Duck Circovirus genotype 2 ORF3 protein induces apoptosis through the
mitochondrial pathway
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ABSTRACT Duck circovirus genotype 2 (DuCV2)
belongs to the genus Circovirus, family Circoviridae. It
can generally cause lymphocyte atrophy and necrosis in
ducks, which leads to immunosuppression. The function
of the DuCV2 open reading frame 3 (ORF3) protein in
viral pathogenesis in host cells remains unclear. There-
fore, a series of studies based on ORF3 of the isolate
DuCV GHO1 strain (belonging to DuCV2) were carried
out in duck embryo fibroblasts (DEFs) in this study.
The results showed that the ORF3 protein could induce
nuclear shrinkage and fragmentation in DEFs. Chromo-
somal DNA breakage was observed by TUNEL assay.
The expression levels of caspase-related genes showed
that ORF3 primarily promoted caspase 3 and caspase 9
expression. Furthermore, the protein expression levels of

cleaved caspase 3 and cleaved caspase 9 in DEFs were
enhanced by ORF3. Thus, ORF3 may activate the mito-
chondrial apoptosis pathway. When the 20 amino acid
residues at the C-terminus of ORF3 (ORF3AC,,) were
deleted, the apoptosis rates were decreased. Moreover,
compared to ORF3, ORF3AC,, downregulated the
mRNA levels of cytochrome ¢ (Cyt c), poly ADP-ribose
polymerase (PARP) and apoptosis protease activating
factor 1 (Apaf-1), which are the key molecules in the
mitochondrial apoptotic pathway. Further study
showed that ORF3ACy could reduce the mitochondrial
membrane potential (MMP). This study suggested
that the DuCV2 ORF3 protein may primarily activate
apoptosis through the mitochondrial pathway in DEFs,
and this function is ORF3 Cyy dependent.
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INTRODUCTION

Duck circovirus (DuCV) is a member of the genus
Clircovirus, family Circoviridae. It is an agent that
causes duck immunosuppression by inducing lympho-
cyte death. This presents an opportunity for mixed
infections (Todd, 2010). The DuCV genome is a single-
stranded circular DNA with a length of approximately
1990 nt. According to the genomic sequence, DuCV has
been divided into 2 genotypes, named DuCV1 and
DuCV2 (Zhang et al., 2013). It mainly contains open
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reading frame 1 (ORF1) and ORF2, which encode Rep
(the viral replication protein) and Cap (the viral struc-
tural protein), respectively. Another major protein,
named ORF3, is encoded by the sequence located on the
complementary strand of ORF1 and has been proven by
sequence analysis (Xiang et al., 2012). The study also
indicated that the DuCV2 ORF3 protein has apoptotic
activity in sf9 cells (Xiang et al., 2012). Wu Zhuan-
Chang et al. further found that the 20 amino acid resi-
dues at the C-terminus of DuCV2 ORF3 have a nonca-
nonical nuclear location signal sequence (NLS) and are
involved in the regulation of apoptosis by ORF3 in
chicken fibroblast DF-1 cells (Wu et al., 2018). This
finding indicates that the ORF3 protein is responsible
for the pathogenesis of DuCV2. However, the function
and basic molecular mechanism of the DuCV2 ORF3
protein in inducing apoptosis in duck embryo fibroblasts
(DEFs), which are host cells of DuCV, have not yet
been declared.
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Apoptosis is a type of programmed cell death that is
an active suicide process regulated by host cell genes in
the process of cell growth, development, differentiation,
and pathology (Nagata, 2018). The morphological char-
acteristics of apoptosis include cell shrinkage and convo-
lution, nuclear pyknosis, and fragmentation. Among
these features, the most typical feature is pyknosis,
which is the result of chromatin condensation
(Zhang et al., 2018). According to different stimuli, apo-
ptosis can be divided into 2 classical apoptosis signaling
pathways: the mitochondrial pathway (intrinsic path-
way) and the death receptor pathway (extrinsic path-
way). The former is initiated with nonreceptor-mediated
stimuli and generates intracellular signals that act
directly on targets within the cell. Then, the mitochon-
drial permeability transition (MPT) pore is formed in
the inner mitochondrial membrane, which results in a
loss of the mitochondrial membrane potential (MMP)
and release of cytochrome ¢ (Cyt ¢) into the cytoplasm
(Bock and Tait, 2020). Poly ADP-ribose polymerase
(PARP) is a DNA nick-sensing enzyme involved in
enhancing the translocation of Cyt ¢ from mitochondria
to the cytoplasm (Zhang et al., 2012). Cyt ¢ can be fur-
ther combined with caspase 9 and apoptosis protease
activating factor 1 (Apaf-1) into a complex, namely,
the apoptosome (Zhou et al., 2015; Wu et al., 2016). The
death receptor apoptosis pathway is activated by mem-
bers of the tumor necrosis factor (TINF) receptor super-
family. Subsequently, pro-caspase 8 is recruited and
activated as caspase 8 (Tummers and Green, 2017).
Both pathways ultimately result in cleavage of caspase
3, leading to DNA fragmentation, nucleoprotein degra-
dation, apoptotic body formation, and final uptake by
phagocytes (Jorgensen et al., 2017).

In this study, the activity of DuCV2 ORF3 protein-
induced apoptosis in DEFs and its possible apoptosis signal-
ing pathway were explored. ORF3 from the isolate DuCV
GHO1 strain (belonging to DuCV2) was employed. It was
demonstrated that the ORF'3 protein could induce apoptosis
in DEFs. Moreover, the protein may primarily activate the

Table 1. Primers used in this study.

mitochondrial apoptosis pathway. Specifically, the 20 amino
acid residues at the C-terminus (Cy) of ORF3 were
involved in the induction of apoptosis in DEF's.

MATERIALS AND METHODS
Ethics Approval and Consent to Participate

The usage of duck embryos was approved by the Insti-
tutional Animal Care and Use Committee of Sichuan
Agricultural University (Permit Number: 2015-016),
China. All methods used in animal experiments were
performed according to the guidelines and regulations of
the National Institutes of Health.

Cell Culture and Reagents

Duck embryos were purchased from a local duck farm
in Sichuan Province, China. DEFs were prepared from
9- to 11-day-old duck embryos. The cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% newborn bovine serum
(NBS, Gibco) at 37°C with 5% COs.

Construction of ORF3-Related Plasmids

The DuCV2 ORF3 and DuCV2 ORF3AC, fragments
of the GHO1 strain (GenBank ID: JX499186) containing
the Flag gene were amplified by PCR using the ORF3
primers and ORF3AC,, primers (see Table 1), respec-
tively. The two fragments were ligated with linearized
pCAGGS and then transferred into competent E. coli
DHb5« cells. The plasmids were named pCAGGS-ORF3
and pCAGGS-ORF3AC,, respectively. To detect cellu-
lar sublocalization, DuCV2 ORF3 and DuCV2
ORF3AC,y, were separately amplified by PCR using
EGFP-ORF3 or EGFP-ORF3AC, primers (see Table 1)
to construct the plasmids pEGFP-ORF3 or pEGFP-
ORF3AC,,. After identification by PCR and restriction
enzyme digestion, the positive clones were sequenced by

Target gene Forward primer sequences

Reverse primer sequences Accession number

ORF3 CGGAATTCGCCACCATGGC
ITCGCATCGGCGAGCTGGGAG
ORF3AC20 CGGAATTCGCCACCATGGCT
TCGCTTCGGCCAG
EGFP-ORF3 CTAGCTAGCGCCACCATGGCT
"~ TCGCATCGGCGAG
EGFP-ORF3AC20 CTAGCTAGCGCCACCATGGCTT
"~ CGCATCGGCGAG

ACCGGACTGTCATCTCGTTC
ACAAAATGACAAGCCGACCC
CTTTCCAGACTCCCTCGGGTA

q-caspase-3
q-caspase-8
q-caspase-9

q-Apaf-1 AGAGGGCACAAGGAAGCTATCA
q-Cyt ¢ TGAGGATACCCTGATGGAGTACTTG
q-PARP CTGGACTAAGTGCGTTGC

q-B-actin GATCACAGCCCTGGCACC

CCCTCGAGCTACTTATCGTC
GTCATCCTTGTAATCCCTTTGA
AGATTATGTTCATGTTTTAGAGT

CCGCTCGAGCTACTTATCGTCGT
CATCCTTGTAATCTCGTCGGCGAGGA

CCCAAGCTTCCTTTGAAGATTATGTTCATGT

CCCAAGCTTTCGTCGGAGAGGAAAAG

CTTCACCATGGCTTAGCAAC
TCTACGTCTGTCCCGTTCCG
CTTCCCCTTGGCAGATACGG
AACTTACTACCATCAGGCGAAACA
CTTCGCAGTGGCATCTTTCAG
AGCCTCTGGAGGGAATA
CGGATTCATACTCCTGCTT

JX499186

XM _005030494.2
XM _013094737.1
XM _013095294.1
XM _005024525.2
XM_005013559.2
XM_ 005014743

NM_001310421.1

Sequences underlined are the protective bases. Restriction enzyme sites are in bold black (GAATTC: EcoR I; CTCGAG: Xho I; GCTAGC: Nhe I;
AAGCTT: Hind III). Underlined bold black italics are Kozak sequences, and bold black italics are Flag sequences. g-: target genes for qRT-PCR

measurement.



DUCV2 ORF3 INDUCES APOPTOSIS 3

Tsingke Biological Technology, China. Then, the cor-
rected cells were stored at —80°C.

Western Blotting

The plasmids pCAGGS and pCAGGS-ORF3 were sep-
arately transfected into DEFs according to the manufac-
turer’s instructions for Lipofectamine 3000 (Invitrogen,
CA). The cells were collected and treated with 200 pL
radio immunoprecipitation assay (RIPA) lysis buffer
(Beyotime, Shanghai, China) containing 2 puL PMSF
(Beyotime) at 48 h post transfection to detect ORF3 pro-
tein expression. To measure cleaved caspase 3 and cleaved
caspase 9, cells were collected at 24 h, 48 h, and 72 h post
transfection. Then, they were centrifuged at 12,000 rpm
for 10 min at 4°C. The cell lysates were collected and sepa-
rated by SDS-PAGE, and then the gel was transferred to
a PVDF membrane at 250 mA for 1 h on ice. The mem-
brane was blocked with 5% nonfat milk for 1 h at room
temperature. Then, anti-DYKDDDDK mouse monoclo-
nal antibody (1:5,000, TransGen Biotech, Beijing, China),
anti-cleaved caspase 3 rabbit monoclonal antibody
(1:1,000, CST, Boston, MA), or anti-cleaved caspase 9
rabbit monoclonal antibody (1:1,000, CST) was used as
the primary antibody, and HRP-conjugated goat anti-
mouse IgG (1:5,000, Proteintech, Rosemont, IL) or HRP-
conjugated goat anti-rabbit IgG (1:4,000, Proteintech)
was used as the secondary antibody at room temperature
for 1 h. Clarity Western ECL Substrate (Bio-Rad, CA)
was used for membrane imaging.

Nuclear Morphological Change Detection

The plasmids pCAGGS and pCAGGS-ORF3 were
separately transfected into DEFs in 6-well plates. The
cells were collected at 24 h, 48 h, and 72 h post transfec-
tion. Then, DAPT (1:100, Solarbio, Beijing, China) was
used to stain the cells in the dark for 15 min at room
temperature. Subsequently, the nuclei were observed
under an inverted fluorescence microscope (Nikon).

Detection of DNA Fragmentation by TUNEL
Assay

The plasmids pCAGGS and pCAGGS-ORF3 were
transfected into DEFs as mentioned above. The cells
were fixed with 4% paraformaldehyde at 24 h, 48 h, or
72 h post transfection for 1 h at room temperature. Then,
they were permeabilized with 0.25% Triton for 10 min.
The DNA fragmentation of the cells was detected by a
TUNEL kit (Beyotime) according to the manufacturer’s
instructions. Fluorescence images were obtained by an
inverted fluorescence microscope (Nikon).

Subcellular Localization Detection

The plasmids pEGFP-N1, pEGFP-ORF3, and
pEGFP-ORF3AC,, were separately cotransfected with
the pDsRed-mito plasmid. The cells were collected at 48

h post transfection to detect the subcellular localization
of ORF3 or ORF3ACy,. The cells were fixed with 4%
paraformaldehyde at 4°C overnight. The cells were
washed with PBS and then stained with DAPI (10 ug/
mL, Solarbio) for 15 min at room temperature. After
washing with PBS 3 times, the slides were imaged with a
fluorescence microscope in inverted microscope configu-
rations (Nikon).

Measurement of Apoptosis Rates by Flow
Cytometry

The plasmid pCAGGS, pCAGGS-ORF3, or pPCAGGS-
ORF3AC,, was transfected into DEFs as previously
described. The cells were collected at 48 h post transfec-
tion and detected by flow cytometry according to the
manufacturer’s instructions of the Annexin V-FITC/PI
Apoptosis Kit (BD, NY). In brief, the DEFs were resus-
pended at 48 h after transfection. Annexin V-FITC (1:100
dilution) and PI (1:100 dilution) were added to the cells
and mixed gently. The cells were incubated with the dyes
in the dark for 15 min at room temperature. The apoptotic
cells were then monitored by an LSRFortessa (BD).

Quantitative Real-Time PCR

DEFs were seeded into 6-well plates. The cells were
transfected  with  different plasmids (pCAGGS,
pCAGGS-ORF3 or pCAGGS-ORF3AC,;) when they
were grown to approximately 80%-90% confluence. Cells
were collected for RNA extraction at 24 h, 48 h and 72 h
post transfection. The RNAs were reverse transcribed
into cDNA using a PrimeScript RT Reagent kit with
gDNA Eraser (TaKaRa, Shiga, Japan). The primers for
qRT-PCR analysis are listed in Table 1. qRT-PCR was
performed according to the manufacturer’s instructions
for TB Green Premix Ex Taq (Tli RNaseH Plus)
(TaKaRa) as follows: predenaturation at 95°C for 30 s,
followed by 40 cycles of denaturation at 95°C for 5 s and
annealing/extension at 60°C for 30 s. The relative gene
expression levels were calculated by 2744,

Measurement of Mitochondrial Membrane
Potential by JC-10 Assay

After DEFs were transfected with pCAGGS,
pCAGGS-ORF3, or pCAGGS-ORF3AC,,, the cells
were collected at 24 h, 48 h or 72 h post transfection.
The DEFs were treated according to the manufac-
turer’s instructions for the JC-10 staining kit (Solar-
bio). Briefly, the cells were washed with PBS 3 times.
Then, they were incubated with 200 uL JC-10 dye
per well at 37°C for 20 min in the dark. Subse-
quently, JC-10 buffer was added to wash the cells
3 times. Fluorescence images were observed using an
upright fluorescence microscope (Nikon). The OD
value of each well was measured at 529 nm for mono-
mers and at 590 nm for aggregates by a multifunc-
tional microplate reader (Bio-Rad).
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Figure 1. DuCV2 ORF3 promoted apoptosis in DEFs. (
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) The expression of recombinant ORF3 protein was detected by western blotting. (B)

Apoptosis (green) was measured by TUNEL assay at 24 h 48 h, and 72 h after plasmid pCAGGS-ORF3 or pCAGGS transfection. Scale bars,
100 pm. (C) Morphological changes in the nucleus were measured by DAPI from 0 h to 72 h post-plasmid transfection. Dotted arrows indicate

nuclear fragmentation.

Statistical Analysis

The data are presented as the means + SDs. Statistical
significance was assessed using unpaired Student’s ¢ test by
GraphPad Prism (version 8.0). The significant differences
are annotated as * P < 0.05, ** P < 0.01, and ***P < 0.001.

RESULTS
DuCV2 ORF3 Induces Apoptosis in DEFs

To investigate whether DuCV2 ORF3 induces apoptosis
of DEFs, the recombinant plasmid pCAGGS-ORF3 was
constructed. As shown in Figure 1A, a specific band with
the expected size (approximately 12 kDa) was detected by
western blotting, which indicated that ORF3 could be suc-
cessfully expressed in DEF's after plasmid transfection. Sub-
sequently, DNA fragmentation, one of the most specific
findings in apoptosis, was detected by TUNEL assay
(Chenlo et al., 2014). As shown in Figure 1B, positivity in
the TUNEL assay was observed in DEFs after pCAGGS-
ORF3 plasmid transfection. Moreover, DuCV2 ORF3 pro-
moted DEF apoptosis in a time-dependent manner
(Figure 1B). The above conclusion was also found by detect-
ing cell and cell nuclear morphological changes. Compared
with DEFs transfected with pCAGGS, cells transfected
with pCAGGS-ORF3 exhibited significant cell fragmenta-
tion and nuclear fragmentation from 48 h to 72 h post trans-
fection, as shown in Figure S1 and Figure 1C.

The Mitochondrial Pathway of Apoptosis
Was Stimulated by DuCV2 ORF3

Caspase 3 is activated by both the mitochondrial apo-
ptosis pathway and the death receptor apoptosis

pathway (Asadi et al., 2022). Here, the expression levels
of caspase 8 were measured at different times after
transfection of DEFs with plasmid pCAGGS-ORF3 or
PCAGGS. The results showed that ORF3 might stimu-
late canonical apoptosis signaling throughout the experi-
mental period (Figure 2A). Caspase 8 and caspase 9,
essential initiating caspases separately required for apo-
ptotic signaling via the death receptor pathway and
mitochondrial — pathway  (Chen et al., 2007,
Mandal et al., 2020), were employed to define the
DuCV2 ORF3-induced apoptotic pathway. The ORF3
protein was unable to stimulate the expression of cas-
pase 8 (Figure 2B), and it could significantly upregulate
the expression of caspase 9 (P < 0.001, Figure 2C) at 24
h, 48 h and 72 h after plasmid pCAGGS-ORF3 transfec-
tion. Subsequently, cleaved caspase 3 and cleaved cas-
pase 9 were detected by western blotting. The results
showed that under ORF3 stimulation, the protein
expression levels of cleaved caspase 3 and cleaved cas-
pase 9 were enhanced in a time-dependent manner
(Figure 2D). Thus, we suspected that DuCV2 ORF3
induces apoptosis in DEFs mainly through the mito-
chondrial pathway.

DuCV2 ORF3 C,y Was Involved in the
Regulation of DEF Apoptosis

According to the genome, DuCV has been divided
into 2 genotypes, named DuCV1 and DuCV2 (Fu et al.,
2011). Compared with the DuCV1 ORF3 protein, the
C-terminus of the DuCV2 ORF3 protein has 20 more
amino acid residues, which is a noncanonical NLS of
DuCV2 ORF3 in DF-1 cells (Wu et al., 2018). However,
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Figure 2. ORF3 activated mitochondrial apoptosis. (A—C) The relative mRNA expression levels of caspase 3 (A), caspase 8 (B), and caspase 9
(C). DEFs were transfected with the pCAGGS-ORF3 or pCAGGS plasmid. Total cellular RNA was extracted at 24 h, 48 h, and 72 h post transfec-

tion, and the target genes were analyzed by gqRT-PCR. Mean values + SDs (n = 3—6) are shown.

P <0.01; " P<0.001. (D) The measurement of

cleaved caspase 3 and cleaved caspase 9 by western blotting at different time points post pPCAGGS-ORF3 or pCAGGS plasmid transfection.

DuCV2 ORF3 was distributed in the cytoplasm of
DEFs with or without Csg, indicating that Cyy did
not affect the localization of DuCV2 ORF3 in DEFs
(Figure 3A). Nonetheless, C,, affected the proapop-
totic role of ORF3 in DEFs, as indicated in
Figure 3B. The cells were stained with an Annexin
V-FITC/PI apoptosis kit (BD) at 48 h post plasmid
(pCAGGS, pCAGGS-ORF3 or pCAGGS-ORF3AC,)
transfection, and apoptotic rates were measured by
flow cytometry. The proportion of apoptotic cells
stimulated by both ORF3 and ORF3AC,, was signifi-
cantly higher than the proportion of cells stimulated

DAPI

ORF3

pEGFP-N1

pEGFP-ORF3

pEGFP-ORF3AC,,

Mitochondria

by the pCAGGS vehicle (9.66% + 1.00%, P < 0.01,
Figure 3B). Moreover, the percentages of apoptotic
cells (including early apoptotic cells and late apopto-
tic cells) in the pCAGGS-ORF3 and pCAGGS-
ORF3AC,, groups were 20.11% =+ 4.58% and 13.44%
+ 1.19%, respectively (Figure 3B). The apoptosis
rate of the pCAGGS-ORF3 group was higher than
that of the pCAGGS-ORF3AC,, group (P = 0.0504,
Figure 3B). The above results indicated that DuCV2
ORF3 and ORF3AC,; could induce apoptosis in
DEFs and that ORF3 C,, was involved in the regula-
tion of apoptosis in DEF's.
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Figure 3. The effect of Cyy on ORF3-induced apoptosis in DEFs. (A) The subcellular localization of ORF3-related proteins was detected by
immunofluorescence assay. The DuCV2 ORF3 and ORF3AC,, genes were ligated into plasmid pEGFP-N1. The subcellular localization of ORF3 or
ORF3AC20 protein was stained with EGFP. The cytoplasm and nucleus were stained with pDsRed-mito proteins and DAPI, respectively. (B) The
apoptosis rates of DEF's were measured by flow cytometry. DEFs were transfected with pCAGGS, pCAGGS-ORF3 or pCAGGS-ORF3AC20. The
cells were collected 48 h after transfection. Annexin V-FITC (1:100 dilution) and PT (1:100 dilution) were used to stain the cells, which were moni-

tored by flow cytometry. Mean values & SDs (n = 4) are shown. “P<0

.01.
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Mitochondrial Apoptotic Capacity of DuCVv2
ORF3 Was Dependent on its Cyp

To further assess the role of the ORF3 Cy protein in
the ORF3-induced mitochondrial apoptosis pathway,
the mRNA levels of Cyt ¢, PARP, and Apaf-1 were
detected. The expression levels of Cyt ¢ induced by
ORF3 were upregulated significantly compared with
those induced by ORF3AC,, at 24 h post transfection
(P < 0.01, Figure 4A). The expression levels of PARP
and Apaf-1 gradually increased in the pCAGGS-ORF3
group during the experimental period and peaked at 72
h post transfection (Figure 4A). PARP and Apaf-1 were

P <0.001.

only weakly expressed in the pCAGGS-ORF3AC,,
group (Figure 4A). This result suggested that ORF3 Csy
plays a role in promoting the expression of the PARP
and Apaf-1 genes.

Reduced mitochondrial membrane potential (MMP)
is one of the hallmarks of mitochondrial apoptosis path-
way activation (Lee et al., 2020). To further determine
whether ORF3 Cqq affected the ORF3-induced mito-
chondrial apoptosis pathway, MMP in DEFs was
detected by JC-10 assay (Yang et al., 2021). JC-10 dye
is concentrated in the mitochondrial matrix, with aggre-
gates forming in normal cells, and fluoresces red. In apo-
ptotic cells, JC-10 enters the cytoplasm as a monomer
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and emits green fluorescence. The green fluorescence of
DEF cells in the pCAGGS-ORF3 group was stronger
than that in the pCAGGS-ORF3AC,, group
(Figure 4B). The ratio of JC-10 monomers to aggregates
in DEFs transfected with pCAGGS-ORF3 was signifi-
cantly higher than that in DEFs transfected with
pPCAGGS-ORF3AC,y, at 48 and 72 h after transfection
(P < 0.01, Figure 4C). This result indicated that
DuCV2 ORF3 was dependent on its Cy in the induction
of mitochondrial apoptosis in DEF's.

DISCUSSION

Epidemiological investigations have found that DuCV
coinfects waterfowl with other viruses and has shown an
increasing trend in recent years. DuCV infection leads
to atrophy and necrosis of lymphocytes, which provides
conditions for the invasion of other viruses. Since DuCV
cannot be cultured in vitro, studies on the pathogenic
mechanism of DuCV are very limited. Previous studies
have mainly focused on DuCV Cap (structural protein)
and Rep (replication-related protein), while studies on
the ORF3 protein are relatively limited. The present
study found that DuCV2 ORF3 was directly related to
the apoptotic capacity of DEFs, which is consistent with
the function of chicken anemia virus (CAV) ORF3
(named apoptin) and porcine circovirus (PCV)
(Hough et al., 2015; Kucharski et al., 2016). Therefore,
ORF3 is an important protein in the pathogenesis of
DuCVv2.

The ORF3 proteins of different circoviruses can
induce apoptosis through different apoptotic pathways.
CAYV apoptin phosphorylates Nurr77 protein, thereby
regulating the release of Apaf-1 protein, reducing mito-
chondrial membrane potential, and further activating
caspase 9 and caspase 3 to induce the mitochondrial apo-
ptosis pathway (Maddika et al., 2005; Chaabane et al.,
2014; Zhang et al., 2021). PCV1 ORF3 protein induced
caspase-independent apoptosis and cleavage of PARP in
293T cells (Chaiyakul et al., 2010). In addition, PCV2
ORF3 protein could activate caspase 3 and caspase 8
through the death receptor apoptosis pathway in PK15
cells (Liu et al., 2005; Xu et al., 2020). This finding indi-
cates that the apoptosis pathway induced by ORF3 is
related not only to circovirus species but also to circovi-
rus genotype. Moreover, PCV2 ORF3 induces apoptosis
through a p53-dependent pathway, not a caspase 8-
dependent pathway, in melanoma cells and mouse pri-
mary splenocytes (Teras et al., 2018). Here, it was found
that the DuCV2 ORF3 protein could 1) reduce the
MMP of DEFs; 2) upregulate the expression of Cyt c,
PARP, and Apaf-1; and 3) increase the expression of
caspase 9, caspase 3, cleaved caspase 9, and cleaved cas-
pase 3. Therefore, we speculated that the DuCV2 ORF3
protein induced apoptosis in DEFs through the mito-
chondrial pathway, which was consistent with the apo-
ptosis pathway induced by CAV apoptin in human
tumor cells (Zhang et al., 2021).

Researchers have found that there is a nonclassical
NLS region within the C-terminal 20 amino acids of the
DuCV2 ORF3 protein, which can regulate the localiza-
tion of the DuCV2 ORF3 protein in the nucleus of DF-1
and inhibit the apoptosis-inducing activity of the pro-
tein (Wu et al., 2018). To this end, Cyy of the DuCV2
ORF3 was truncated to study the apoptotic effect of
ORF3 Cy in DEFs. Both proteins (DuCV2 ORF3 and
DuCV2 ORF3AC,,) were mainly localized in the cyto-
plasm. Furthermore, ORF3AC,, reduced the apoptosis
of DEFs compared to ORF3, which indicated that Cqg is
an important functional part of DuCV2 ORF3 in the
induction of apoptosis in DEFs. The reason for the dif-
ferent subcellular localization of the DuCV2 ORF3AC,
protein in DF-1 and DEF cells is presumed to be affected
by cell type. Studies have shown that the subcellular
localization of CAV apoptin varies in different cell lines.
In most human tumor cell lines, CAV apoptin is mainly
localized in the nucleus (Danen-Van Oorschot et al.,
2003; Noteborn, 2009). In human nontumor cells, it is
mainly localized in the cytoplasm (Poon et al., 2005;
Heckl et al., 2008). These features could also be found
with the PCV ORF3 protein (Hough et al., 2015).
Therefore, we speculated that the DuCV2 ORF3 protein
may also be similar to CAV apoptin and PCV ORFS3,
that is, the cellular sublocalization varies with different
cell types. In addition, subcellular localization may be
one of the main factors affecting the apoptosis-inducing
activity of the protein (Schat, 2009). The apoptotic
activity of CAV apoptin is stronger in human tumor cell
lines than in nontumor cells (Heilman et al., 2006).
Thus, DuCV2 ORF3 had weaker apoptotic activity in
DEFs (Figure 3B) than in DF-1 cells (Wu et al., 2018),
which ultimately led to differences in the regulation of
the apoptotic capacity of the ORF3 C,, proteins. Addi-
tionally, we hypothesize that when ORF3 is localized in
the cytoplasm, the length of the ORF3 protein positively
correlates with the strength of the protein to induce apo-
ptosis.

In addition, the phosphorylation site of the protein
may be another major factor affecting the apoptosis-
inducing activity of the protein (Liu et al., 2007;
Schat, 2009). CAV apoptin is phosphorylated in tumor
cells but not in nontumor cells when studying its apopto-
sis mechanism (Rohn et al., 2002; Malla et al., 2020). It
has been reported that the Thr108 residue of CAV apop-
tin is phosphorylated in tumor cells, allowing it to local-
ize to the nucleus (Lai et al., 2017). If Thrl08 is
dephosphorylated, Thr107 phosphorylation compen-
sates for this effect (Lanz et al., 2012). However, CAV
apoptin was not phosphorylated at Thr108 in nontumor
cells and could not inhibit the activity of the chromo-
somal region maintenance 1 (CRM1) protein in the
nucleus, allowing the protein to enter the cytoplasm
(Poon et al., 2005). Further studies showed that phos-
phorylation at the Thr56 and Thr61 residues of apoptin
during CAV replication mediates checkpoint kinase 1/2
(Chk1/2) protein to regulate its nuclear localization
and apoptotic activity (Kucharski et al., 2016;
Feng et al., 2020). Therefore, phosphorylation of the
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ORF3 protein may be one of the main factors affecting
its localization and biological function. We predicted the
phosphorylation sites of the DuCV2 ORF3 protein using
NetPhos3.1 online analysis software. The DuCV2 ORF3
(GHOL1 strain) protein has a total of 10 potential phos-
phorylation sites (https://services.healthtech.dtu.dk/
service.php?NetPhos-3.1), which are Ser2, Tyr12, Ser19,
Thr23, Ser26, Serb5, Ser61, Tyr69, Ser71, and Thr&9.
There is a potential phosphorylation site, Thr89, at Cyq
of the DuCV2 ORF3 protein. We speculate that the
phosphorylation site of Thr89 of the DuCV2 ORF3 Cy,
protein may be the main phosphorylation site of the
ORF3 protein to exert a proapoptotic function. How-
ever, the exact mechanism remains to be proven.

In conclusion, the DuCV2 ORF3 protein can induce
apoptosis in DEFs through the mitochondrial pathway.
We found that the ORF3 Cy protein did not affect the
distribution of the DuCV2 ORF3 protein in DEFs but
could be involved in the apoptotic activity of the protein
in DEFs. This study provides theoretical support for fur-
ther exploration of the pathogenic mechanism of
DuCV2.
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