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Bocavirus is a newly classified genus of the family Parvovirinae. Infection with Bocavirus minute virus of canines
(MVC) produces a strong cytopathic effect in permissive Walter Reed/3873D (WRD) canine cells. We have system-
atically characterized the MVC infection-produced cytopathic effect in WRD cells, namely, the cell death and cell
cycle arrest, and carefully examined how MVC infection induces the cytopathic effect. We found that MVC infection
induces an apoptotic cell death characterized by Bax translocalization to the mitochondrial outer membrane,
disruption of the mitochondrial outer membrane potential, and caspase activation. Moreover, we observed that the
activation of caspases occurred only when the MVC genome was replicating, suggesting that replication of the MVC
genome induces apoptosis. MVC infection also induced a gradual cell cycle arrest from the S phase in early infection
to the G,/M phase at a later stage, which was confirmed by the upregulation of cyclin B1 and phosphorylation of
cdc2. Cell cycle arrest at the G,/M phase was reproduced by transfection of a nonreplicative NS1 knockout mutant
of the MVC infectious clone, as well as by inoculation of UV-irradiated MVC. In contrast with other parvoviruses,
only expression of the MVC proteins by transfection did not induce apoptosis or cell cycle arrest. Taken together,
our results demonstrate that MVC infection induces a mitochondrion-mediated apoptosis that is dependent on the
replication of the viral genome, and the MVC genome per se is able to arrest the cell cycle at the G,/M phase. Our

results may shed light on the molecular pathogenesis of Bocavirus infection in general.

The Bocavirus genus is newly classified within the subfamily
Parvovirinae of the family Parvoviridae (21). The currently
known members of the Bocavirus genus include bovine parvo-
virus type 1 (BPV1) (17), minute virus of canines (MVC) (57),
and the recently identified human bocaviruses (HBoV,
HBoV2, and HBoV3) (4, 7, 36).

MVC was first recovered from canine fecal samples in 1970
(10). The virus causes respiratory disease with breathing diffi-
culty (14, 32, 49) and enteritis with severe diarrhea (11, 39),
which often occurs with coinfection with other viruses (39),
spontaneous abortion of fetuses, and death of newborn pup-
pies (14, 29). Pathological lesions in fetuses in experimental
infections were found in the lymphoid tissue of the lung and
small intestine (14). MVC was isolated and grown in the
Walter Reed/3873D (WRD) canine cell line (10), which is
derived from a subdermoid cyst of an irradiated male dog (10).
The full-length 5.4-kb genome of MVC was recently mapped
with palindromic termini (60). Under the control of a single P6
promoter, through the mechanism of alternative splicing and
alternative polyadenylation, MVC expresses two nonstructural
proteins (NS1 and NP1) and two capsid proteins (VP1 and
VP2). Like the NS1 proteins of other parvoviruses, the NS1 of
MVC is indispensable for genome replication. The NP1 pro-
tein, which is unique to the Bocavirus genus, appears to be
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critical for optimal viral replication, as the NP1 knockout mu-
tant of MVC suffers from severe impairment of replication
(60). A severe cytopathic effect during MVC infection of WRD
cells has been documented (10, 60).

The HBoV genome has been frequently detected worldwide in
respiratory specimens from children under 2 years old with acute
respiratory illnesses (2, 34, 55). HBoV is associated with acute
expiratory wheezing and pneumonia (3, 34, 55) and is commonly
detected in association with other respiratory viruses (34, 55).
Further studies are necessary, however, to identify potential as-
sociations of HBoV infection with clinical symptoms or disease of
acute gastroenteritis (7, 36). The full-length sequence of infec-
tious MVC DNA (GenBank accession no. FJ214110) that we
have reported shows 52.6% identity to HBoV, while the NSI,
NP1, and VP1 proteins are 38.5%, 39.9%, and 43.7% identical to
those of HBoV, respectively (60).

The cytopathic effect induced during parvovirus infection
has been widely documented, e.g., in infections with minute
virus of mice (MVM) (13), human parvovirus B19 (B19V)
(58), parvovirus H-1 (25, 52), and BPV1 (1). In Bocavirus, cell
death during BPV1 infection of embryonic bovine tracheal
cells has been shown to be achieved through necrosis, inde-
pendent of apoptosis (1). B19V-induced cell death of primary
erythroid progenitor cells has been shown to be mainly medi-
ated by an apoptotic pathway (58) in which the nonstructural
protein 11kDa plays a key role (16). In contrast, the MVM-
induced cytopathic effect has been revealed to be mediated by
NS1 interference with intracellular casein kinase II (CKII)
signaling (22, 44, 45), a nonapoptotic cell death. Oncolytic
parvovirus H-1 infections can induce either apoptosis or non-
apoptotic cell death, depending on the cell type (25, 40).
Therefore, the mechanisms underlying parvovirus infection-
induced cell death vary, although NS1 has been widely shown
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to be involved in both apoptotic and nonapoptotic cell death.
The nature of the cytopathic effect during Bocavirus MVC
infection has not been studied.

Parvovirus replication requires infected cells at the S phase.
Infection with parvovirus has been revealed to accompany a
cell cycle perturbation that mostly leads to an arrest in the S/G,
phase or the G,/M phase during infection (30, 33, 42, 47, 65).
MVM NS1 expression induces an accumulation of sensitive
cells in the S/G, phase (6, 46, 47). Whether MVC infection-
induced cell death is accompanied by an alternation of cell
cycle progression and whether the viral nonstructural protein is
involved in these processes have not been addressed.

In this study, we found, in contrast with other members of
the family Parvoviridae, expression of both the nonstructural
and structural proteins of MVC by transfection did not induce
cell death or cell cycle arrest. However, the cytopathic effect
induced during MVC infection is a replication-coupled, mito-
chondrion-mediated and caspase-dependent apoptosis, accom-
panied with a gradual cell cycle arrest from the S phase to the
G,/M phase, which is facilitated by the MVC genome.

MATERIALS AND METHODS

Cells and virus. WRD cells (10) were maintained in Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum in 5% CO, at 37°C. The MVC used
in this study, the original strain GA3, was isolated at the School of Veterinary
Science, Cornell University. MVC was cultured and quantified as previously
described (60), and the virus titer was determined as the number of fluorescence
focus-forming units (FFU) per ml (12). The WRD cell line and MVC were
obtained as gifts from C. Parrish (Cornell University).

MVC was inactivated by UV irradiation as follows. To each well of a 96-well
plate, 50 pl of purified MVC (60) containing the cell culture medium was added.
The plate was placed in a Hoefer UVC 500 UV cross-linker (Hoefer, Inc.) for
UV irradiation at a dose of 720 mJ/cm? (26, 38).

Infection and transfection. WRD cells were seeded 1 day prior to infection or
transfection. MVC at the indicated multiplicity of infection (MOI; FFU/cell) was
added to the culture right after the medium was refreshed.

Transfection was performed using the LipoD293 transfection reagent (Signa-
Gen Laboratories, MD) following the manufacturer’s instructions.

Plasmid constructs. All of the nucleotide numbers of MVC refer to the MVC
GA3 isolate (GenBank accession no. FJ214110).

(i) Constructs for expressing nonstructural proteins. The NS1 open reading
frames (ORFs) (nucleotides [nt] 403 to 2724), NP1 ORF (nt 2537 to 3094), and
VP1 ORF (nt 3081 to 5192) were inserted separately into BamHI/XholI-digested
pcDNAGFP vector (19) to construct the pGFP-NS1, pGFP-NP1, and pGFP-
VP1, respectively. pMVCNSCap was constructed by inserting the MVC se-
quence of nt 150 to 5305 into SacII-Apal-digested pBluescript SK(+) (Strate-
gene).

(ii) Mutants of infectious clone pIMVC. The MVC infectious clone, pIMVC,
and its derivatives pIMVCNS1(—), pIMVCNP1(—), pIMVCVP1(—), and
pIMVCVP2(—) were described previously (60). pIMVCVP1/2(—) was con-
structed by combing the VP1 and VP2 ATG mutations in pIMVC. pIMVCA1/
2LTR was constructed by deleting the MVC sequences of nt 1 to 101 in the left
palindromic repeat of the pIMVC through Notl digestion.

(iii) Construct for GST-fusion expression. For glutathione S-transferase
(GST)-fusion expression, the MVC NP1 ORF (nt 2537 to 3094) was cloned into
pGEXA4T3 (GE Health) as pPGEX-MVCNP1.

Antibodies. GST-fused MVC NP1 protein was expressed from pGEX-
MVCNPI-transformed Escherichia coli BL21 cells and purified as described
previously (60). The anti-NP1 antiserum was produced by immunizing animals
with purified GST-MVCNP1 following a protocol described previously (60). The
animal protocol used was approved by the University of Kansas Medical Center
Institutional Animal Care and Use Committee.

Anti-Bax, anti-cyclin B1, anti-phospho-cdc2 (pY15), and anti-cyclin A were
purchased from BD Biosciences. Anti-B-actin (clone AC-15) was purchased from
Sigma. We used dilutions of antibodies for Western blotting and immunofluo-
rescence as suggested in the manufacturers’ instructions.

SDS-PAGE, Western blotting, and immunofluorescence. SDS-PAGE, West-
ern blotting, and the immunofluorescence assay were performed as previously
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described (27, 50, 60). Mitochondria were stained by incubating cells with a
mitochondrion-staining specific dye, MitoTracker Red CMXRos (Invitrogen), at
500 nM in the cell culture medium for 30 min before fixation in ice-cold acetone.
Confocal images were taken at a magnification of 60X (objective lens) with an
Eclipse C1 Plus confocal microscope (Nikon) controlled by Nikon EZ-C1 soft-
ware.

Southern blotting. WRD cells were transfected with the MVC constructs as
shown in Fig. 3C. At 48 h posttransfection, low-molecular-weight DNA (Hirt
DNA) was extracted from transfected cells as described previously (27). South-
ern blotting was performed as described previously (48) using the MVC NSCap
probe (60).

Flow cytometry analysis. (i) Annexin V-PI staining. Cells were dissociated by
0.25% trypsin in EDTA buffer. The cells were recovered in culture medium at
37°C for 30 min with agitation prior to staining and then washed twice with
annexin V binding buffer. Of these cells, 1 X 10° were resuspended in 100 pl
of annexin V binding buffer, followed by the addition of 5 pl Cy5-conjugated
annexin V (BD Biosciences) and 5 pl propidium iodide (PI) (60 wg/ml,
Sigma). The mixture was then incubated at room temperature (RT) for 15
min, followed by the addition of 400 wl annexin V binding buffer. Flow
cytometry was performed after staining.

FLICA assay and FLICA-Live/Dead Violet costaining. Cells were dissociated
by 0.25% trypsin in EDTA and stained with carboxyfluorescein (FAM)-labeled
FLICA (fluorochrome-labeled inhibitor of caspase) peptides (Immunochemistry
Tech, MN), FAM-VAD-FMK (poly-FLICA), FAM-DEVD-FMK (caspase 3 and
7 FLICA), FAM-VEID-FMK (caspase 6 FLICA), FAM-LETD-FMK (caspase 8
FLICA), FAM-LEHD-FMK (caspase 9 FLICA), FAM-AEVD-FMK (caspase
10 FLICA), and the fluorescein isothiocyanate (FITC)-labeled FLICA peptide
(Biovision), FITC-ATAD-FMK (caspase 12 FLICA), as described previously
(20).

For FLICA-Live/Dead Violet costaining, cells were stained with FAM-VAD-
FMK (poly-FLICA peptide) followed by Live/Dead Violet staining (Invitrogen)
according to the manufacturer’s instructions. Specifically, 2 pl of poly-FLICA
reagent was added to 300 pl of cell suspension (10° cells/ml in phosphate-
buffered saline PBS containing 2% fetal calf serum [FCS]), which was incubated
at 37°C for 1 h. The cells were washed once with PBS-2% FCS and resuspended
in 500 pl of PBS-2% FCS with 1 pl of Live/Dead Violet dye. The mixture was
kept on ice for 30 min. Cells were then washed twice with PBS-2% FCS and fixed
in 1% paraformaldehyde for 30 min before analysis. For costaining with anti-NS1
of MVC, fixed cells were permeabilized in PBS-2% FCS containing 0.2% Tween
20 (PBST) for 30 min and stained with a 1:50 dilution of anti-NS1 antiserum,
followed by staining with a Cy5-labeled secondary antibody.

DAPI staining. Cells were dissociated by 0.25% trypsin in EDTA and fixed in
1% paraformaldehyde at RT for 30 min. The cells were washed, stained with
DAPI (4',6-diamidino-2-phenylindole), at 20 pg/ml in PBST, and then analyzed
by flow cytometry. When costaining was required, cells were first stained with
anti-NS1 or anti-NP1 followed by DAPI staining.

Cell proliferation assay (DDAO staining). DDAO [7-hydroxy-9H-(1,3-di-
chloro-9,9-dimethylacridin-2-one)], a fixable, far-red-fluorescent tracer for very-
long-term cell labeling, was purchased from Invitrogen and applied following the
manufacturer’s instructions. Briefly, every 5 million cells were collected and
washed twice with prewarmed PBS. The cells were then resuspended in 1 ml of
10 uM DDAO in PBS and kept at 37°C for 10 min. The mixture was then
immediately transferred to 15 ml of prewarmed cell culture medium to quench
the reaction. After cells were washed twice with the warmed medium, they were
then resuspended in the medium and incubated at 37°C. The next day, stained
cells were used for either MVC infection or transfection. When required,
DDAO-stained cells were fixed and further stained intracellularly with anti-NS1.
DDAO fluorescence decays when cells proliferate; therefore, the lower the
fluorescence detected, the better the proliferation of cells (see Fig. 1D and 4D).

MOMP detection [DiIC,(5)-PI or -poly-FLICA costaining]. The level of mi-
tochondrial outer membrane permeabilization (MOMP) was determined with
the MitoProbe DilC(5) assay kit (Invitrogen). DiIC,(5) (1',1',3,3,3',3"-hexa-
methylindodicarbo-cyanine iodide) accumulates primarily in mitochondria with
active mitochondrial membrane potentials. DilC,(5) staining decreases as the
mitochondrial membrane potential is reduced. Cell membrane permeability was
probed by propidium iodide (PI; Sigma). Costaining of DiIC,(5) with PI was
performed following the manufacturer’s instruction (Invitrogen). Briefly, WRD
cells were trypsinized and resuspended at 10° cells/ml of the cell culture medium,
into which 5 pl of DiIC,(5) at 10 wM in dimethyl sulfoxide (DMSO) was added,
followed by incubation at 37°C for 15 min. PI was added to the mixture to a final
concentration of 0.3 pg/ml. The mixture was then incubated for another 15 min
at 37°C. For costaining with poly-FLICA peptide, cells were stained with poly-
FLICA for 30 min at 37°C prior to the addition of DiIC,(5) and then incubated
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FIG. 1. MVC infection induces apoptosis and cell cycle arrest. WRD cells were infected with MVC at an MOI of 3. (A) Cells were cultured
in media supplemented with DMSO as a control or a pan-caspase inhibitor Q-VD (R&D Systems) at 40 pM immediately after infection. At
indicated times p.i., infected cells were triple stained by anti-NS1, Live/Dead Violet, and poly-FLICA. Anti-NS1-stained cells were selected and
plotted as Live/Dead Violet versus poly-FLICA fluorescence. The percentage of live cells (double negative) is shown in the square gate. (B) At
the indicated times p.i., cells were double stained by anti-NS1 and DAPI. The anti-NS1-stained cells were selected and plotted as cell counts versus
DAPI staining. Percentages of cells in the G/G,, S, and G,/M phases are shown in circle graphs at the bottom of the panel. (C) Mock- and
MVC-infected WRD cells were harvested at 24 h and 48 h p.i., respectively. Cell lysates were subjected to Western blotting using anti-cyclin B1,
anti-cdc2 (pY15), anti-cyclin A, and anti-B-actin, respectively. The levels of signals on blots, which are normalized to the level of B-actin, are shown
in the bar chart to the right. The normalized value of the mock cells at 24 h is arbitrarily set to 1. (D) At 24 h and 48 h p.i., MVC-infected WRD
cells were stained with DDAO and anti-NS1. Both anti-NS1-positive (NS1+) and anti-NS1-negative [NS1(—)] populations were gated and plotted
as histograms of cell counts versus DDAO signal. Numbers as shown are percentages of proliferated cells. The line as shown is arbitrarily set based
on the nonproliferated control cells, which were fixed immediately after infection. A representative of two independent experiments is shown in
panels A to D.

at 37°C for another 30 min. CCCP (carbonyl cyanide 3-chlorophenylhydrazone) VAD-FMK (poly-FLICA peptide) at the indicated times
was us'ed as a positive control' for disruption of mitqchondrial outer membrane postinfection (p.i.). We selected the MV C-infected cells, which
potential at a final concentration of 50 WM. The stained cells were analyzed on R .. R .
a flow cytometer. were anti-NS1 positive, and plotted as Live/Dead Violet fluo-
All of the samples were analyzed on a three-laser flow cytometer (LSR II; BD rescence versus FLICA fluorescence intensity in Fig. 1A. MVC
Biosciences) within an hour of staining at the Flow Cytometry Core of the infection induced a cell death in a time-dependent manner
University of Kansas Medical Center. All flow cytometry data were analyzed . . . . . ..
using FACS DIVA software (BD Biosciences). during infection, as §h0wn t?y the lee/Dea.d VlolF:t staining.
From 18 to 96 h p.i, the live cell population (Live/Dead ™)
decreased from 91.7% to 45.2% (Fig. 1A; control). In addition,
RESULTS dead cells (Live/Dead™) in the control group were almost all
MVC infection induces cell death and cell cycle arrest in  stained with FAM-VAD-FMK (poly-FLICA ™), indicating that
WRD cells. To analyze cell death and cell cycle arrest induced ~ caspases were activated in all the dead cells (Fig. 1A; control).
during MVC infection, we infected WRD cells with MVC and Active caspase is a hallmark of apoptotic cell death (24). This
stained them with anti-NS1, Live/Dead Violet, and FAM- result indicates that MVC infection induces an apoptotic cell



5618 CHEN ET AL.

death. Moreover, with the addition of a specific pan-caspase
inhibitor, Q-VD-OPH (Q-VD), cell death in MVC-infected
cells was inhibited even at 96 h p.i. (Fig. 1A; Q-VD). Q-VD is
a newly developed pan-caspase inhibitor without significant
cross-reactivity with cathepsin (15). Thus, the rescue of cell
death by Q-VD further confirmed the apoptotic nature of
MVC infection-induced cell death.

MVC infection not only induced apoptosis but also induced
a severe cell cycle arrest of infected WRD cells. We gated
MVC NS1-expressing cells and plotted them in the histogram
of DAPI staining (Fig. 1B). Cell cycle analysis of MVC-in-
fected cells by DAPI staining showed a clear transition from an
S-phase accumulation to a G,/M arrest during MVC infection
(Fig. 1B). As early as 18 h p.i., we observed a widened peak
with apex in the S phase (Fig. 1B; 18 h p.i.). Only 6 h later, the
S-phase accumulation became weaker and was replaced by
G,/M arrest at 24 h p.i. (Fig. 1B; 24 h p.i.). After that, the cell
cycle of NS1-expressing cells was mostly seized in the G,/M
phase (Fig. 1B, 48, 72, and 96 h p.i., respectively). The Q-VD
treatment, while completely abolishing the apoptosis induced
by MVC infection (Fig. 1A; Q-VD), did not change the cell
cycle perturbation (data not shown). To further support the
observation that MVC infection induced cell cycle arrest, we
used Western blotting to probe the level of cell cycle regulatory
proteins, cyclin B1, phospho-cdc2 (pY15), and cyclin A. As
shown in Fig. 1C, G,/M-phase checkpoint regulators cyclin B1
and phospho-cdc2 (pY15) were both upregulated at 24 and
48 h p.i. in MVC-infected cells. Cyclin A, which is required for
S-phase passage, did not differ significantly between mock- and
MV C-infected cell groups.

We next stained MVC-infected cells with DDAO to evaluate
cell proliferation. Consistent with the cell death and cell cycle
arrest induced during MVC infection, NS1-expressing cells
showed a severely impaired proliferation of approximately 4-fold
compared with NS1-negative cells both in early infection (3.8%
versus 25.1% at 48 h p.i.) and later infection (18.8% versus 78.9%
at 72 h p.i.) [Fig. 1D; compare groups NS(—) and NS+].

Taken together, these results show that MVC infection in-
duces an apoptotic cell death and a perturbation of cell cycle
progression from the S phase during early infection to the
G,/M phase during later infection.

MVC infection-induced apoptosis is mitochondrion medi-
ated. We next sought to examine the potential activation of
the mitochondrion-mediated apoptotic pathway in MVC
infection-induced apoptosis. During mitochondrion-medi-
ated apoptosis, the proapoptotic protein Bax translocalizes to
the mitochondrion outer membrane to trigger the permeabili-
zation of the outer membrane, which in turn results in cyto-
chrome c release and downstream caspase activation (37). We
first employed the MitoProbe DilC,(5) to directly probe the
level of mitochondrion outer membrane permeabilization
(MOMP). During MVC infection, the degree of MOMP oc-
curred in a time-dependent manner (Fig. 2A). NS1-expressing
cells showed a clear transition from DilC,(5)"€"/PI" (live) to
DilC,(5)"°%/PI” (early/middle apoptotic) and to DilC,(5)""/
PI* (late apoptotic/dead) populations during infection from 48
to 96 h p.i. The DilC,(5)"*/PI” population represents cells in
which the mitochondrial outer membrane is disrupted but the
cell membrane is intact, while the DilC,(5)"**/PI* population
represents cells in which both the mitochondrial outer membrane
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and the cell membrane are disrupted. This result indicated that
MOMP precedes cell death during MVC infection.

We also costained MVC-infected cells with FAM-VAD-
FMK (poly-FLICA) and DilC,(5) at 96 h p.i. The NS1-express-
ing cells showed three distinct populations as DilC,(5)"e"/
FLICA™ (nonapoptotic), DilC,(5)"*/FLICA™ (apoptosis
initiating), and DilC,(5)"*¥/FLICA™" (apoptotic), respectively
(Fig. 2B). The DilC,(5)"°"/FLICA™ population represents cells
in which the mitochondrial outer membrane is disrupted but
caspases have not yet been activated, while the DilC,(5)""/
FLICA™" population represents cells with both a disrupted
mitochondrial outer membrane and activated caspases. This
result supports that a transition occurs from DilC,(5) staining
to poly-FLICA staining in NS1-expressing cells. Collectively,
these results suggest that MOMP precedes caspase activation
and cell death during infection. The fact that caspases are
activated in the same population of cells with MOMP is con-
sistent with mitochondrion-mediated apoptosis.

To further confirm that MVC infection-induced apoptosis is
mitochondrion mediated, we used anti-Bax staining and a mito-
chondrion-specific MitoRed staining to probe whether Bax local-
izes on the mitochondrial outer membrane. We observed a pre-
cise colocalization of the anti-Bax staining (green) with the
MitoRed staining in MV C-infected cells at 48 h (Fig. 2C; MVC).
In contrast, Bax dispersed in the uninfected cells (Fig. 2C; mock).
This result indicates translocation of the Bax to the mitochondrial
outer membrane of MVC-infected cells during infection, which
presumably triggers disruption of the mitochondrial outer mem-
brane potential that in turn activates caspases.

To confirm activation of individual caspases during infec-
tion, we used poly-FLICA and individual caspase FLICA as-
says to determine the level of activated caspases of NS1-ex-
pressing cells. Activation of caspases increased from 48 h, 72 h,
and 96 h p.i.; however, at all three time points, similar patterns
of caspase activation were detected (Fig. 2D). Among all the
caspases tested, caspases 6, 8, and 9 were the most activated,
followed by caspases 3/7, 10, and 12 (Fig. 2D). At 96 h p.i.,
while poly-FLICA showed an overall active caspase-positive
rate of 58%, caspases 6, 8, and 9 were activated at rates of 53%,
53%, and 56% of NS1-expressing cells, respectively (Fig. 2D;
96 h). Active caspases 3/7, 10, and 12 were only detected in
40%, 43%, and 48% of NS1-expressing cells, respectively. The
extensive activation of caspase 9 is further evidence that sup-
ports the mitochondrion-mediated apoptosis induced during
MVC infection.

Replication of the MVC genome induces caspase activation.
Next, we sought to explore which viral components were in-
volved in MVC infection-induced apoptosis and cell cycle ar-
rest. We transfected the MVC infectious clone, pIMVC, its
derivatives pIMVCNS1(—), pIMVCNP1(—), pIMVCVP1(-),
pIMVCVP2(—), pIMVCVP1/2(—), and pIMVCA1/2LTR and
MVC NSCap gene-containing pMVCNSCap into WRD cells,
separately. At 48 h posttransfection, we analyzed transfected
cells for apoptosis and cell cycle by poly-FLICA and DAPI
staining, respectively, and costained cells with anti-NS1, except
for pIMVCNS1(—)-transfected cells, which were costained
with anti-NP1. The NS1-expressing or NP1-expressing cells
were then selected and plotted for FLICA or DAPI flores-
cence intensity for comparison (Fig. 3A and B).

Transfection of pIMVC induced a 22% poly-FLICA™ pop-
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FIG. 2. MVC infection-induced apoptosis is mitochondrion mediated. WRD cells were infected with MVC at an MOI of 3. (A) MV C-infected
cells were harvested at indicated times p.i. and double stained with PI and DilC,(5). A mock infection control and an MOMP-positive control
(CCCP-treated cells) were included. Stained cells were thereafter analyzed by flow cytometry and plotted as PI staining versus DilC,(5) staining.
The DilC,(5)"&"/PI" (blue) population represents live cells; DilC,(5)""/PI” (green) cells are in the early and middle stages of apoptosis;
DilC,(5)!°Y/PI* (red) cells are late apoptotic or dead cells. The percentage of each cell population is shown in color. A representative of two
independent experiments is shown. (B) MVC-infected WRD cells, at 96 h p.i., were double stained with poly-FLICA and DilC,(5). A represen-
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the initial stage of apoptosis; the DilC,(5)"°*/FLICA* (red) population are both apoptotic and dead cells. The percentage of each cell population
is shown in color. (C) At 48 h p.i., mock- or MVC-infected WRD cells were stained with MitoTracker Red (red) and anti-Bax (green).
Representative confocal images were taken. Nuclei were stained with DAPI. (D) At the indicated times p.i., MVC-infected WRD cells were stained
with anti-NS1 and various FLICA peptides as shown. Anti-NS1-stained cells were selectively gated and plotted in histogram form to show the
FLICA signals of NS1-expressing cells. Mock cells were all plotted as poly-FLICA staining. The percentage of FLICA positive cells is shown. A
representative of two independent experiments is shown.

ulation in NS1-expressing cells at 48 h posttransfection (Fig.
3A; pIMVC). The NS1 knockout construct, pIMVCNS1(—),
which is replication-deficient (60), generated only a 5.4% poly-
FLICA™ population [Fig. 3A; NS1(—)]. However, transfection
of the NS(—) mutant did express NP1 that was used to select
positive transfected cells, suggesting only expression of the
NP1 does not activate caspases. The NP1 knockout construct,
pIMVCNP1(—), which replicates poorly (60), generated a
9.8% poly-FLICA™ population [Fig. 3A; NP1(—)]. Regardless
of whether VP1, VP2, or both were knocked out, replication
of the MVC genome was detected in pIMVCVP1(—)-,
pIMVCVP2(—) (60)-, and pIMVCVP1/2(—)-transfected cells
[Fig. 3C; VP1(—) and VP1/2(—)]; correspondingly, an average
of 17% of FLICA™ populations were detected in transfected

cells [Fig. 3A; VP1(—), VP2(—), and VP1/2(—)]. Transfection
of the half left terminal repeat (LTR)-deleted mutant,
pIMVCA1/2LTR, of which replication was decreased (Fig. 3C;
A1/2LTR), induced a reduced level (14%) of poly-FLICA™
population (Fig. 3A; A1/2LTR). Transfection of the NSCap
gene-containing construct, pMVCNSCap, which did not repli-
cate (Fig. 3C; NSCap), failed to induce a significant level of
poly-FLICA™ population compared with the control (Fig. 3A;
NSCap). However, transfection of the pMVCNSCap expressed
NS1, which was used to select positive transfected cells, and
NP1 (see Fig. 5B), suggesting that only expression of the NS1
and NP1 without replication of the genome does not activate
caspases.

The VP1(—) and VP2(—) mutants have been shown to
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transfected with plasmids as shown. (A) At 48 h posttransfection, transfected cells were costained with anti-NS1, except for pIMVCNS1(—)-
transfected cells, which were costained with anti-NP1 and poly-FLICA peptide. The anti-NS1-positive or anti-NP1-positive population was
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deviation generated from three independent experiments. (B) At 48 h posttransfection, transfected cells were costained with anti-NS1, except for
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of 5.15 kb. RF, replicative form; dRF, double replicative form.

knock out VP1 and VP2 expression by a single burst replica-
tion of the viral genome (60). Transfection of the combined
VP1/2(—) mutant resulted in a single burst replication com-
pared with transfection of the VP1(—) mutant [Fig. 3C; com-
pare VP1/2(—) with VP1(—)]. These results suggest that with-
out expression of VP1 and VP2, only replication of the MVC
genome is sufficient to activate caspases.

Replication efficiency of these transfected constructs as
shown by Southern blots was ranked as pIMVC >
pIMVCVP1(-), pIMVCVP2(—), and pIMVCVP1/2(—-) >
pIMVCA1/2LTR > pIMVCNS1(—) and pMVCNSCap (Fig.
3C). Thus, the efficiency of replication seems to correlate di-
rectly with the level of caspase activation. Collectively, these

results reveal that activation of caspases, as assayed by poly-
FLICA, of transfected cells is associated with replication of the
MVC genome, rather than the expression of the MVC NP1
and VP1/VP2 capsid proteins.

The MVC genome per se arrests the cell cycle at the G,/M
phase. With DAPI-staining, we further examined the capability
of inducing cell cycle arrest through transfection of these MVC
constructs. Transfection of the infectious clone (pIMVC)
induced a scenario of cell cycle arrest at the G,/M phase
similar to that of MVC-infected cells with a transition of
S-phase accumulation (Fig. 3B; pIMVC). Surprisingly, at
48 h posttransfection, cells transfected with pIMVCNS1(—),
pIMVCNP1(—), pIMVCVPI(-), pIMVCVP2(-), and
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immediately after transfection.

pIMVCVP1/2(—), which all contain terminal repeats at both
ends, showed apparent G,/M arrests of approximately 42%,
46%, 45%, 52%, and 44%, respectively, in comparison with
19% in the control group (Fig. 3B). However, no apparent
S-phase accumulation was observed in cells transfected with
the above pIMVC mutants, even at earlier time points (data
not shown). Interestingly, transfection of the left half terminal
repeat (TR)-deleted mutant, pIMVCA1/2LTR, still induced a
G,/M arrest of 46% (Fig. 3B, A1/2LTR); however, transfection
of the TR-deleted mutant pMVCNSCap failed to induce G,/M
arrest in NS1-expressing cells compared with the control (Fig.
3B; NSCap).

Together with those results from Southern blotting analysis
(Fig. 3C), our observations suggest that the terminal repeats of
the MVC genome are required to induce cell cycle arrest at the
G,/M phase, and replication of the genome and expression of
the NS1, NP1, and VP1/2 proteins are dispensable. The S-
phase accumulation as seen during MVC infection and trans-
fection of the infectious clone may require a status of efficient
replication of the viral genome.

Expression of MVC individual viral proteins by transfection
does not induce cell death or cell cycle arrest. To further
confirm that MVC proteins are not required to induce apop-
tosis and cell cycle arrest of transfected WRD cells, we trans-
fected WRD cells with a set of constructs expressing GFP-
fused MVC proteins, and the GFP-positive population was
selectively gated and quantified by annexin V staining for ap-

optosis (16). Not surprisingly, no significant amount of apop-
tosis or cell cycle disturbance was observed in cells transfected
with individual or combined GFP-fused MVC protein-express-
ing constructs in comparison with cells transfected with the
GFP control, as shown by annexin V-PI staining for apoptosis
(Fig. 4A) and DAPI staining for cell cycle (Fig. 4B and C).
Expression of these GFP-fused proteins by transfection
was confirmed by fluorescence microscopy (Fig. 5A); ap-
proximately 10% of WRD cells were GFP positive. GFP-
NS1 and -NP1 showed a similar nucleus localization to that
of the wild-type NS1 and NP1 expressed from the transfec-
tion of pMVCNSCap in WRD cells (Fig. 5B), while trans-
fection of the GFP-VP1 showed localization mostly in the
nucleus, with some diffusion in the cytoplasm (Fig. 5A). Inter-
estingly, during MVC infection, the NS1 was localized in dis-
tinct replication center-like foci (Fig. 5B; MVC/a-NS1), similar
to that of other parvoviruses (9, 59), while the NP1 showed a
unique perinucleus localization (Fig. 5B; MVC/a-NP1). The
pattern of NS1 localization was also observed in cells trans-
fected with replicative pIMVC and pIMVCVP1/2(—) (Fig.
5B). We speculate that the unique localization of the NS1 is
due to the replication of the viral genome. Transfection of
the pIMVCNP1(—) and pMVCNSCap did not show clear
NS1-localized foci in the nucleus (Fig. 5B). We did not
observe the perinucleus localization of NP1 in cells transfected
with both replicative and nonreplicative MVC constructs (Fig.
5B). Thus, we believe that the difference in the localization pattern
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FIG. 5. Cellular localization of MVC proteins during infection and
in transfection. (A) WRD cells were transfected with constructs ex-
pressing GFP-fused MV C proteins as shown. Cells were treated at 48 h
posttransfection. (B) WRD cells were infected with MVC at an MOI
of 3 or transfected with the MVC constructs as indicated. At 48 h p.i.
or posttransfection, cells were stained with anti-NS1 (a-NS1) and
anti-NP1 (a-NP1), respectively. Confocal images were taken at X60
magnification. Nuclei were stained with DAPI.

of the NS1 and NP1 in the nucleus is less likely to result in the
inability of the NS1 and NP1 to induce apoptosis. In addition to these
observations, we also observed that expression of individual GFP-
fused MVC proteins or those combined by transfection did not
inhibit cell proliferation compared with that in the control GFP
transfection group (Fig. 4D).

Collectively, our results suggest that unlike the nonstructural
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proteins of other parvoviruses, the MVC proteins, especially
NS1 and NP1, expressed by transfection of WRD cells, do not
induce an apparent cell death or a perturbation of cell cycle
progression.

UV-inactivated MVC induces cell cycle arrest but not cell
death. To further confirm the role of the MVC genome in
inducing apoptosis and cell cycle arrest, we inactivated purified
MVC by UV irradiation. WRD cells were either infected with
untreated (MVC) or inoculated with UV-irradiated MVC
(UV-MVC). Apoptosis and cell cycle status were evaluated by
Live/Dead Violet-FLICA costaining and DAPI staining, re-
spectively. Since NS1 was not expressed in WRD cells inocu-
lated with UV-MVC (data not shown), we used an MOI of 9
for inoculation. We gated total cells and plotted them in Fig.
6A and B. At this MOI, MVC infection induced apoptosis
more drastically, which was observed as early as 18 h p.i. and
progressed over the course of infection (Fig. 6A; MVC). At
48 h p.i., only 46% of MVC-infected cells were still alive
(Live/Dead Violet /FLICA"). In contrast, UV-MVC inocula-
tion failed to induce a significant level of cell death at all three
times p.i. (Fig. 6A; UV-MVC).

Meanwhile, we compared the cell cycle regulation of MVC-
infected and UV-MVC-inoculated WRD cells at the same
MOI. Consistent with the findings shown in Fig. 1B, the S-
phase accumulation transitioned to the G,/M arrest during
MVC infection (Fig. 6B; MVC). While most of the WRD cells
were at the S phase at 18 h p.i., the majority of MV C-infected
cells were arrested at the G,/M phase at late time points.
Interestingly, UV-MVC induced a significant cell cycle arrest
at G,/M as early as 18 h p.i. (Fig. 6B; UV-MVC). Consistent
with the transfection experiments shown in Fig. 3, we did not
observe an S-phase accumulation during UV-MVC inoculation
(Fig. 6B). Moreover, to confirm the G,/M arrest induced by
UV-MVC inoculation, we determined the protein level of the
G,/M-phase checkpoint regulators in UV-MVC-inoculated
cells. A significant increase of both cyclin B1 and cdc2 (pY15)
was observed at both 18 and 24 h p.i. (Fig. 6C). However, the
fold of increase was less than that of the MVC-infected cells
shown in Fig. 1C. The level of cyclin A remained unchanged in
UV-MVC-inoculated cells.

Collectively, these lines of evidence further support that the
MVC viral genome alone can induce cell cycle arrest at the
G,/M phase but not the S-phase accumulation or cell death.

DISCUSSION

Bocavirus MVC infection induces a mitochondrion-mediated
apoptosis. Parvovirus infection often causes cell death of in-
fected cells either by apoptosis or by various mechanisms of
nonapoptotic cell death. Novel mechanisms of nonapoptotic
cell death induced by parvovirus infection have been revealed
recently. MVM infection-induced cell death is mediated by
NSI1 interference with intracellular CKII signaling (22, 44, 45).
On the other hand, parvovirus H-1 can induce a nonapoptotic
cell death of glioma cells that is dependent on accumulation of
cathepsin B/L (25). However, the mechanisms underlying par-
vovirus infection-induced apoptosis have not been elucidated
in detail. Apoptosis is defined mechanistically as three path-
ways of regulated cell death involving the sequential activation
of caspases, the extrinsic pathway is involved in the engage-
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ment of particular “death” receptors (e.g., Fas) and through
the formation of the death-inducing signaling complex (DISC)
(8). The mitochondrion-mediated (intrinsic) pathway is acti-
vated by “BH3-only” proteins such as tBid, Bad, Bim, and
PUMA; these activated proteins are subsequently translocated
to the mitochondrial membrane, where they activate the pro-
apoptotic proteins Bax and Bak (37). Bax/Bak activation re-
sults in mitochondrial outer membrane permeabilization
(MOMP), with consequent release of cytochrome ¢ and other
mitochondrial proteins with the consequent activation of
caspase 9 (18). Activated caspase 8/10 is also able to cleave Bid
to tBid, which activates Bax/Bak. In endoplasmic reticulum
(ER)-stress-mediated apoptosis, caspase 12 is localized to the
ER and activated by ER stress (43).

We have shown in our studies that MVC infection induces
an apoptotic cell death, represented by the presence of acti-
vated caspases in infected cells. Consistently, the specific pan-
caspase inhibitor Q-VD completely blocked MVC infection-
induced cell death. Moreover, the translocalization of the
proapoptotic Bax to the mitochondrial outer membrane and
consequently the time-dependent disruption of mitochondrial
outer membrane potential indicated the activation of mito-
chondrion-mediated apoptosis during MVC infection. This
mechanism is further supported by the extensive activation of
caspases, especially the activated caspase 9, during MVC in-
fection. We also detected the activation of the initiator
caspases 8, 10, and 12; however, whether the extrinsic pathway
or the ER-stress-mediated pathway is also involved in MVC
infection-induced apoptosis to some extent warrants further
investigation.

Replication of the viral genome induces apoptosis of MVC-
infected cells. In our results, expression of the nonstructural
protein NS1 and NP1 of MVC did not induce cell death in
transfected cells, which contrasts with the function of the large
nonstructural protein of other parvoviruses, e.g., the NS1 of
MVM (44), H-1 (52), and B19V (58), the Rep78 of adeno-
associated virus type 2 (AAV2) (56), and the small nonstruc-
tural protein 11kDa of B19V (16). Thus, our results suggest
that the noncytotoxic nature of the MVC NSI1 is novel in
parvoviruses and might be a general feature of the NS1 among
other members in the genus Bocavirus.

Surprisingly, our studies showed that activation of caspases
coincided with the replication of the viral gnome. The effi-
ciency of replication correlated well with the level of caspase
activation in cells transfected with pIMVC and its mutants
(Fig. 3A and C). In the scenario in which replication of the
MVC genome occurs either during MVC infection or in trans-
fection of the replicative MVC constructs, apoptosis is induced
in infected or transfected cells. However, when DNA replica-
tion is abolished either by knocking out NS1 expression or by
deleting both terminal repeats, transfection of these nonrepli-
cative mutants does not induce apoptosis. When DNA repli-
cation is significantly reduced either by knocking out the NP1
expression or deleting the left half terminal repeats, transfec-
tion of these replication-reduced mutants induces a decreased
degree of apoptosis. These observations strongly suggest that
the apoptosis induced from transfection of the MVC infectious
clone and its replicative derivatives is dependent on the repli-
cation of the MVC genome. We know that only expression of
the viral proteins by transfection (Fig. 4) does not induce
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apoptosis; however, NS1 is essential for the replication of the
viral genome. Thus, we cannot rule out an indirect role of the
NS1 in inducing apoptosis during MVC infection.

It is reasonable to speculate that a DNA damage response
could be induced in WRD cells upon MVC infection or simply
by replication of the viral genome. A DNA damage response
induced by AAV2 infection has been extensively explored (51,
61, 64). AAV2 DNA, which is single stranded with hairpin
loops at both ends, can be sensed as abnormal DNA by the cell,
triggering a DNA damage response independent of p53 (51).
We have evidence that MV C infection induced a DNA damage
response represented by phosphorylation of H2AX, p53, and
ATM (data not shown). The DNA damage response induces
apoptosis when the damage is not repairable through upregu-
lation of the proapoptotic proteins such as tBid, Fas, Bax, or
PUMA (5, 35, 54). It is also possible that an initial DNA
damage response induced by the MVC genome incurs cell
cycle arrest, and later, during viral DNA replication, accumu-
lated MVC genomes trigger an irreversible DNA damage re-
sponse that results in apoptotic cell death. On the other hand,
the DNA damage response signals the DNA repair machinery,
which may be helpful in replicating the single-stranded genome
of MVC. These novel mechanisms have never been studied in
autonomous parvovirus infection and warrant further investi-
gation. Therefore, we have provided an excellent model to
study how the viral genome and its replication induce cellular
responses that favor virus DNA replication at an early stage of
infection and egress of progeny virus at a later stage of infec-
tion. The apoptosis induced by replication of the MVC ge-
nomes may be a common mechanism underlying parvovirus
infection-induced apoptosis.

Bocavirus MVC infection induces cell cycle arrest. Parvovi-
rus infection induces cell cycle arrest (30, 33, 42, 47, 65), most
often at the S/G, phase, which favors virus DNA replication.
However, a G,/M-phase arrest is clearly observed as early as
6 h after B19V infection (42). Nevertheless, we have shown
here that MVC infection incurs an apparent S-phase accumu-
lation at early infection followed by an arrest of the G,/M
phase in late infection (Fig. 1). The DAPI staining in our study
presents the authentic cell cycle of host cells. We quantified the
MVC genomic copy number per cell at 48 h p.i. The genomic
copy number per cell, which includes the replicative form (RF)
DNA of MVC, was approximately 0.1 million, which equals
0.55 billion bases. The human genome contains approximately
3.4 billion base pairs per cell (http://www.genome.gov
/18016863). Thus, assuming the canine genome is similar in
size to the human genome, the DAPI staining contributed by
the replicated MVC genomes and RF DNA is less than 8% of
the total DAPI staining in an infected cell, which is not suffi-
cient to change the pattern of the cell cycle represented by
DAPI staining. Based on evidence showing the critical cell
cycle proteins and inhibition of cell proliferation during MVC
infection (Fig. 1C and D), we believe that the DAPI staining
presents the authentic cell cycle of MVC-infected cells in our
studies.

Cell cycle arrest at the G,/M phase often precedes the onset
of apoptosis (23, 31, 63). We did not observe an apparent
G,/M-phase arrest preceding apoptosis during MVC infection.
In contrast, G,/M arrest by transfection of the NS1-knock-
out mutant [pMVCNS1(—)] or UV-irradiated MVC did not
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induce apoptosis (Fig. 3 and 6), and inhibition of apoptosis
by Q-VD did not release cell cycle arrest (data not shown).
Thus, we believe that the cell cycle arrest and apoptosis of
MVC infection are induced through independent pathways
in parallel.

In transfecting the mutant MVC infectious clones, as shown
in Fig. 3, we tested cell cycle arrest at early time points of
transfection. We were not able to detect any S-phase accumu-
lation in transfection of these mutants other than the infectious
clone per se (data not shown). Nevertheless, we consistently
observed the G,/M arrest at 48 h posttransfection in all the
transfections of the mutant infectious clones that contain the
viral terminal repeats. Thus, the S-phase accumulation appears
only when highly efficient replication occurs: e.g., transfection
of the infectious clone or MVC infection. The S phase has
been emphasized to be important for parvovirus replication.
For example, parvovirus H-1 protein synthesis coincides with
cellular DNA synthesis (62), and MVM replication apparently
requires mitotically active cells (28). Efficient replication of the
MVC genome could possibly trigger the S-phase accumulation
which loops back to further facilitate MVC DNA replication.

The genome of MVC induces cell cycle arrest at G,/M. Using
UV-MVC, we were able to show a significant level of G,/M
arrest of UV-MVC-inoculated WRD cells as early as 18 h p.i.
UV-MVC infection-induced cell cycle arrest at G,/M is con-
sistent with previous reports of other parvoviruses (41, 51, 53).
The genome of AAV2 that contains an identical inverted ter-
minal repeat at both ends has been shown to induce cell cycle
arrest at the G,/M phase (51). Infection of UV-irradiated
B19V has been shown to induce a G,/M arrest as early as at
24 h p.i. (41). The G,/M-phase arrest by the MVC genome
alone was also reproduced by transfection of the NS1 knockout
mutant of the MVC infectious clone. The MVC genome that
lacks half of the left terminal repeat still induced a clear G,/M
arrest by transfection. Only the MVC genome that does not
contain both terminal repeats, the NSCap gene, lost its ability
to induce cell cycle arrest. These observations suggest that the
terminal repeats of the MVC genome, which form strong sec-
ondary structures (60), play an important role in inducing cell
cycle arrest at the G,/M-phase during MVC infection. It may
be true that the structure of the terminal repeats of parvovi-
ruses acts as a perfect trigger to induce DNA damage response,
which in turn, induces cell cycle arrest.
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