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Abstract: Porcine circovirus 3 (PCV3) has been detected in major pig-producing countries around the world since its
first report in the US in 2016. Most current studies have focused on epidemiological investigations and detection
methods of PCV3 because of lack of live virus strains for research on its pathogenesis in porcine cells or even in pigs.
We constructed a recombinant plasmid pCMV-Cap carrying the PCV3 orf2 gene to investigate the effects of capsid
(Cap) protein expression on autophagic response in human embryonic kidney cell line 293T (HEK293T). We
demonstrate that PCV3 Cap protein induced complete autophagy shown as formation of autophagosomes and
autophagosome-like vesicles as well as LC3-1l conversion from LC3-I via inhibiting phosphorylation of the mammalian
target of rapamycin (mTOR) in HEK293T cells. The ubiquitin—proteasome pathway is also involved in the autophagy
process. These findings provide insight for further exploration of PCV3 pathogenetic mechanisms in porcine cells.

Key words: Porcine circovirus 3 (PCV3); Capsid (Cap) protein; Autophagy

https://doi.org/10.1631/jzus.B1900657

1 Introduction

Porcine circoviruses (PCVs) are single-stranded,
non-enveloped circular DNA viruses, belonging to
the genus Circovirus in the family Circoviridae (Ellis,
2014). Three types of PCVs (PCV1 (Tischer et al.,
1974), PCV2 (Allan et al., 1998), and PCV3 (Phan
et al., 2016; Palinski et al., 2017)) have been reported
in pigs. PCV1 was a contaminant of the PK-15 cells
and nonpathogenic to pigs (Tischer et al., 1974),
while PCV2 is associated with porcine circovirus-
associated diseases (PCVADs) and poses a serious

¥ Corresponding author
" Project supported by the Zhejiang Provincial Department of Science
and Technology (No. 2018C02028), China

ORCID: Wei-huan FANG, https://orcid.org/0000-0002-2460-0743
© Zhejiang University and Springer-Verlag GmbH Germany, part of
Springer Nature 2020

CLC number: S852.65+9.2

threat to the pig industry (Ellis, 2014). Since the first
report in the US in 2016 (Phan et al., 2016), PCV3 has
been discovered in major pig-producing countries
(Faccini et al., 2017; Ku et al., 2017; Kwon et al.,
2017; Stadejek et al., 2017; Franzo et al., 2018;
Hayashi et al., 2018; Kedkovid et al., 2018; Tochetto
et al., 2018; Ye et al., 2018; Yuzhakov et al., 2018).
The PCV3 genome is 2000 nucleotides in length
with three predicted open reading frames (ORFs). The
gene orfl encodes the replicase (Rep) protein of
296 amino acids (aa) and orf2, the capsid (Cap)
protein of 241 aa, while the initiation codon of orf3
and the function of its encoded protein are not yet
clear (Phan et al., 2016). Cap is the major structural
protein of PCV3 and shares 24% and 26% identity to
that of PCV1 and PCV2, respectively, at the amino
acid level (Phan et al., 2016; Palinski et al., 2017). A
recent report indicates that PCV3 Cap inhibited type |
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interferon signaling by interacting with signal trans-
ducer and activator of transcription 2 (STAT2) (Shen
et al., 2020). Pigs infected with PCV3 are associated
with clinical symptoms, such as porcine dermatitis
and nephropathy syndrome (PDNS), reproductive
failure, multi-systemic inflammation, and cardiac
pathology (Phan et al., 2016; Palinski et al., 2017).
However, PCV3 is also found in pigs with no clinical
signs nor disease conditions (Stadejek et al., 2017,
Zheng et al., 2017).

Autophagy is a highly conserved recycling pro-
cess in eukaryotes, in which double-membrane au-
tophagosomes sequester proteins, cytoplasmic orga-
nelles, and macromolecules, and fuse with lysosomes
or vacuoles for degradation and turnover (He and
Klionsky, 2009; Parzych and Klionsky, 2014). It is a
dynamic multi-step cellular process from nucleation
to formation of autophagosomes and to degradation
upon fusion with lysosomes that is termed “autophagy
flux” to reflect the progression of the complete au-
tophagic process (Mizushima et al., 2010; Parzych
and Klionsky, 2014). Autophagy is induced by intra-
or extra-cellular stresses or signals such as endoplasmic
reticulum (ER) stress, starvation, and bacterial or viral
infections (He and Klionsky, 2009), and regulated by
mammalian target of rapamycin (mTOR)-dependent
pathway and mTOR-independent pathway (He and
Klionsky, 2009; Ravikumar et al., 2010; Sarkar, 2013;
Parzych and Klionsky, 2014). mTOR is a serine/
threonine kinase belonging to the phosphoinositide-
3-kinase (PI3K)-related kinase (PIKK) family and
forms two distinct protein complexes, namely mTOR
complex 1 (mTORC1) and 2 (mTORC2) (Saxton and
Sabatini, 2017). mTORCI is the master regulator of
autophagy, and inhibition of mTORCI is needed for
initiation of the autophagy process, including nuclea-
tion, elongation, and maturation of autophagosomes
via downstream targets, such as uncoordinated (UNC)-
51-like-kinase 1 and 2 (ULK1/2), autophagy-related
gene 13 (ATG13), and others (Dossou and Basu, 2019).

Viruses have evolved diverse strategies to in-
teract with the autophagic machinery or subvert au-
tophagy to counteract the host antiviral effects (Yin
et al., 2019). Some viruses, such as classical swine
fever virus (Pei et al., 2014) and pseudorabies virus
(Xu et al., 2018), can induce complete autophagy
during infection. There are viruses that induce in-
complete autophagy. Rabies virus infection, for in-

stance, induced incomplete autophagy shown as in-
creased accumulation of autophagosomes due to in-
hibition of the autophagy flux (Liu et al., 2017).
Hepatitis B virus infection led to incomplete autophagy
by impairing lysosomal acidification (Zhong et al.,
2015). Coxsackievirus B3 infection inhibited au-
tophagic flux by limiting the fusion of autophago-
somes with lysosomes (Mohamud et al., 2018). In
addition, some viruses can inhibit autophagy to facil-
itate viral replication. African swine fever virus in-
fection inhibited autophagosome formation in Vero
cells by interaction of its A179L protein, a viral
homolog of B-cell lymphoma 2 (Bcl2), with Beclin 1
(Hernaez et al., 2013). Thus the autophagy process in
the host varies among viruses. A better understanding
of the interactions between host autophagic responses
and viruses will provide insight into the pathogenesis
of viruses and an avenue for the development of
antiviral drugs.

Our laboratory and other researchers have re-
cently proved that PCV2 induces complete autophagy,
most likely by its Cap protein, and the virus employs
autophagy machinery to enhance its replication in
PK-15 cells (Zhu et al., 2012a, 2012b; Qian et al.,
2017; Zhai et al., 2019). Although a recombinant
PCV3 virus has been rescued (Jiang HJ et al., 2019),
most of the recent studies on PCV3 focus on epide-
miological investigations and detection methods, for
the reason that there are no live PCV3 virus strains for
research. There has been no report so far on the in-
volvement of autophagy in PCV3 pathogenesis. In the
absence of PCV3 virus for research, we constructed a
recombinant plasmid pCMV-Cap carrying the orf2
gene of PCV3 to investigate whether the Cap protein
induces a cellular autophagic response. Here, we pro-
vide the first evidence that the Cap protein of PCV3
induced autophagy by inhibiting phosphorylation of
mTOR in human embryonic kidney cell line 293T
(HEK293T).

2 Materials and methods
2.1 Cell culture

HEK293T cell line was used and the cells were
cultured at 37 °C with 5% CO, in Dulbecco’s modi-
fied Eagle’s medium (DMEM; HyClone, Thermo Sci-
entific, MA, USA) containing 10% heat-inactivated
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fetal bovine serum (FBS; Gibco, Thermo Scientific)
with 1% L-glutamine, 1% nonessential amino acids,
and antibiotics (100 U/mL penicillin G and 100 pg/mL
streptomycin).

2.2 Plasmid construction and transfection

The full-length of orf2 gene encoding Cap of the
PCV3 strain (PCV3-US/M0O2015, GenBank acces-
sion No. KX778720.1) was synthesized by BioSune
Co., Ltd. (Shanghai, China), cloned into the pCMV
plasmid (Clontech, CA, USA) using ClonExpress II
One Step Cloning Kit (Vazyme, Nanjing, China), and
confirmed by DNA sequencing (BioSune). Delivery
of the recombinant and control plasmids into HEK293T
cells was performed by using Lipofectamine 3000
(Invitrogen, CA, USA) according to the manufacturer’s
instructions. Construction of the plasmid pcDNA3.1-
EGFP-LC3B (pEGFP-LC3B) has been described
elsewhere (Zhu et al., 2012a). All the primers used in
this study are listed in Table 1.

Table 1 Primers used for cloning

Primer Sequence (5'—3")

Cap-F CCCAGGCCCGAATTCATGAGACACAGAG
CTATATTCAGAA

Cap-R CCCCGCGGCCGCTTACTTATCGTCGTCAT
CCTTGTAATCTCCACCGCTTCCACCGAG
AACGGACTTGTAACGAATC

Cap: capsid; F: forward; R: reverse

2.3 Antibodies and chemicals

Rabbit anti-PCV3 Cap polyclonal antibody was
produced in our laboratory. Antibodies against [3-
actin, sequestosome 1 (SQSTM1/p62) and mTOR
were purchased from DiagBio Technology Co., Ltd.
(Hangzhou, China). Antibodies against lipid-conjugated
3 (LC3A/B) and phosphorylated mTOR (p-mTOR;
phospho S2448) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Alexa fluor 555-
conjugated goat anti-rabbit IgG, goat anti-rabbit IgG,
and goat anti-mouse IgG secondary antibodies con-
jugated to horseradish peroxidase (HRP) were pur-
chased from Sangon Biotech (Shanghai, China).

The chemicals rapamycin (Rapa; as autophagy
inducer; Merck, Germany), chloroquine (CQ; as
lysosomal inhibitor; MCE, USA), and MG132 (as
proteasome inhibitor; MCE) were used in appropriate
experiments. Nuclear stain 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI) was pur-
chased from Beyotime (Hangzhou, China).

2.4 Protein extraction and western blotting

Western blotting was performed to detect changes
of the expression of target proteins in HEK293T cells
transfected with plasmids or treated with chemicals.
Briefly, cells in 24-well plates were harvested at in-
dicated time points by using a pre-cooled lysis buffer
(Beyotime) supplemented with protease inhibitor
cocktail (Roche, Mannheim, Germany). The cell ly-
sates were centrifuged and the supernatant samples
were collected. Protein concentration in the samples
was quantified using the Bradford assay kit (Be-
yotime). Equal amounts of the protein samples were
loaded and separated on 8%—15% (8% (0.08 g/mL)
for mTOR and p-mTOR; 12% (0.12 g/mL) for B-actin,
p62, and Cap; 15% (0.15 g/mL) for LC3) sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels after boiling for 10 min in the
presence of the loading buffer. The proteins in the
gels were transferred to polyvinylidene difluoride
(PVDF) membranes (Merck Millipore, Darmstadt,
Germany), blocked at 37 °C for 1 h with Tris-buffered
saline (25 mmol/L Tris at pH 7.5, 150 mmol/L NaCl)
containing 0.05% Tween-20 (TBST) and 5% skim
milk, and incubated with different primary antibodies
at 4 °C overnight. The membranes were washed five
times with TBST and incubated at 37 °C for 1 h with
HRP-conjugated goat anti-rabbit or goat anti-mouse
antibodies. The blots were visualized using the Super-
Signal West Pico chemiluminescent substrate (Thermo
Scientific), and images were captured with the Gel
3100 Chemiluminescent Imaging System (Sagecrea-
tion, Beijing, China) as described (He et al., 2019).
The bands were quantified by densitometric analysis
using the ImageJ software (National Institutes of Health,
USA). Ratios of the target proteins to the reference
proteins were used for relative quantitative purposes.

2.5 Confocal microscopy

For detection of autophagosomes by confocal
microscopy, HEK293T cells were cultured on co-
verslips in 29-mm dishes (Cellvis, USA). Cells were
co-transfected with the plasmids pEGFP-LC3B and
pCMV-Cap or the control plasmid pCMV, or trans-
fected only with pEGFP-LC3B (mock) or treated
with 2 umol/L Rapa after 5 h of transfection with
pEGFP-LC3B (positive control). After 36 h of trans-
fection, cells were washed with phosphate-buffered
saline (PBS; pH 7.4), fixed with 4% paraformalde-
hyde fix solution for 30 min at room temperature,
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permeabilized with 0.1% Triton X-100 for 15 min,
and then blocked with 5% skim milk for 1 h at 37 °C.
Following this, the cells were immuno-stained with
rabbit anti-PCV3 Cap polyclonal antibody for 1 h at
37 °C, washed with PBS, and incubated with Alexa
Fluor 555-conjugated goat anti-rabbit IgG for 1 h at
37 °C. Nuclei were counterstained with DAPI. Fluo-
rescent EGFP-LC3B punctac were observed and
captured by laser scanning confocal microscopy
(IX81-FV1000; Olympus, Hamburg, Germany) as
described (Shan et al., 2018).

2.6 Transmission electron microscopy

For ultrastructural visualization of autophagy,
HEK293T cells transfected with pCMV-Cap, Rapa-
or mock-treated were harvested by centrifugation and
washed with PBS. Samples were fixed in 2.5% glu-
taraldehyde in phosphate buffer (PB, 0.1 mol/L, pH
7.0) at 4 °C overnight and post-fixed with 1% OsOy in
PB for 1 h. The samples were then dehydrated in
graded ethanol (30%, 50%, 70%, 80%, 90%, 95%,
and 100%) and transferred to pure acetone for 20 min.
After placing in 1:1 mixture of Spurr resin (SPI-
CHEM, PA, USA) and acetone for 1 h at room tem-
perature, samples were transferred to 3:1 mixture of
Spurr resin and acetone for 3 h and finally placed in pure
Spurr resin overnight. Ultrathin sections (70-90 nm)
were sliced by LEICA EM UCT7 ultrathin slicer (Vi-
enna, Austria) and stained with uranyl acetate and
lead citrate. Autophagosomes were observed under
a transmission electron microscope (TEM; H-7650,
Hitachi, Tokyo, Japan).

2.7 Statistic analysis

All results are presented as mean+standard error
of the mean (SEM) from three independent experi-
ments. Statistical analyses were performed using
GraphPad Prism 7 (GraphPad Inc., CA, USA). Dif-
ferences were considered significant with P values of
<0.05 and highly significant with P values of <0.01
using the Student’s #-test (Song et al., 2019).

3 Results

3.1 Effect of PCV3 Cap protein on induction of
autophagy

In order to investigate whether PCV3 Cap could
trigger autophagic machinery, cells were co-transfected

with recombinant plasmids expressing LC3B and
PCV3-Cap for confocal imaging to visualize the LC3B
punctae. Fig. 1a shows that overexpression of PCV3
Cap induced formation of autophagosomes shown as
EGFP-LC3B punctae around the nuclei of HEK293T
cells, similar to Rapa treatment, while the control
cells did not show apparent LC3B punctae. To further
confirm that PCV3 Cap could induce autophagy, we
examined LC3 lipidation (LC3-II), a protein marker
of autophagy (Mizushima et al., 2010), and SQSTM1/
p62, known as autophagy substrate (Bjerkey et al.,
2005; Pankiv et al., 2007). Western blotting showed
that PCV3 Cap expression and Rapa treatment sig-
nificantly increased the conversion of LC3-I to LC3-II
(P<0.01) and reduced the ratio of p62 to B-actin
(P<0.05) relative to control cells, with statistical sig-
nificance at 36 h post-transfection (hpt) (Fig. 2). TEM
revealed typical autophagosome-like vesicles with
double or single membrane in cells expressing PCV3
Cap or treated with Rapa. Autophagosome-like vesi-
cles were rarely seen in the mock-treated cells (Fig. 1b).
These results indicate that PCV3 Cap protein induced
autophagy in HEK293T cells.

3.2 Complete autophagy flux induced by PCV3
Cap protein

Autophagy flux reflects progression of the au-
tophagic response (Mizushima et al., 2010). In order
to investigate whether PCV3 Cap induces complete
autophagy flux, we examined the protein level of p62
in the absence or presence of CQ, a downstream au-
tophagy inhibitor, by inhibiting acidification of ly-
sosomes (Poole and Ohkuma, 1981) and repressing
lysosomal degradation of autophagic substrates such
as LC3-II and p62 (Mizushima et al., 2010). In cells
treated with CQ, the ratios of LC3-II to LC3-I and p62
to B-actin were significantly higher than those of the
untreated cells (Figs. 3a—3c; P<0.05). These findings
reveal that PCV3 Cap induced complete autophagy in
HEK293T cells and p62 proteins were degraded via
the autophagic lysosomal pathway.

3.3 Involvement of ubiquitin—proteasome path-
way in the autophagy process induced by PCV3
Cap protein

Considering that the autophagy—lysosomal path-
way and the ubiquitin—proteasome pathway are two
main machineries for protein degradation in the eu-
karyote (Hara et al., 2006; Komatsu et al., 2006),
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pCMV

pCMV-Cap

HEK293T cell

Fig. 1 Formation of autophagosomes induced by PCV3 capsid protein shown as EGFP-LC3B punctae and autophagosome-

like vesicles

(a) Cells were co-transfected with pEGFP-LC3B and pCMV-capsid (Cap) or the control plasmid pCMV, or transfected only
with pPEGFP-LC3B (mock), or treated with 2 pmol/L rapamycin (Rapa) after 5 h of transfection with pEGFP-LC3B (positive
control). After 36 h of transfection, cells were immuno-stained with the rabbit anti-PCV3 Cap polyclonal antibody and coun-
terstained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) for nuclei, and then examined for formation
of EGFP-LC3B punctae under the confocal microscope. (b) Cells were transfected with pCMV-Cap for 36 h or mock-treated
(negative control) or treated with 2 umol/L Rapa (positive control). Autophagosome-like vesicles were observed by transmis-
sion electron microscope. Black arrows indicate the characteristic structures of autophagosomes. Scale bar=1 pm

we examined whether ubiquitin—proteasome pathway
participated in the autophagy process induced by
PCV3 Cap. In the ubiquitin—proteasome pathway,
ubiquitinated proteins are degraded by the 26S pro-
teasome complex and the degradation process can be
blocked by the peptide-aldehyde proteasome inhibitor
MG132 (Han et al., 2009; Wiegering et al., 2019).
When cells were treated with MG132 after 5 h of
transfection with pCMV-Cap, the ratios of LC3-II to
LC3-I (Fig. 3e; P<0.05) and p62 to B-actin (Fig. 3f;
P<0.01) were significantly increased relative to the
untreated cells, indicating that the ubiquitin—proteasome

pathway might be involved in the autophagy process
induced by PCV3 Cap.

3.4 Decreased phosphorylation of mMTOR by PCV3
Cap protein

Since mTOR signaling is the main pathway that
regulates autophagy (Diaz-Troya et al., 2008; Jung
et al.,, 2010), we investigated whether mTOR was
inhibited in HEK293T cells transfected with pCMV-
Cap using Rapa as positive control. Fig. 4 shows that
expression of PCV3 Cap or Rapa treatment down-
regulated the ratio of p-mTOR to the total mTOR
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Fig. 2 Increased conversion of LC3-I to LC3-1I and downregulated ratio of p62 to p-actin caused by PCV3 capsid protein
Cells were first transfected with pCMV-capsid (Cap) or the control plasmid pCMV. Rapamycin (Rapa) was used as positive
control. After 36 h of transfection, the whole cell lysates were subjected to western blotting for B-actin, LC3, p62, and PCV3
Cap. (a) A representative blot showing the effects of PCV3 Cap on target proteins. (b, ¢) Ratios of LC3-II to LC3-I and p62 to
B-actin normalized to mock transfection set at 1.0. Data were expressed as meantstandard error of the mean (SEM), n=3.

* P<0.05; " P<0.01

(P<0.01), suggesting that mTOR signaling is in-
volved in the autophagy process mediated by the
PCV3 Cap protein.

4 Discussion

Previous studies in our laboratory have shown
that PCV2 induced autophagy, most probably by the
Cap protein, and PCV2 exploited the autophagic ma-
chinery to enhance its replication in PK-15 cells (Zhu
et al., 2012a, 2012b). Here, we provide evidence that
the Cap protein from PCV3 induced autophagy in
HEK293T cells.

Initially, the recombinant plasmid pCMV-Cap
was transfected into PK-15 cells and porcine intesti-
nal epithelial cells (IPEC-J2). However, the transfec-
tion efficiency was only 10%-20% in PK-15 and
IPEC-J2 cells such that it prevented us from further
study (data not shown). Low transfection efficiency
may be related to the cell types. Considering that
HEK293T cells have the advantage of high transfection
efficiency, we attempted to explore whether PCV3
Cap expression could induce autophagy in this cell
line.

By confocal imaging, TEM, and western blotting,
we found that PCV3 Cap protein induced autophagy
in HEK293T cells (Figs. 1 and 2). Autophagy flux is
often used to monitor the process of autophagy (Mi-
zushima et al., 2010; Yin et al., 2019). CQ is known to
inhibit lysosome acidification (Poole and Ohkuma,
1981) and repress autophagy by inhibiting lysosome-
mediated degradation of the autophagic debris. CQ
used at 5 umol/L for 36 h did not affect the viability
of the HEK293T cells as determined by the Cell
Counting Kit-8 (CCK-8; data not shown). The fact
that the autophagy process induced by PCV3 Cap was
blocked by CQ treatment (Fig. 3) indicates that com-
plete autophagy flux had occurred, a finding similar
to PCV2 (Zhu et al., 2012a).

One phenomenon that needs to be pointed out
from the experiment is that, whenever the plasmid
pCMV-Cap was transfected to PK-15, IPEC-J2, or
HEK293T cells, two protein bands at 10-15 kDa and
15-25 kDa were always present by immunoblotting
with the rabbit anti-PCV3 Cap polyclonal antibody or
specific anti-Flag monoclonal antibody. In order to
verify whether the Cap protein was partially degraded
into two bands by the host proteasomes, MG132 was
added to the cells transfected with pCMV-Cap to
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Fig. 3 Complete autophagy flux induced by PCV3 capsid protein and involvement of ubiquitin—proteasome pathway in

the autophagy process

Cells were first transfected with pPCMV-capsid (Cap) for 5 h and then treated either with 5 pmol/L chloroquine (CQ) or MG132,
or left untreated as control. Rapamycin (Rapa) was used as a positive control. After 36 h of transfection, the whole cell lysates
were subjected to western blotting for f-actin, LC3, p62, and PCV3 Cap. (a, d) Representative blots showing the effects of CQ
or MG132 on target proteins. (b, ¢) Ratio of LC3-II to LC3-I normalized to mock transfection set at 1.0. (c, f) Ratio of p62 to
B-actin normalized to mock transfection set at 1.0. Data were expressed as meantstandard error of the mean (SEM), n=3.

* P<0.05; " P<0.01

inhibit the activity of proteases. Two protein bands
were still detected, indicating that these two bands
were not degraded by the cellular proteasome path-
way (Fig. 3). To further explore the two protein bands
of the PCV3 Cap protein, we constructed two re-
combinant plasmids, one with full-length orf2 and the

other with deletion of the region coding for the nu-
clear localization signal (NLS). Each peptide was
fused on both ends: the N-terminus with 6xHis tag
and the C-terminus with Flag tag. HEK293T cells
were transfected and collected for western blotting.
Only one protein band (25-35 kDa) was seen in the
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cells expressing the His-tagged Cap as probed with
the anti-His monoclonal antibody, while there were
two bands in cells expressing the Flag-tagged Cap
when probed with the anti-Flag monoclonal antibody

(data not shown), similar to the results shown in Fig. 3.

This indicates that the two in-frame initiation codons
in the orf2 gene of PCV3 might functionally operate
to generate two peptides, one as the full-length Cap
protein and the other an N-terminally “truncated”
peptide.

With 5 umol/L of MG132 treatment, the cell
viability was above 80% (data not shown), similar to
published reports such as the one by Harhouri et al.
(2017). Because MG132 treatment further increased
the ratios of LC3-II to LC3-I and p62 to B-actin
(Figs. 3d-3f), it is apparent that the ubiquitin—
proteasome pathway is also involved in the autophagy
process induced by PCV3 Cap protein. This is con-
sistent with reports that exposure of MG132 impaired
autophagic flux (Ji et al., 2016) and even led to acti-
vation of autophagy (Harhouri et al., 2017). LC3
could be degraded by the proteasomes in a stepwise
manner (Gao et al., 2010). A recent report indicates
that proteasomal degradation of LC3-I, but not di-
rectly of LC3-II, could be promoted by BRUCE, a
protein containing ubiquitin-conjugating E2 domain
with anti-apoptotic effect, leading to decreasing lev-
els of LC3-II and autophagy (Jiang TX et al., 2019).
This could be the reason why LC3-II was significantly
increased in MG132-treated cells, because MG132
inhibited degradation of LC3-I by proteasomes without
affecting its lipidation in the presence of an autophagy
inducer, namely PCV3 Cap protein in this study.
Because MG132 treatment could also induce autoph-
agy (Harhouri et al., 2017), both PCV3 Cap protein
and MG132 might have contributed to the increased
level of LC3-1II (Figs. 3¢ and 3d). Reduced expression
of PCV3 Cap protein in MG132-treated cells (Fig. 3d)
could be due to inhibition of protein synthesis because
MG132 has been shown to inhibit general protein
synthesis (Ding et al., 2006) possibly by increased
phosphorylation of eukaryotic initiation factor 2a
(elF2a) (Jiang and Wek, 2005).

Since autophagy is regulated by a number of
signaling pathways and the mTOR pathway is the
major one (Diaz-Troya et al., 2008; Jung et al., 2010;
Parzych and Klionsky, 2014), we examined whether
PCV3 Cap expression affected mTOR phosphoryla-

tion, a key step in mTOR-mediated signaling of au-
tophagy (Diaz-Troya et al., 2008; Jung et al., 2010).
Fig. 4 shows that Cap expression reduced p-mTOR
level, similar to treatment with Rapa known to induce
autophagy while total mTOR remained essentially
unchanged. For PCV2 and simian virus 40 small T
antigen, mTOR was also inhibited in autophagy in-
duction (Kumar and Rangarajan, 2009; Zhu et al.,
2012b). We believe that the PCV3 Cap protein in-
duces autophagy in HEK293T cells by inhibiting
phosphorylation of mTOR.
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Fig. 4 Decreased phosphorylation of mTOR by PCV3
capsid protein

Cells were transfected with pCMV-capsid (Cap) or the con-
trol plasmid pCMV. Rapamycin (Rapa) was used as a posi-
tive control. After 36 h of transfection, the whole cell lysates
were subjected to western blotting for mammalian target
of rapamycin (mTOR), phosphorylated-mTOR (p-mTOR)
(S2448), B-actin, LC3, p62, and PCV3 Cap. (a) A repre-
sentative blot showing the effects of PCV3 Cap expression
on target proteins. (b) Ratio of p-mTOR (S2448) to mTOR
normalized to mock transfection set at 1.0. Data were ex-
pressed as meantstandard error of the mean (SEM), n=3.
7 P<0.01
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5 Conclusions

In summary, PCV3 Cap protein induces com-
plete autophagy in HEK293T cells by inhibiting
mTOR phosphorylation. Further research is required
to examine whether the PCV3 Cap protein is involved
in autophagy in porcine cell lines including the pri-
mary cells from pigs once the recombinant PCV3
virus could be rescued and propagated in appropriate
cell culture systems. Such studies could help better
understanding of the PCV3 pathogenesis.
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