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ARTICLE INFO ABSTRACT

This study demonstrates that the Muscovy duck reovirus (MDRV) p10.8 protein is one of many viral non-
structural proteins that induces both cell cycle arrest and apoptosis. The p10.8 but not oC is a nuclear targeting
pl0.8 protein that shuttles between the nucleus and the cytoplasm. Our results reveal that p10.8-induced apoptosis in
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oC cultured cells occurs by the nucleoporin Tpr/p53-dependent and Fas/caspase 8-mediated pathways.
gi:’ Furthermore, a compelling finding from this study is that the p10.8 and oC proteins of MDRYV facilitate CDK2 and
Apoptosis CDK4 degradation via the ubiquitin-proteasome pathway. We found that depletion of Cdc20 reversed the p10.8-
Cell cycle arrest and oC- mediated CDK4 degradation and p10.8-induced apoptosis, suggesting that Cdc20 plays a critical role in
Cdc20 modulating p10.8-mediated cell cycle and apoptosis. Furthermore, we found that depletion of chaperonin-
CCT2 containing tailless complex polypeptide 1 (CCT) 2 and CCT5 reduced the level of Cdc20 and reversed the p10.8-
CCT5 and oC-mediated CDK4 degradation and p10.8-induced apoptosis, indicating that molecular chaperone CCT2

and CCTS5 are required for stabilization of Ccd20 for mediating both cell cycle arrest and apoptosis. This study
provides mechanistic insights into how p10.8 induces both cell cycle arrest and apoptosis.

1. Introduction

The p53 is well-known tumour suppressor protein and mediates
DNA damage and apoptosis (Chen et al., 2009a, 2009b; Sperka et al.,
2012). p53 is also the central regulator of cellular stress responses
(Boyd et al., 2011). When cells are stressed by DNA damage, p53 be-
comes phosphorylated, which affects cell fate (Orth et al., 2012). p53
can be activated by sensor kinases, of which Serl5 and Ser20 are
phosphorylated by ATM and Chk2, respectively (Maclaine and Hupp,
2009). Phosphorylation of p53 alleviates inhibition by MDM2 (Shieh
et al., 1997). Modification of p53 enables the activation of its target
genes involved in DNA repair, cell cycle arrest, and apoptosis (De Zio
et al., 2013). Previous studies have suggested that nucleoporin Tpr
plays a role in nuclear protein export (Frosst et al., 2002; Krull et al.,
2004), regulating p53 nuclear-cytoplasmic trafficking (Funasaka et al.,

2012; Huang et al., 2015).

Avian reovirus (ARV) is an important poultry pathogen which
causes viral arthritis, chronic respiratory diseases, and malabsorption
syndrome (Van der Heide et al., 1976; Heironymus et al., 1983).
Muscovy duck reovirus (MDRYV) is a highly pathogenic virus that causes
epidemics of acute infectious disease in 4 to 45-day-old Muscovy
ducklings (Wang et al., 2015a). In 2001, our group first confirmed that
MDRYV is the pathogen of Muscovy duck liver white-spot disease (Wu
et al., 2001). Recent reports demonstrated that new types of MDRV
cause hemorrhagic-necrotic lesions in the liver and spleen of sick birds
and increase morbidity and mortality (Chen et al., 2009a, 2009b; Yuan
et al., 2013; Yun et al., 2014). Therefore, it is important to elucidate the
pathogenesis of MDRV and to propose efficient ways for prevention and
control of MDRYV infection. MDRV differs from ARV in the S1 and S4
genome segments and lacks the pl7- and plO-encoding genes
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(Schnitzer, 1985; Kuntz-Simon et al., 2002; Liu et al., 2003). Apart from
the differences in coding assignment, clinical virulence is greater with
MDRYV than ARV.

Recently, our team demonstrated that the ARV p17 non-structural
protein is able to suppress nucleoporin Tpr, leading to positively reg-
ulating p53, PTEN, and p21 and negatively regulating the PI3K/AKT/
mTOR and ERK signaling pathways, both of which causes host trans-
lation shutoff and cell cycle arrest, induces autophagy, and benefits
virus replication (Chi et al., 2013; Huang et al., 2015; Chiu et al., 2016,
2018). Apoptosis is one of the critical pathological mechanisms of re-
ovirus infection (Salsman et al., 2005; Pruijssers et al., 2013). Pruijssers
and colleagues suggested that apoptosis enhances reovirus replication
in mouse brain, with consequent neurovirulence (Pruijssers et al.,
2013). ARVs have also been demonstrated to induce cell death and
tissue injury (Labrada et al., 2002; Shih et al., 2004; Lin et al., 2007,
2009b; Lin et al., 2011, 2015). The ARV oC protein induces apoptosis
by modulating the DNA damage signaling, Src, p53, mitogen-activated
protein kinase (MAPK), and protein kinase C delta (Lin et al., 2006,
2010, 2011). ARV-induced apoptosis elicits cytochrome c release from
mitochondria to the cytosol (Chulu et al., 2007) and is associated with
Bip/GRP79-mediated Bim translocation to the endoplasmic reticulum
(Lin et al., 2015). The pathogenesis of ARV-induced apoptosis has been
investigated in ARV-infected chicken tissues (Lin et al., 2007). Chickens
infected with ARV caused tissue injury related to virus-induced apop-
tosis (Lin et al., 2007). Our previous study demonstrated that Muscovy
duck reovirus (MDRV) causes histologic lesions in duck liver and spleen
(Wu et al., 2001). In this work, MDRV-induced apoptosis in the duck
liver and spleen was demonstrated. To date, the biological function of
the MDRV p10.8 and oC proteins encoded by the MDRV S4 genome
segment (Kuntz-Simon et al., 2002) remains largely unknown. Although
we have shown previously that the MDRV pl0.8 protein induces
apoptosis and cell cycle arrest in cultured cells (Geng et al., 2009; Wang
et al., 2018b, 2019), the precise mechanisms underlying MDRV p10.8-
triggered apoptosis and cell cycle arrest and their regulation between
apoptosis and cell cycle arrest remain largely unknown. This study
further demonstrates that the MDRV p10.8 protein induces apoptosis in
cultured cells via suppression of nucleoporin Tpr and activation of the
p53 and Fas pathways. Another compelling finding presented in this
study is that the MDRV p10.8 and oC proteins facilitate CDK4 and CDK2
degradation via the ubiquitin-proteasome pathway. Chaperonin-con-
taining tailless complex polypeptide 1 (CCT), also known as tailless
complex polypeptide 1 ring complex (TRiC), is a molecular chaperone
found in the cytoplasm of all eukaryotes (Vallin and Grantham, 2019).
The cell-division cycle protein 20 (Cdc 20) is an essential regulator of
cell division that is encoded by the CDC20 gene (Weinstein et al., 1994;
Weinstein, 1997) in humans. Its most important function is to activate
the anaphase promoting complex (APC/C) that initiates chromatid se-
paration and entrance into anaphase. In the present study, we demon-
strate that chaperonin-containing tailless complex polypeptide 1 (CCT)
2 and CCTS5 are required for stabilization of Cdc20 and p10.8-induced
apoptosis. We found that Cdc20 plays a critical role in mediating CDK4
degradation (Chen et al., 2019) and p10.8-induced apoptosis. This
study has advanced our understanding on the mechanisms underlying
MDRYV p10.8-induced both cell cycle arrest and apoptosis.

2. Materials and methods
2.1. Virus and cells

The YB strain of MDRV was isolated and identified by our team (Wu
et al., 2001). The virus was propagated in primary Muscovy duck em-
bryo fibroblasts (MDEF). In this study, MDEF, immortalized chicken
embryo fibroblast (DF-1), and Vero cells were grown in Dulbecco’s
modified Eagle medium (DMEM) containing streptomycin (50 pug/ml)
and penicillin G50 (50 pg/ml), and supplemented with 10% fetal bo-
vine serum (FBS) and 10mM 4-(2-hydroxyethyl) piperazine-1-
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ethanesulphonic acid (HEPES) (pH 7. 2). Cells were seeded 1 day before
each experiment in 6-cm cell culture dishes with 1 x 10° cells and
grown at 37 °C in a 5% CO, humidified incubator. All cells were cul-
tured in serum-free medium for 2 h followed by refreshing the medium
containing 5% of fetal bovine serum (FBS) and continuing growth until
cell confluence reached about 75%.

2.2. Reagents and antibodies

The Goscript™ Reverse Transcription System was from Promega Co.
(Madison, USA). Annexin V-FITC was from Beyotime Biotechnology
(Shanghai, China). MG132 was from Calbiochem Co. (San Diego, USA).
Mouse anti-CDK2, mouse anti-CDK4 antibodies, mouse anti-GST, rabbit
anti-nucleoporin Tpr, and mouse anti-ubiquitin antibodies were pur-
chased from Santa Cruz Biotechnology (Dallas, USA). Rabbit anti-p-p53
(S15), mouse anti-p53, mouse anti-GST, rabbit anti-histone H2A, rabbit
anti-CDC20 antibodies were from Cell Signaling (Danvers, USA). Rabbit
anti-Fas, rabbit anti-Fas-associated death domain protein (FADD),
mouse anti-cleaved caspase-8, and mouse anti-cleaved caspase-3 were
purchased from Bioss (Beijing, China). Mouse anti-poly (ADP-ribose)
polymerase (PARP) antibody was from BD Biosciences (Franklin Lakes,
USA). Mouse anti-His, rabbit anti-CCT2, and rabbit anti-CCT5 anti-
bodies were from Abcam (Cambridge, UK). Mouse anti-FLAG antibody
was from Sigma-Aldrich Co. (St. Louis, USA). Mouse anti-B-actin anti-
body was from Millipore (Billerica, USA). Anti-mouse IgG (H + L) and
anti-rabbit IgG (H + L) antibodies were purchased from Kirkegard &
Perry Laboratories (Washington, USA).

2.3. Ethics statement

The animal protocol used in this study was approved by the
Research Ethics Committee of College of Animal Science, Fujian
Agriculture and Forestry University. All duck experimental procedures
were carried out according to the Regulations for the Administration of
Affairs Concerning Experimental Animals approved by the State
Council of China.

2.4. Construction of the pCI-neo-flag-p10.8 and pCI-neo-flag-oC constructs

To study whether the MDRV p10.8 and oC proteins mediate cell
cycle and apoptosis and to study whether the MDRV p10.8 and oC
proteins interact with CDK4 or CDK2, both pCI-neo-flag-p10.8 and pCI-
neo-flag-oC plasmids were constructed. The pCI-neo expression vector
with an N-terminal flag sequence was constructed by our laboratory as
previously described (Wu et al., 2017). Two pairs of degenerate primers
were designed based on the p10.8- and oC-encoding genes of MDRV.
The primers for amplifying the p10.8- and oC-encoding genes of MDRV
are as follows: p10.8: forward 5’GGGAATTCAGCTGATGCTTTTGAAGT
CCACT3’ and reverse 5’AGGCGGCCGCTTATTCATAGTTAGATCCCG
AGA3’. oC: forward 5’AAGAA TTCATCCGAAACTCCCGCTCCTCCA3’
and reverse 5’AGCGGCCGCTATCAT AGTTAGATCCCGAGA3'. The un-
derlines indicate the position of the restriction sites (Eco RI and Not I)
in the primers. Viral RNA was extracted using the TIANamp Viral Total
Nucleic Acid Purification Kit (Namp, Beijing, China) according to the
manufacturer’s instruction. Reverse transcription (RT) contained 3 pl of
extracted RNA, 1 pl of primer (0.5 pg/ul), 2 pl of polymerase chain re-
action (PCR) nucleotide mix (10 mM), 1 pul of GoScript™ reverse tran-
scriptase, 4 pl of GoScript™ 5 x reaction buffer, 2 ul of MgCl, (25 mM),
0.5 pl of recombinant RNasin ribonuclease inhibitor, and adjusted with
nuclease-free water to a total volume of 20 pl. The reaction was carried
out at 42 °C for 15min and 72 °C for 15 min (Wang et al., 2015a). PCR
was performed with 1l of ¢cDNA, 0.5l of each primer, 1pl of PCR
mix, and 8 ul of ddH,0, in a total volume of 20 ul. The PCR conditions
for amplification were 95 °C for 5 min, 35 cycles of 95 °C for 30's, 55 °C
for 30 and 72 °C for 30s (p10.8) or 1 min (0C), followed by 72 °C for
10 min. The products were electrophoresed on a 1% agarose gel. PCR
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products were purified using an agarose gel DNA extraction kit (TIA-
Namp). Purified PCR products were digested with EcoRI and Notl, fol-
lowed by ligation into the same restriction sites of the pCI-neo-flag
plasmid with T4 DNA ligase at 16 °C for 10 h. The recombinant plasmid
was transformed into E. coli DH5a competent cells. Positive clones were
selected by blue-white screening. Colonies containing positive clones
were cultured at 37 °C for 12 h, and the recombinant plasmid was ex-
tracted and purified using a high purity plasmid extraction kit (TIA-
Namp). The correctness of these constructs was assessed by DNA se-
quencing.

2.5. GO/GI cell synchronization

To study the effect of the MDRV p10.8 and oC proteins on the
regulation of cell cycle progression, Vero and DF-1 cells were syn-
chronized as described previously (Chiu et al., 2018). Cells were G0/G1
phase synchronized using serum deprivation by maintenance of the
cells in either DMEM containing no FBS supplementation for 72 h. Cells
were transfected for 18 h with constructs (pCI-neo-flag, pCI-neo-flag-
p10.8, and pCI-neo-flag-oC) after serum deprivation for 54 h. Cells were
washed three times with PBS and fixed in PBS containing 70% ethanol
at —20°C. Cells were then treated with 50 ug/ml RNase and stained
with 1pug/ml propidium iodide for 30 min at 4°C in the dark. The
samples were immediately analyzed using a flow cytometer (FACS-
Canto II, BD). The percentage of cells in each phase of the cell cycle was
analyzed by BD FACSDiva™ Software.

2.6. Histopathological examination by HE staining and flow cytometry
analysis of MDRV-infected tissues

To investigate whether MDRV induces apoptosis in duck tissues, six
5-day-old specific pathogen France Muscovy duck were inoculated with
the MDRV YB strain at an MOI of 2. France Muscovy ducks were pur-
chased from Guangdong Wenshi Poultry Co. (China). Five days after
infection, the sick ducks were slaughtered. RT-PCR was applied to de-
tect MDRVs in liver and spleen tissues. The primer pair for amplifica-
tion of the p10.8-encoding gene is as follows: forward, 5-ATGGCTG
ATG CTTTTGAAGT-3’ (1-20); reverse, 5-TAGTTAGATCCCGAGAGC-3’
(271-288). The expected size of PCR products is 288 bp in length. The
tissue samples were analyzed using a flow cytometer (FACSCanto II,
BD). Histopathological lesions in the liver and spleen of France
Muscovy ducks were examined by HE staining. Tissue sections were
prepared as described previously (Wang et al., 2015b).

2.7. Isolation of the fractions of the cytosol and nucleus

To investigate the distribution of nucleoporin Tpr and p53 in the
nucleus and the cytoplasm in p10.8-transfected Vero cells, the fractions
of the cytosol and nucleus were isolated by using a CNM compartmental
protein extraction kit according to manufacturer’s protocol (BioChain
Inc., Hayward, USA). The procedures were performed as described
previously (Huang et al., 2015).

2.8. shRNA and siRNA

To explore the role of p53 in the regulation of apoptosis, Vero cells
at 75% confluence were transfected with gene-specific shRNAs tar-
geting p53, scrambled shRNA (29-mer non-effective scrambled pGFP-V-
RS vector), and pGFP-V-RS vector, respectively. The p53 shRNA and
scrambled shRNAs (TR30013) were obtained from OriGene Co.
(Rockville, USA) and constructed in the vector pGFP-V-RS (TR30007).
The p53 shRNA kit containing four different shRNA sequences, tar-
geting the p53 gene, was tested in Vero cells. The one resulting in the
most significant downregulation of p53 protein expression was chosen
and used in this study as described previously (Huang et al., 2015). For
Vero cells co-transfected pCI-neo-flag-p10.8 and p53 shRNAs, cells were
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transfected with the p53 shRNA plasmids for 6 h, followed by trans-
fection with the pCIl-neo-flag-p10.8 plasmid for 24 h. Whole cell lysates
were collected for Western blot analysis. To explore whether the MDRV
p10.8 protein induces apoptosis via the Fas signaling pathway, knock-
down of Fas with the Fas siRNA was carried out. The Fas siRNA was
purchased from Biomics Co. (Nantong, China). Vero cells transfected
with a Fas siRNA for 6 h, followed by transfection with pCI-neo-flag
(vector only) and pCI-neo-flag-p10.8 for 24 h post transfection. Whole
cell lysates were collected for Western blot analysis.

To explore whether the role of Cdc20, CCT2, and CCTS5 in the reg-
ulation of cell cycle and apoptosis, Vero cells at 75% confluence were
transfected with gene-specific shRNAs targeting the Cdc20, CCT2, and
CCT5 genes, respectively. Cdc20, CCT2 and CCT5 genes in the pLKO
vector were obtained from the RNAi core facility (Academia Sinica,
Taiwan). The shRNA sequences of Cdc20, CCT2, and CCT5 are as fol-
lows:

5’-AGACCAACCCATCACCTCAGT-3’ (accession number: NM_
001255), 5-TTATC GAGGAAGTCATGATTG-3’ (accession number:NM_
006431), and 5-GCTCCAAA GTGGTCAACAGTT-3’ (accession number:
NM_012073), respectively. Vero cells transfected with the respective
shRNA for 6 h, followed by transfection with pCI-neo-flag (vector only),
pCl-neo-flag-p10.8 or pCl-neo-flag-oC for 24 h post transfection, re-
spectively. Whole cell lysates were collected for Western blot analysis.

2.9. Co-immunoprecipitation assay

Experiments were initiated in serum-free medium for 2 h followed
by refreshing the medium containing 5% of FBS overnight once cell
confluency reached around 75%. To study whether the MDRV p10.8
and oC proteins interact with CDK2 or CDK4, co-immunoprecipitation
assays were carried out as described previously (Huang et al., 2015).
Immunoprecipitation was performed using the Catch and Release kit
(Upstate Biotechnology) according to the manufacturer's protocol.

2.10. Protein expression and purification of Trx-His-p10.8 and GST-CDK2
fusion proteins

To construct pGEX4T-1-CDK2 plasmid, the CDK2 gene of Vero cells
were amplified by RT-PCR using oligo dT and specific primer pairs
(Forward: 5'GCG GAATTCATGGAGAACTTCCAAAAGGTGGAAAAG3’,
235-262; reverse: 5’AA ACTCGAGTCAAAGTCCAAGATGGGGTACT
GGC’3, 1131-1110). The underline indicated the position of the re-
striction sites (EcoRI and Xho D) in the primers. The cDNA fragments
representing the full-length CDK2 gene were generated by RT-PCR from
total RNA of Vero cells. RT was performed using oligo dT primer as
described above. PCR consisted of 2 ul of cDNA (500 ng), 2 ul of dNTP
(2.5mM), 1yl of primer pairs, 0.5l of Pfu DNA polymerase (2.5 u),
5ul of 10x Pfu buffer, and deionized water to a final volume of 50 pl.
PCR amplification was performed under the following conditions: 95 °C
for 5min, 30 cycles of 95 °C for 1 min, 56 °C for 1 min, 72 °C for 1 min
followed by a final 10 min extension at 72 °C. Purified PCR products
were digested with the respective restriction enzymes and then in-
troduced into the corresponding sites in pGEX4T-1 vector (GE
Healthcare Life Sciences, UK). The recombinant plasmids were trans-
formed into E. coli BL21 (DE3). The transformed E. coli were grown in
Luria-Bertani (LB) broth with 100 ug/ml of ampicillin at 37 °C to an
optical density of 0.6 and then induced with 0.4 mM of IPTG for 5h at
28 °C. To further obtain soluble forms of GST-tagged fusion proteins,
cells were collected by centrifugation followed by resuspension in lysis
buffer [1x phosphate-buffered saline (PBS), 0.2 mM PMSF, 1% Triton X-
100, 0.5% Sodium lauroyl sarcosinate]. After sonication, cell suspen-
sions were centrifuged at 12, 000 x g for 20 min at 4 °C. Cell suspensions
were changed to 1x PBS with Amicon Ultra 0.5-ml 10k filters
(Millipore) by adding the same volume of 1x PBS at least five times. The
cells were collected by centrifugation and resuspended in pGEX4T-1
system lysis buffer (1x PBS, 1% Triton X-100, 0.2mM PMSF) and
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sonicated. Cell suspensions were then centrifuged at 12,000 xg for
20min at 4°C. Each supernatant was applied to a glutathione-
Sepharose 4B column (GE Healthcare Bio-Sciences). After washing
beads with 1 x PBS washing buffer, the GST fusion proteins were eluted
from the column with elution buffer (1x PBS, 10 mM reduced glu-
tathione).

For construction of the pET32a -p10.8 plasmid, the p10.8-encoding
gene of MDRV was amplified by RT-PCR using specific primers
(Forward: 5-GGGAATTC ATGGCTGATGCTTTTGAAGTCCACTAT-3’;
reverse: 5-~AGGCGGCCGCTTATC TAGTTAGATCCCGAGA-3’). The un-
derline indicated the position of the restriction sites (EcoRI and Not I) in
the primers. Viral RNA was extracted using the TIANamp Viral Total
Nucleic Acid Purification Kit (TIANamp) according to the manu-
facturer’s instructions. Reverse transcription contained 3 pl of extracted
RNA, 1l of primer (0.5 pg/ul), 2ul of PCR nucleotide mix (10 mM),
1 pl of GoScript™ reverse transcriptase, 4 ul of GoScript™ 5 X reaction
buffer, 2 ul of MgCl, (25 mM), 0.5l of recombinant RNasin ribonu-
clease inhibitor, and adjusted with nuclease-free water to a final volume
of 20 pl. The reaction was carried out at 42 °C for 15 min and 72 °C for
15min (Wang et al., 2015a). PCR was performed with 1 pl of cDNA,
0.5l of each primer, 1l of PCR mix, and 8 pl of ddH,0, in a total
volume of 20 ul. The PCR conditions for amplification were 95 °C for
5min; 35 cycles of 95°C for 30s, 55°C for 30s, and 72°C for 30s;
followed by 72 °C for 10 min. The products were electrophoresed on a
1% agarose gel. PCR products were purified using an agarose gel DNA
extraction kit (TIANamp). Purified PCR products were digested with
EcoRI and Notl, followed by ligation into the corresponding sites of
PET32a vector with T4DNA ligase at 16 °C for 10 h. The recombinant
plasmid was transformed into E. coli DH5a competent cells. Positive
clones were selected by blue-white screening. The recombinant plasmid
pET32a-p10.8 was identified by DNA sequencing. Colonies containing
positive clones were cultured at 37 °C for 12h, and the recombinant
plasmid was extracted and purified using a high purity plasmid ex-
traction kit (TIANamp). The correctness of this construct was assessed
by sequencing and by Western blot analysis with an anti-His antibody.
The recombinant plasmid was then transformed into E. coli BL21 (DE3).
The transformed E. coli cells were grown in Luria-Bertani (LB) broth
with 100 mg/ml of ampicillin at 37 °C to an optical density of 0.6 and
then induced with 0.4 mM of IPTG for 5 h at 28 °C. To purify His-tagged
p10.8 fusion protein, cells were harvested by centrifugation, followed
by resuspension in pET system lysis buffer (20 mM Tris-HCl pH 8.0,
300 mM NaCl, 0.2mM PMSF, 10% glycerol, 5mM imidazole) and so-
nicated. Cell suspensions were centrifuged at 12, 000 x g for 20 min at
4 °C. Each supernatant was applied to a nickel column. After washing
beads with 150 ml washing buffer, His-tagged p10.8 fusion protein was
eluted from the affinity column with elution buffer (20 mM Tris-HCl pH
8.0, 300 mM NaCl, 0.2 mM PMSF, 10% glycerol, 200 mM imidazole).
Finally, His-tagged p10.8 fusion protein was changed to PBS buffer with
Amicon Ultra 0.5-ml 10k filters (Millipore). Samples were stored at
—20 °C until use.

2.11. GST pull-down assay

The procedures of GST pull-down assay were described previously
(Chiu et al., 2018). Briefly, 1 ug of purified GST protein or GST-CDK2
was coupled to the glutathione-Sepharose 4B beads and incubated at
4°C overnight with 100ng of purified His-tagged p10.8 protein in
binding buffer (20 mM Tris-HCl, 25 mM NacCl, 10% glycerol, 1 mM DTT,
1 mM EDTA, 1 mM PMSF, and 10 pug/ml cocktail protease inhibitor).
The protein bound glutathione beads were then washed five times with
binding buffer and eluted with elution buffer (50 mM Tris-HCI, pH 8.0,
10 mM reduced glutathione). Elution fractions were boiled and ex-
amined by Western blot assay.
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2.12. RT-PCR was used to examine whether p10.8 and oC transcriptionally
regulates CDk4 and CDK2

To investigate whether CDk4 and CDK2 transcription were down-
regulated by p10.8, oC or Cdc20, the CDk4 and CDK2 mRNA levels in
pCl-neo-flag-p10.8 and pCI-neo-flag-oC transfected or Cdc20-depleted
Vero cells were compared with those in mock treated cells. The primer
pairs for amplification of the CDk4, CDK2, and GAPDH genes are as
follows: CDK2 (EHH20842): forward: 5-GGCCTAGCTTTCT GCCATT
CTC-3" (575-596); reverse, 5-AAACTCGAGTCAAAGTCCAAGATGGG
GTACTGGC-3’ (1131-1110). CDK4 (NM_001261347): forward, 5-GAT
TGGGCTG CCTCCAGAGG-3’ (862-881); reverse, 5’-TCTCAGTGTCCAG
AAGGGAA- 3’ (1087-1068). GAPDH (NM_002046): forward, 5-CACC
ACCATGGAGAAGGCTG GGGCTCA-3’(480-506); reverse, 5-GGCAGG
TTTCTCCAGACGGCAGGTCAG-3’ (933-907).The expected sizes of PCR
products of CDK2, CDK4, and GADPH are 557 bp, 226 bp, and 454 bp in
length, respectively. In semi-quantitative RT-PCR amplification of the
CDk4, CDK2, and GAPDH genes, Vero cells were transfected with pCI-
neo-flag-p10.8 and pCI-neo-flag-oC plasmids for 24 h, respectively. The
pCI-neo-flag-p10.8 and pCI-neo-flag-oC transfected cells were collected
at 24 h postinfection (hpi). To investigate whether Cdc20 plays a cri-
tical role in mediating pl10.8 and oC proteins of MDRV-mediated
transcriptional downregulation of CDK4 and CDK2, Vero cells were
transfected with a Cdc20 shRNA for 6 h, followed by transfection with
pCl-neo-flag-p10.8 or pCI-neo-flag-oC plasmid DNA for 24 h. Total
RNAs were extracted for semi-quantitative RT-PCR. After electro-
phoretic separation in an agarose gel, PCR products were stained with
ethidium bromide.

2.13. Cell lysates preparation and Western blot assays

All tested cell lines from 6-well-dish plates were transfected with the
pClI-neo-flag-p10.8- and pCI-neo-flag-oC plasmids for 24 h, respectively
and collected and lysed in lysis buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1%
sodium dodecyl sulfate (SDS) supplemented with complete protease
inhibitor cocktail (Roche, Switzerland). 30 ug of total protein lysates
from each treatment were quantified by a Bio-Rad protein assay (Bio-
Rad Laboratories, USA), separated in a 12% SDS-polyacrylamide gel
electrophoresis (PAGE) gel, and transferred to a PVDF membrane (GE
Healthcare Life Sciences). Expression of each individual protein was
examined using corresponding primary antibody and visualization by
horseradish peroxidase (HRP) conjugated secondary antibody. After
incubation with enhanced chemiluminescence (ECL plus) (Amersham/
Pharmacia, Bucks, UK), the membrane was exposed to X-ray films
(Kodak, Rochester, USA). The intensity of target proteins was calculated
using Photocapt (Vilber Lourmat, France).

2.14. Statistical analysis

Data from the level of MDRV-induced apoptosis were evaluated for
statistical significance and determined by Duncan's multiple range test
(DMRT) by using SPSS

software (version 20.0). P values less than 0.05 were considered to
be statistically significant.

3. Results
3.1. MDRYV p10.8-induced apoptosis in MDEF cells and duck tissues

Our previous study demonstrated that MDRV induces apoptosis in
DF-1 and Vero cell lines and causes histologic lesions in duck liver and
spleen (Wu et al., 2001; Wang et al., 2018a, b; Wang et al., 2019). In
this work, MDEF cells were infected with MDRV at multiplicity of in-
fection (MOI) of 2 or transfected with the pCI-neo-flag-p10.8 or pCI-
neo-flag-oC constructs for 24 h followed by flow cytometry analysis.
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Fig. 1. MDRYV induces apoptosis in MDEF cells and tissue cells. (A) MDEF cells infected with MDRV at an MOI of 2 were harvested at 24 h. Flow cytometry analysis of
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+

represents mean * SE of three independent experiments.

MDRV-infected and pCI-neo-flag-p10.8-transfected MDEF cells are sig-
nificantly higher than the mock-control cells (Fig. 1A). Having de-
monstrated that MDRV induces apoptosis in cultured cells, we next
wanted to investigate whether MDRV induces apoptosis in liver and
spleen. Histologic examination by HE staining of sick France Muscovy
duck tissue sections reveals necrotic lesions in the liver and spleen, as
report by Wu and colleagues (Wu et al., 2001). In this study, the p10.8-
encoding gene of MDRV in duck tissues was examined by RT-PCR
(Fig. 1B). Furthermore, MDRV-induced apoptosis in the duck liver and
spleen was observed as revealed by flow cytometry analysis, but not
mock-infected duck tissues (Fig.1C-1D). Apoptosis induction in MDRV-
infected liver and spleen tissues is significantly higher than the mock
infected ducks (Fig. 1C).Taken together, our results suggest MDRV-in-
duced apoptosis in both cultured cells and duck tissues.

3.2. MDRYV p10.8-induced apoptosis via suppression of nucleoporin Tpr and
activation of p53

Although we have shown previously that MDRV p10.8-induced
apoptosis through induction ER stress (Wang et al., 2018b, 2019), this
study further investigated whether other pathways are involved in
p10.8-induced apoptosis. Several reports have suggested that nucleo-
porin Tpr plays a role in nuclear protein export (Frosst et al., 2002;
Krull et al., 2004) and regulates p53 nuclear-cytoplasmic trafficking
(Funasaka et al., 2012; Huang et al., 2015). More recently, our team
demonstrated that the ARV p17 protein functions as a nucleoporin Tpr
suppressor that leads to p53 nuclear accumulation and consequently
activates p53, p21, and PTEN (Huang et al., 2015). In this work, time
course analysis of pCl-neo-p10.8- and pCI-neo-flag-oC-transfected Vero
cells revealed that pl10.8 was observed inside the nucleus 7h post
transfection and started to exit the nucleusl4h post transfection
(Fig. 2A). The presence of oC protein in the nucleus was not observed
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(Fig. 2B). To rule out the possibility that nuclear p10.8 staining was an
artifact of the immunofluorescence fixation conditions, its subcellular
distribution was determined by an alternative approach. p10.8- and oC-
transfected Vero cells were fractionated as indicated in the Material and
Method, and the resulting cytoplasmic and nuclear extracts were ex-
amined by Western blot assays. The reliability of the fractionating
method was evaluated by probing the blots with antibodies against
Flag, B-tublin, and the nuclear protein histone H2A. Nuclear localiza-
tion of p10.8 protein in Vero cells transfected with the pCI-neo-flag-
p10.8 plasmid for 24 h was observed (Fig. 2A). As shown in Fig. 2B, oC
protein was only detected in the cytoplasm. These data further confirm
that the MDRV p10.8 protein localizes in the nucleus in agreement with
a previous study (Guo et al., 2014). Since p10.8 localizes to the nucleus
(Fig. 2A), we next wanted to examine the levels of p-p53 and nucleo-
porin Tpr in the nuclear extract. Our results reveal that increased levels
of phosphorylated p53 were correlated with decreased levels of nu-
cleoporin Tpr in p10.8-transfected cells, as revealed by Western blot
assays (Fig. 2C-D), suggesting that nuclear import of p10.8 mediates
activation of p53 probably via suppression of nucleoporin Tpr. Our
finding is consistent with a recent report by Huang (Huang et al., 2015).
No change was observed in oC-transfected cells (Fig. 2C). Interestingly,
decreased levels of CDK4 and CDK2 were seen in pl10.8- and oC-
transfected cells (Fig. 2C).

Caspase 3 is a cysteine protease known to use PARP as a substrate in
vitro (Los et al., 2002). Caspase 3 is produced as a proenzyme that has
an apparent molecular size of 32kDa and is activated as a result of its
cleavage into two subunits, 12 KDa and 17 kDa, respectively (Lozano
et al., 2009). PARP, a 116-kDa enzyme implicated in DNA single-strand
damage repair, has been shown to be cleaved into two specific frag-
ments (85 and 23 kDa) during the onset of apoptosis (Herceg and Wang,
2001). To further confirm that p10.8 induces apoptosis through the
p53-dependent pathway, depletion of p53 was carried out. As shown in
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Fig. 2. The MDRV p10.8 protein localizes in the nucleus and induces the nucleoporin Tpr/p53 pathway to induce apoptosis. (A-B) Fluorescence microscopy analysis
of intracellular distribution of the MDRV p10.8 (A) and oC (B) proteins at indicated time points was shown. Vero cells were transfected with pCI-neo-flag-p10.8 and
pCI-neo-flag-oC plasmids, respectively. The cells were fixed with methanol and subsequently incubated with DAPI, with a mouse monoclonal antibody to flag.
Western blot analysis of the cytoplasmic and nucleoplasmic fractions obtained from the transfected cells (right panels) with the indicated antibodies. (C)
Upregulation of p53 and downregulation of nucleoporin Tpr by the MDRV p10.8 protein. To study whether p10.8 affects nucleoporin Tpr and p53, nuclear extracts
from mock control (cells alone), pCI-neo-flag (vector only) and pCI-neo-flag-p10.8-transfected cells were collected at 24 h post transfection for Western blot assays.
(D) To examine whether the MDRV p10.8 and oC proteins regulate p53, apoptosis and cell cycle, Vero cells transfected with mock control (cells alone), pCI-neo-flag
(vector only), pCI-neo-flag-p10.8, and pCI-neo-flag-oC-transfected cells were collected at 24 h post transfection for Western blot analysis. The levels of p-p53, p53,
cleaved PARP, cleaved caspase 3, CDK4, and CDK2 were examined. (E) To investigate whether the MDRV p10.8 protein regulates apoptosis via activation of p53,
depletion of p53 with the p53 shRNA was carried out. Vero cells transfected with mock control (cells alone), pCI-neo-flag (vector only), pCI-neo-flag-p10.8, and pCI-
neo-flag-p10.8/p53 shRNA were collected at 24 h post transfection for Western blot analysis. For cells co-transfected with pCI-neo-flag-p10.8 and p53 shRNA, Vero
cells were transfected with the p53 shRNA plasmids for 12 h, and then transfected with the pCI-neo-flag-p10.8 plasmid for 24 h. Whole cell lysates were collected for
Western blot analysis. Histone H2A was used as a loading control. The levels of p53 and cleaved PARP were examined. Either actin or histone H2A was used as
loading controls. The activation and inactivation folds indicated below each lane were normalized against those at mock or vector alone.
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Fig. 2E, the effect of p10.8 on the regulation of cleavage of caspase 3
and PARP was reversed partially in p53-knocked down cells, suggesting
that p10.8 induces apoptosis at least in part through the p53 pathway.
The finding is similar to the case of ARV oC-induced apoptosis (Shih
et al., 2004; Chulu et al., 2007; Lin et al., 2009b). Interestingly, de-
pletion of p53 did not reversed p10.8- or oC-mediated decreased levels
of CDK4 and CDK2, indicating that p53 is not involved in regulation of
CDK4 and CDK2 (Fig. 2E).

3.3. MDRYV p10.8-induced apoptosis through the Fas/caspase 8 pathway

Having shown that MDRV p10.8 induces apoptosis via activation of
p53, we next wanted to determine whether other upstream signaling
and eff ;ector caspases are activated. Apoptosis can be activated via
engagement of cell surface receptors such as the tumor necrosis factor
alpha receptor and Fas (Luo et al., 1998; Lin et al., 2009a) which in-
volves the FADD and subsequent activation of caspase 8 as well as re-
lease of cytochrome c from mitochondria into cytosol through the p53-
dependent pathway (Kroemer et al., 1998; Chulu et al., 2007). In this
work, increased levels of Fas, FADD, cleaved caspase 8, and cleaved
caspase 3 in pCI-neo-flag-p10.8-transfected Vero cells were observed, as
revealed by Western blot analysis (Fig. 3A). We detected significantly
greater levels of cleaved caspase 8 and caspase 3 in p10.8-transfected
cells as compared with mock infected cells 24 h post infection (Fig. 3A).
Furthermore, the effect of p10.8-mediated apoptosis could be partially
reversed by cells transfected with the Fas siRNA (Fig. 3B). Our results
suggest that p10.8 induces apoptosis at least in part through the Fas/
caspase 8 pathway. A model depicting MDRV p10.8-induced apoptosis
through activation of the nucleoporin Tpr/p53 and Fas/caspase 8/
caspase 3 pathways is shown in Fig. 3C.

A B
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pCl-neo - + - -
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3.4. p10.8 and oC proteins of MDRV mediate CDK4 and CDK2 degradation
via the ubiquitin-proteasome pathway

As shown in Fig. 2C, p10.8 and oC proteins downregulate CDK4 and
CDK2. We next wanted to explore the underlying mechanisms As shown
in Fig. 4A, we demonstrate that a dramatic reduction in the CDK2 and
CDK4 levels in pCIl-neo-flag-p10.8- and pCI-neo-flag-oC-transfected
Vero cells in a time-dependent manner. To investigate how MDRVp10.8
and oC down regulate CDK2 and CDK4, a proteasome inhibitor MG132
was used. In the presence of MG132, the levels of CDK2 or CDK4 in both
p10.8- and oC-transfected cells could be reversed (Fig. 4B), suggesting
that pl10.8 and oC proteins facilitate CDK4 and CDK2 protein de-
gradation via the ubiquitin-proteasome pathway. Since the levels of
CDK4 and CDK2 in p10.8- or oC-transfected cells could be reversed in
MG132-treated DF-1 cells, co-immunoprecipitation assays were carried
out to examine the amounts of ubiquitin binding to CDK4 and CDK2. As
shown in Fig. 4C-D, p10.8 and oC robustly enhanced ubiquitin tar-
geting to CDK4 or CDK2, suggesting that the MDRV p10.8 and oC
proteins mediate CDK4 and CDK2 degradation via the ubiquitin-pro-
teasome pathway. Since the ARV pl7 suppresses cell cycle CDKs and
cyclins by direct binding to these proteins and by downregulating CDKs
(Chiu et al., 2018), we also investigate whether p10.8 and oC suppress
CDK4 and CDK2 by direct binding to CDK4 or CDK2. Co-im-
munoprecipitation assays were performed to test this hypothesis. Our
results reveal that neither p10.8 nor oC interact with CDK2 or CDK4
(data not shown). To further confirm the result, an in vitro GST pull-
down assay was carried out. Consistent with the results of co-im-
munoprecipitation assays, we found that these viral proteins do not
interact with CDK2 (data not shown).

Having demonstrated that p10.8 and oC proteins of MDRV down-
regulate CDK4 and CDK2, we next wanted to study the phase in the cell
cycle at which p10.8 and oC proteins inhibit cellular proliferation in
Vero or DF-1 cells by flow cytometry. To assess the effect of these viral
proteins on the regulation of cell cycle progression, the schematic flow

C
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Fig. 3. MDRV p10.8-induced apoptosis mediated by the Fas pathway. (A) Vero cells were transfected with mock control (cells alone), pCI-neo-flag (Vector only) and
pCl-neo-flag-p10.8 plasmids, respectively for 24 h. The expression levels of Fas, caspase-8 and cleaved caspase-3 were examined by Western blot assays. 3-actin was
used as a loading control. (B) To investigate whether the MDRV p10.8 protein induces apoptosis via the Fas pathway, depletion of Fas with the Fas siRNA was carried
out. Vero cells transfected with mock control (cells alone), pCl-neo-flag (vector only), pCI-neo-flag-p10.8, and pCI-neo-flag-p10.8/Fas siRNA, respectively, were
collected at 24 h post transfection for Western blot analysis. For cells co-transfected with the pCl-neo-flag-p10.8 and Fas siRNA, Vero cells were transfected with the
Fas siRNA plasmids for 12 h, followed by transfection with the pCI-neo-flag-p10.8 plasmids for 24 h. Whole cell lysates were collected for Western blot assays. B-actin
was used as a loading control. The levels of Fas, FADD, cleaved caspase 8, and cleaved caspase 3 were examined. (C) A model depicting that the MDRV p10.8 protein
induces apoptosis via activation of the nucleoporin Tpr/p53 and Fas/caspase 8/caspase 3 pathways.
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Fig. 4. p10.8 and oC proteins of MDRV mediate CDK2 and CDK4 degradation via the ubiquitin-proteasome pathway. (A) Levels of CDK2 and CDK4 in pCI-neo-flag-
p10.8- and pClI-neo-flag-oC-transfected Vero cells were examined. Vero cells were collected at the indicated points, and whole cell lysates were harvested for Western
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software. The levels of indicated proteins in the mock control (0 h) were considered one fold. The protein levels were normalised to those for B-actin. The activation
fold indicated below each lane were normalized against values for the mock control (0 h). (B) The levels of CDK2 and CDK4 were examined in Vero cells without
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indicated proteins in the mock control of untreated and treated groups were considered one fold. Protein levels were normalised to those for B-actin. The activation
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served as loading controls.

chart shown in Fig. 5A depicts the steps of GO/G1 cell synchronization
and sample collection. Vero cells require 15h to complete a round of
cell cycle while p10.8- and oC-transfected Vero cells need 24 h to
complete the cell cycle (Fig. 5B). Our results reveal that both p10.8 and
oC proteins result in cell cycle retardation (Fig. 5B) as compared to
mock groups (cells alone and vector only). Representative cell cycle
profiles of Vero cells transfected by p10.8 or oC are shown in Fig. 5B. A
similar trend to Vero cells was seen in DF-1 cells.

3.5. Cdc20 plays a critical role in mediating p10.8 and oC proteins of
MDRV-mediated CDK4 degradation

Having demonstrated that the p10.8 and oC proteins of MDRYV fa-
cilitate CDK2 and CDK4 degradation via the ubiquitin-proteasome
pathway, we next wanted to explore whether any host factor(s) regulate
CDK4 and CDK2 degradation. We found that depletion of Cdc20 re-
versed the p10.8- and oC-mediated CDK4 degradation and p10.8-in-
duced increased level of cleaved caspase 3 (Fig. 6A), suggesting that
Cdc20 plays a critical role in mediating CDK4 degradation and p10.8-
induced apoptosis. To examine whether CDk4 and CDK2 transcription
were down-regulated by p10.8 or oC, the CDk4 and CDK2 mRNA levels
in pCI-neo-flag-p10.8 and pClI-neo-flag-oC transfected were examined
by RT-PCR. As shown in Fig. 6B, no change was observed in p10.8- or
oC-transfected cells. Furthermore, mRNA levels of CDk4 and CDK2 in

Cdc 20-depleted Vero cells were also not altered (Fig. 6B, lane 6). These
results suggest that CDk4 and CDK2 are not transcriptionally down-
regulated by p10.8, oC, or Cdc20.

To further confirm whether Cdc20 facilitates MDRV p10.8- and oC-
mediated CDK4 degradation, co-immunoprecipitation assays were car-
ried out. Our results reveal that increased amounts of ubiquitin binding
to CDK4 or CDK2 in pCI-neo-flag-p10.8- and pCl-neo-flag-oC-trans-
fected Vero cells were observed (Fig. 6C-D). Depletion of Cdc20 re-
versed the pl0.8- and oC-mediated ubiquitin binding to CDK4, sug-
gesting that Cdc20 plays a critical role in mediating CDK4 degradation,
but not CDK2. A model depicting that Cdc20 regulates p10.8 and oC
proteins of MDRV-mediated CDK4 degradation is shown in Fig. 6E.

3.6. Molecular chaperone CCT2 and CCTS5 plays a critical role in stabilizing
Cdc20

In this study, depletion of molecular chaperone CCT2 and CCT5
reduced the level of Cdc20 (Fig. 7A-B), indicating that CCT2 and CCT5
is required for stabilization of Ccd20. Furthermore, depletion of mole-
cular chaperone CCT2 and CCT5 reversed pl0.8- and oC-mediated
CDK4 degradation and p10.8-induced apoptosis (Fig. 7A-B), indicating
that molecular chaperone CCT2 and CCTS5 stabilize Ccd20 for mediating
p10.8- and oC-induced cell cycle arrest and p10.8-induced apoptosis.
This study provides novel insights into how p10.8 induces both cell
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Fig. 5. Flow cytometry analysis of p10.8- and oC-mediated cell cycle retardation. (A) To assess the effect of these viral proteins on the regulation of cell cycle
progression, the schematic flow chart depicts the steps of GO/G1 and G2/M cell synchronization and sample collection. (B) Representative cell cycle profiles of Vero

cells transfected by p10.8 or oC are shown.

cycle arrest and apoptosis.
4. Discussion

The molecular mechanisms underlying MDRV-host interaction re-
main largely unknown and little information is available on the biolo-
gical function of viral proteins. To explore the biological function of
p10.8 and oC proteins encoded by the MDRV S4 genome segment, our
team has undertaken a comprehensive study to investigate the roles of
p10.8 and oC in mediating apoptosis and cell cycle. This study offers
novel insights into how p10.8 and oC proteins mediate MDRV-induced
apoptosis and G1/S cell cycle arrest. The MDRV p10.8 is a non-struc-
tural protein that differs from the ARV p10 protein in their biological
function (Shmulevitz et al., 2004; Liu et al., 2008). Sequence analysis
indicates that these non-structural proteins share low amino acid se-
quence identity. The ARV pl0 is a membrane fusion protein, inducing
cell-cell fusion (Shmulevitz et al., 2004; Liu et al., 2008) while our
previous and current studies demonstrates that the MDRV p10.8 protein
modulates apoptosis and G1/S cell cycle arrest (Wang et al., 2018b,
2019). Like the non-structural p17 protein of ARV (Costas et al., 2005),
the non-structural p10.8 protein of MDRV is also a nuclear targeting
protein and plays important roles in regulating virus-host interaction.
Recent studies demonstrated a novel function for the ARV pl7 protein

whereby it acts as a Tpr suppressor and thus causing p53 and p21 nu-
clear accumulation and affecting cell cycle and host cellular translation
(Liu et al., 2005; Huang et al., 2015; Chiu et al., 2016, 2018). This study
identifies the MDRV p10.8 and oC proteins as new players in mediating
CDK4 and CDK2 degradation via the ubiquitin-proteasome pathway,
leading to cell cycle retardation.

Growing evidence shows that viral infection and viral protein ex-
pression causes cell cycle arrest to create a favorable environment for
viral replication (Goh et al., 1998; Zhao and Elder, 2005; Li et al., 2009;
Huang et al., 2015; Chiu et al., 2016, 2018). Thus, understanding of the
molecular mechanisms underlying MDRV p10.8 and oC proteins-in-
duced cell cycle arrest and apoptosis will provide insights into the
biological significance of this effect during MDRV-host interactions. We
show for the first time that the MDRV p10.8 protein targeting to the
nucleus affects the nucleoporin Tpr/p53 pathway, leading to apoptosis.
It was demonstrated that ARV pl7-mediated cell cycle retardation in
replication-activated cells allow the virus to access the host replication
machinery without competing with cellular DNA replication, thereby
enhancing virus replication (Chiu et al., 2016, 2018). Our recent study
suggested that MDRV-induced apoptosis increases viral protein synth-
esis (Wang et al., 2019). Thus, the MDRV p10.8- and oC-induced cell
cycle arrest to induce apoptosis may benefit virus replication. Apoptosis
plays an important role in pathogenesis of many viral infections.
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Fig. 6. Cdc20 plays a critical role in mediating p10.8 and oC proteins of MDRV-mediated CDK4 degradation. (A) To explore whether Cdc20 plays a critical role in
mediating p10.8 and oC proteins of MDRV-mediated downregulation of CDK4 and CDK2, Vero cells were transfected with a Cdc 20 shRNA for 6 h, followed by
transfection with pCI-neo-flag-p10.8 or pCI-neo-flag-oC plasmid DNA for 24 h. Levels of Cdc20, CDK4, CDK2, and cleaved caspase 3 in pCl-neo-flag-p10.8 or pCI-neo-
flag-oC-transfected cells were examined. Signals in all Western blots were quantified with Image J software. The levels of indicated proteins in the mock control were
considered one fold. The protein levels were normalised to those for B-actin. The activation fold indicated below each lane were normalized against values for the
mock control. (B) To examine whether Cdc20 downregulates the CDK4 and CDK2 transcription in pCI-neo-flag-p10.8- or pCI-neo-flag-oC-transfected Vero cells,
mRNA levels of CDK4 and CDK2 analyzed and compared with those in mock treated cells. In semi-quantitative RT-PCR, total RNAs were extracted for semi-
quantitative RT-PCR. After electrophoretic separation in an agarose gel, PCR products were stained with ethidium bromide. (C-D) Co-immunoprecipitation assays
examined the amount of the amounts of ubiquitin binding to CDK2 or CDK4 in pCI-neo-flag-p10.8- and pCI-neo-flag-oC-transfected cells. Vero cells were transfected
with a.

Cdc20 shRNA for 6 h, followed by transfection with pCI-neo-flag-p10.8 or pCI-neo-flag-oC plasmid DNA for 24 h. Rabbit IgG served as a negative control. Ten percent
input of cell lysates served as loading controls. (E) A model depicting that Cdc20 mediates p10.8 and oC proteins of MDRV-mediated CDK4 degradation.

Understanding the molecular basis for MDRV-host interaction and for
MDRV-induced apoptosis can shed light on normal cellular events and
on the specific ways that MDRV gains control over its hosts. Several
viruses initiate apoptosis via both receptor and mitochondria-mediated
caspase-dependent pathways (Kominsky et al., 2002; Chipuk and
Green, 2005; Lin et al., 2009a). Our previous study has shown that the
MDRYV p10.8 induces endoplasmic reticulum stress to induce cell cycle
arrest and apoptosis, benefiting viral protein synthesis (Wang et al.,
2018b, 2019). This study further demonstrates that apoptosis induction
by the MDRV p10.8 protein requires both the nucleoporin Tpr/p53 and
Fas/caspase 8 pathways. Our findings suggest that MDRV induces
apoptosis through caspase-mediated pathway, including activation of

and spleen of MDRV-infected ducks. These findings suggest that a
correlation between apoptosis and virus replication and tissue injure.
This notion can be supported by previous studies (Chulu et al., 2007;
Lin et al., 2007). More recently, Rodriguez-Grille and colleagues de-
monstrated that ARV-induced apoptosis could enhance both virus
spreading and the processing of the viral non-structural muNS protein
(Rodriguez-Grille et al., 2014).

This study provides evidence demonstrating that the MDRV p10.8
protein is one of many viral non-structural proteins, inducing both cell
cycle arrest and apoptosis. A numbers of viruses, including MRV o1s,
human immunodeficiency virus (HIV) Vpr, and adenovirus E4orf4
proteins (He et al., 1995; Lavoie et al., 1998; Marcellus et al., 1998;

caspases 8 and 3 and cleavage of PARP.

The significance of apoptosis in the pathogenesis of mammalian
reovirus (MRV)-induced tissue injure have been documented (Clarke
and Tyler, 2003; O’Donnell et al., 2005; Lin et al., 2007; Clarke et al.,
2009). MRV-induced cell death has been directly associated with
myocarditis and lethal encephalitis in infected mice (Clarke and Tyler,
2003; O’Donnell et al., 2005; Clarke et al., 2009). In addition to indu-
cing apoptosis in a variety of cell lines (Labrada et al., 2002; Shih et al.,
2004), ARV-induced cell death was also detected in chicken tissues (Lin
et al., 2007). It is of great importance to elucidate the pathogenesis of
MDRV-induced apoptosis and to propose efficient ways for prevention
and control of MDRYV infection. Our results reveal that MDRV causes
necrotic lesions (Wang et al., 2001) and induces apoptosis in the liver
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Boehme et al., 2013; Murakami and Aida, 2014) cause both effects,
whereas other viral non-structural proteins, such as influenza virus
PB1-F2, Bunyaviral NSs protein (Colén-Ramos et al., 2003; Zamarin
et al., 2005), ARV sigma C protein (Shih et al., 2004; Lin et al., 2006,
2010), ARV pl7 protein (Chiu et al., 2018) directly induce either
apoptosis or cell cycle arrest. Although our results indicate that p10.8
protein mediates both cell cycle arrest and apoptosis, it is not known
how these effects are functionally associated until this work. Many
viruses have been demonstrated to trigger cellular pathways that are
activated by DNA damage or replication stress (Lin et al., 2011;
Chaurushiya and Weitzman, 2009; Baer et al., 2012; Turnell and Grand,
2012) while other viruses use different strategies to cause cell cycle
arrest and apoptosis by suppressing the activities of cell cycle control
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factors (He et al., 1995; Kitay and Rowe, 1996; Zafrullah et al., 1997;
Fournier et al., 1999; Ye et al., 1999; Kornitzer et al., 2001; Poggioli
et al., 2001; Heilman et al., 2005; Kim et al., 2008; Huang et al., 2015;
Chiu et al., 2016, 2018) or by indirectly elicit cell cycle arrest and
apoptosis by disrupting a vital cellular process that causes cell stress
(Hoyt et al., 2004; Manju et al., 2006). This study demonstrates that the
p10.8 and oC proteins of MDRV facilitate CDK2 and CDK4 degradation
via the ubiquitin-proteasome pathway. We demonstrate for the first
time that Cdc20 plays a critical role in modulating p10.8- and oC-
mediated cell cycle and apoptosis. Furthermore, we demonstrate that
molecular chaperone CCT2 and CCT5 are required for stabilization of
Ccd20 for mediating both cell cycle arrest and apoptosis. This study
provides a novel insight into how p10.8 induces both cell cycle arrest
and apoptosis. MDRVs appear to have evolved strategies that alter the
physiology of host cells during infection that may benefit virus re-
plication and is related to MDRV-caused necrotic lesions in liver and
spleen. Determining how p10.8 and oC proteins modulate host cell
cycle progression and apoptosis will enhance understanding of the
molecular and cellular basis for MDRV-host interaction and pathogen-
esis of MDRV. Proposed models illustrating the mechanisms underlying
p10.8- and oC-mediated the cell cycle and apoptosis are shown in
Figs. 3C and 6 E.
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