it is possible
that the expression of PCV1ORF3 is tightly regulated or even
not occurring in vitro and conceivably in vivo as well. Perhaps
the lack of ORF3 expression in PCV1 infection in pigs inca-
pacitates the virus from causing PCVAD. Alternatively, if
PCV1ORF3 were expressed in vivo, the ability to induce apop-
tosis to a greater extent could render PCV1 nonpathogenic,
because PCV1-infected cells would be recognized, phagocy-
tosed, and cleared by the immune cells without an activation of
inflammatory responses.

PCV1ORF3 induces PARP cleavage. Activated caspases are
capable of cleaving and thereby inactivating PARP molecules,
a DNA repair enzyme, leading to apoptosis (2, 20, 27, 29). To
further elucidate the mechanism of apoptosis induced by
PCV1ORF3, we analyzed PARP cleavage. As expected, eGFP-
PCV2ORF3 did not induce PARP cleavage (Fig. 5A), because
it did not cause significant apoptotic cell death in 293T cells
(Fig. 1 to 3). This was further confirmed when a pancaspase
inhibitor did not influence the level of PARP cleavage in
eGFP-PCV2ORF3-transfected cells (Fig. 5B). However, im-
munoblot analysis (Fig. 5A) showed a strong signal for the
cleaved 27-kDa PARP fragment in eGFP-PCV1ORF3-trans-
fected cells and in control cells treated with etoposide. Inter-
estingly, eGFP-PCV1ORF3-mediated PARP cleavage was not
reduced in the presence of 10 �M Z-Asp-CH2-DCB but was
reduced in the presence of a higher concentration (100 �M) of
this pancaspase inhibitor (Fig. 5B). As indicated previously, it

is possible that the pancaspase inhibitor can be caspase non-
specific when used at a high concentration (12, 24). PARP
cleavage may occur independently of cell death, and multiple
pathways might be activated by PCV1ORF3. Transforming
growth factor �1, a cytokine that plays a role in many physio-
logical processes, such as cell proliferation, differentiation,
apoptosis, and growth inhibition, has also been shown to in-
duce caspase-dependent apoptosis and caspase-independent
PARP cleavage (34), similar to the data on PCV1ORF3 pre-
sented here. Taken together, these results show that
PCV1ORF3 activates PARP cleavage that might be dissoci-
ated from a caspase-dependent apoptotic cell death pathway.

Effects of modified PCVORF3 proteins. Comparison of
PCV1 and PCV2 ORF3 sequences revealed a consistent single-
nucleotide substitution resulting in a PCV2ORF3 protein that
is truncated compared to PCV1ORF3. The stop codon is con-
served in most published PCV2 genomes, making it likely that
it preserves virus survival of PCV2 in pigs. The truncated
PCV2ORF3 could either be associated with an unknown gain
of function or with an attenuation of an otherwise even more
detrimental PCV2 virus, i.e., a PCV2 with an elongated ORF3.
To test the latter hypothesis, we generated truncated
PCV1ORF3 (eGFP-PCV1ORF3:Y105*) and elongated
PCV2ORF3 (eGFP-PCV2ORF3:*105Y). Figure 6A illustrates
that eGFP-PCV1ORF3:Y105* induced significantly less cell
death than eGFP-PCV1ORF3 did, despite two- to ninefold-
higher levels of expression (Fig. 6C). eGFP-PCV2ORF3:
*105Y induced the same level of cell death as eGFP-
PCV2ORF3 did (Fig. 6B), despite two- to fivefold-lower levels
of expression (Fig. 6D). The finding that the elongated ORF3

FIG. 5. PARP cleavage assay in 293T cells. (A) Detection of the
cleaved 27-kDa PARP fragment in etoposide-treated and eGFP-
PCV1ORF3-transfected cells. (B) Effects of various micromolar con-
centrations of Z-Asp-CH2-DCB on eGFP-PCV1ORF3-mediated
PARP cleavage at 24 h posttransfection. Whole-cell extracts were
resolved by 13% SDS-PAGE, transferred onto PVDF membranes, and
detected by anti-PARP antibody (�-PARP). Either �-actin or MAPK
was used as a protein loading control.
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of PCV2 failed to induce an increased level of cell death may
be attributed to the second stop codon at amino acid position
169 downstream of the first stop codon at amino acid position
105, making this elongated PCV2ORF3 38 aa shorter than that
of the authentic PCV1ORF3. The second stop codon (aa169),
however, is not consistently found among the strains of PCV2
and appears to be random. Those PCV2 strains without the
stop codon at aa169 lacked another stop codon downstream,
e.g., at aa206 as in PCV1ORF3. The effect of removal of the
second stop codon at aa169 was not investigated further, be-
cause this stop codon is not consistently found in nature among
PCV2 strains. Overall, the ability to induce cell death by both
modified ORF3 constructs resembles that of PCV2ORF3. This
suggests that the first 104 aa contain a conserved domain ca-
pable of inducing cell death, whereas the C terminus of
PCV1ORF3 contains a domain possibly responsible for en-
hancing cell death.

In summary, our findings reveal that PCV1ORF3 is a potent
inducer of apoptotic cell death and is more cytotoxic than
PCV2ORF3 is under the given experimental conditions. The
fact that PCV1 does not appear to be cytopathogenic for cul-
tured cells or for infected pigs could suggest that this protein is
not expressed in the course of infection or that other virus or
host proteins counteract its action, thus rendering the virus
nonpathogenic. Alternatively, during the course of PCV1 in-
fection, PCV1ORF3 may be expressed only in those cells that
are refractive to PCV1ORF3-mediated apoptosis. The latter
hypothesis is supported by our results demonstrating that dif-
ferent cell types exhibited various levels of susceptibility to
ORF3-induced cell death. The ability to induce apoptosis to

a greater extent in infected cells may actually be more de-
trimental to the virus, as it allows the immune cells to
recognize and clear infected cells without inducing inflam-
matory responses.

Similar to PCV1ORF3, expression of PCV2ORF3 in pigs
that were naturally infected with PCV2 has not been verified.
For an ORF3 protein to be the molecular pathogenic factor for
PCVAD, the presence of ORF3 antigens or antibodies against
ORF3 should be consistently or at least demonstrated in pigs
that are naturally infected with PCV2 or diagnosed with
PCVAD. A recent report has shown that ORF3 is dispensable
for PCV2 replication and the lack of its expression has little, if
any, impact on PCV2 pathogenicity (8). It is also debatable
whether apoptosis is the mechanism of PCV2-mediated immu-
nosuppression because several studies supported the role of
apoptosis (10, 26), but others did not (11, 16, 23). ORF3 and,
particularly, ORF3-mediated apoptosis may not be a major or
the sole determinant of PCV2 pathogenicity. Interestingly,
however, when pigs were experimentally infected with a mu-
tant PCV2 with a nonfunctional ORF3 gene, they mounted a
normal immune response, were capable of clearing viral infec-
tion, and exhibited little if any pathology (9). In addition,
recent findings indicate that DNA immunization with plasmid-
derived PCV2ORF3 in mice (25) and experimental infection of
pigs with wild-type PCV2 appeared to reduce the animal’s
ability to mount an immune response against PCV2 and to
clear virus infection (9). It is possible that PCV2ORF3 may be
involved in immunosuppression but not via its apoptotic capa-
bility.

FIG. 6. Cytotoxicity of mutated PCVORF3 proteins. Error bars represent 95% confidence interval for the standard error of the mean from at
least three independent experiments (n � 3). (A and B) Percentage of cell death in transfected cells. Cell death values that are significantly
different (P � 0.05) are indicated by brackets and an asterisk. (C and D) Relative protein expression level on a per cell basis as measured by mean
fluorescence intensity. The numbers above the bars indicate the average fold differences in mean fluorescence intensities.
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