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Abstract
The p17 protein of avian reovirus (ARV) causes cell cycle retardation in a variety of cell

lines; however, the underlying mechanism(s) by which p17 regulates the cell cycle remains

largely unknown. We demonstrate for the first time that p17 interacts with CDK1 and vimen-

tin as revealed by reciprocal co-immunoprecipitation and GST pull-down assays. Both in
vitro and in vivo studies indicated that direct interaction of p17 and CDK1/vimentin was

mapped within the amino terminus (aa 1–60) of p17 and central region (aa 27–118) of

CDK1/vimentin. Furthermore, p17 was found to occupy the Plk1-binding site within the

vimentin, thereby blocking Plk1 recruitment to CDK1-induced vimentin phosphorylation at

Ser 56. Interaction of p17 to CDK1 or vimentin interferes with CDK1-catalyzed phosphoryla-

tion of vimentin at Ser 56 and subsequently vimentin phosphorylation at Ser 82 by Plk1. Fur-

thermore, we have identified upstream signaling pathways and cellular factor(s) targeted by

p17 and found that p17 regulates inhibitory phosphorylation of CDK1 and blocks vimentin

phosphorylation at Ser 56 and Ser 82. The p17-mediated inactivation of CDK1 is dependent

on several mechanisms, which include direct interaction with CDK1, p17-mediated suppres-

sion of Plk1 by activating the Tpr/p53 and ATM/Chk1/PP2A pathways, and p17-mediated

cdc25C degradation via an ubiquitin- proteasome pathway. Additionally, depletion of p53

with a shRNA as well as inhibition of ATM and vimentin by inhibitors diminished virus yield

while Tpr and CDK1 knockdown increased virus yield. Taken together, results demonstrate

that p17 suppresses both CDK1 and Plk1functions, disrupts vimentin phosphorylation,

causes G2/M cell cycle arrest and thus benefits virus replication.
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Introduction
A well-characterized regulatory mechanism involves the phosphorylation and activation of
phosphatase CDC25, which consequently dephosphorylates and activates CDK1 leading to
cell entry into mitosis. During the normal cell cycle stages, cyclin B1 accumulates in the S
and G2 phases to form an inactive mitosis-promoting factor (MPF) with CDK1 [1]. Dephos-
phorylation of CDK1at T14/Y15 sites eventually activates the CDK1/cyclin B1 complex [2].
Polo-like kinase 1 (Plk1) is a serine/threonine protein kinase and acts as an important regu-
lator of several events during mitosis, especially in regulating mitotic entry and exit. Activa-
tion of the anaphase-promoting complex (APC) by Plk1 initiates anaphase and exit from
mitosis [3]. To initiate mitosis, Plk1 is essential for CDC25C phosphorylation and mitotic
cyclin at the G2/M boundary [4]. It has been suggested that depletion of Plk1 diminished
vimentin-Ser 82 phosphorylation in mitosis, indicating that Plk1 regulates the mitotic eleva-
tion of vimentin-Ser82 phosphorylation [5]. The major antagonist of CDK1-cyclin B1 activ-
ity in mitosis is protein phosphatase 2A (PP2A) with a B55 regulatory subunit. A minimum
PP2A-B55 activity is required at the mitotic entry to allow the phosphorylation of CDK1
substrates. It was discovered that inhibition of PP2A-B55 at mitotic entry is controlled by
Greatwall kinase [6]. Plk1 is also involved in the restart of the cell cycle after DNA replica-
tion [7].

Nucleoporin Tpr is a 267 kDa protein that is a component of the nuclear pore complex
(NPC) which localizes at intranuclear filaments or nuclear baskets [8]. This protein has been
suggested to play a role in regulating nucleocytoplasmic transport of p53 [9]. More recent
reports have suggested that Tpr depletion induces nuclear accumulation of p53 [9, 10]. The
p53 is a well-known tumor suppressor protein and induces DNA damage in response to a
variety of cellular stresses. Cumulatively, these activities result in the occurrence of apoptosis
or cell cycle arrest at the G1/S and G2/M boundaries. In addition, p53 represses the expres-
sion of many genes required for cell survival and cell cycle progression. The report by
McKenzie et al. demonstrated that p53 inhibits Plk1 gene expression by binding to its pro-
moter region [11]. The Plk1 is a critical mediator of the G2/M cell cycle transition that is
inactivated and depleted as part of the DNA damage-induced G2/M checkpoint. In normal
conditions, Myt-1 would be phosphorylated by Plk1 and inactivated. Vimentin is the most
abundant intermediate filament (IF) protein and is essential component of the cytoskeletal
networks, together with actin filaments and microtubules [12]. The study by Yamaguchi
et al. has advanced our further understanding of CDK1-induced vimentin-Ser 56 and Plk-
induced vimentin-Ser 82 phosphorylation [5]. Plk1-induced phosphorylation of vimentin at
Ser 82 is elevated from the metaphase of the cell cycle and maintained until the end of mitosis
[1, 5].

Avian reovirus (ARV) contains 10 double-stranded RNA genome segments which are
enclosed in a double protein capsid shell [13]. These ARV genome segments have been found
to encode at least ten structural proteins and four nonstructural proteins. It was demon-
strated by Huang and colleagues that ARVs enter host cells via the binding of σC to host
receptor(s) and subsequently through caveolin 1-mediated endocytosis [14]. The S1 genome
segment of ARV contains three open reading frames that are translated into p10, p17, and σC
proteins, respectively [15]. The p17 protein is a 146-amino acid protein that continuously
shuttles between the nucleus and the cytoplasm [16], making it available to participate in cel-
lular processes such as DNA binding, gene transcription, and cell growth regulation. We
have recently reported that p17 protein plays crucial roles in regulating the cell cycle, host
protein translation, and autophagy [10, 17–19]. The p17 protein has been shown to cause cell
cycle retardation in a variety of cell lines, partially via activation of the p53 pathway [17].
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However, the precise mechanism(s) by which p17 regulates the cell cycle is not yet well
understood. In this study, we have focused on the question of whether and how p17 regulates
the G2/M phase of the cell cycle. Here, we report a novel function of p17 as a negative regula-
tor of both CDK1 and Plk1. Molecular investigations revealed that p17 regulate the CDK1/
Plk1-mediated inhibition of vimentin phosphorylation at Ser 56 and Ser 82 and thus results
in the G2/M cell cycle arrest and benefits virus replication. Findings presented in this study
have advanced our understanding on the p17-mediated suppression of both CDK1 and Plk1,
and simultaneously activation of multiple signaling pathways. Moreover, p17 appeared to
facilitate virus replication via induction of cell cycle arrest and cellular translation shutoff
[10, 17, 18] and thus diverting the cellular machinery required for normal cell-cycling pro-
cesses for virus replication.

Materials and Methods

Chemicals and Antibodies
Caffeine, an ATM kinase specific inhibitor, okadaic acid for inhibiting PP2A, 3,3’-iminodipro-
pionitrile (IDPN) for vimentin disruption, and propidium iodide (PI) for cell staining were
purchased from Sigma-Aldrich (St. Louis, USA). Proteasome inhibitor MG132 was from Cal-
biochem (San Diego, USA). Etoposide was used to stimulate DNA damage, while nocodazole
was used to arrest cells in M phase. These chemicals were from EMD Biosciences, Inc. (San
Diego, USA). The p17 monoclonal antibodies were produced previously by our laboratory.
Rabbit anti-p-ATM (Ser 1981), rabbit anti-ATM, mouse anti-Chk1, mouse anti-p-Chk1,
mouse anti-Chk2, mouse anti-p-Chk2, rabbit anti-CDC25C, mouse anti-CDK1, rabbit anti-p-
vimentin (Ser 56), rabbit anti-p-vimentin (Ser 82), rabbit anti-vimentin, rabbit anti-p-p53 (Ser
15), rabbit anti-p53, rabbit anti-p-Plk1 (T210), rabbit anti-Plk1, rabbit anti-Myt1 were from
Cell Signaling Technology (Danvers, USA). Rabbit anti-beta-actin antibody was fromMillipore
(Billerica, MA). Rabbit anti-p-CDC25C (Ser 216), rabbit anti-p-CDK1 (T14 and Y15), rabbit
anti-nucleoporin Tpr, rabbit anti-p-p21 (T145), rabbit anti-p21 were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Rabbit anti-p-Myt1 (T495) antibody was from Sigma-Aldrich.
Anti-mouse IgG (H+L) and anti-rabbit IgG (H+L) antibodies were purchased from Kirkegard
& Perry Laboratories (Washington, DC., USA).

Virus and Cell Lines
The S1133 strain of ARV was originally adopted in immortalized chicken embryo fibroblast
(DF-1) cells. Both DF-1 and Vero cells were used and maintained in minimum essential
medium supplemented with 10% fetal bovine serum (FBS), penicillin, and streptomycin at
37°C in a 5% CO2 humidified incubator. Cells were seeded 1 day before each experiment in
6-well plates with 5×105 cells and grown at 37°C in a 5% CO2 humidified incubator.

shRNA Constructs
To explore the role of Tpr, p53, and CDK1 in the regulation of mitosis and virus replication,
Vero or DF-1 cells at 75% confluence were transfected with gene-specific shRNAs targeting
Tpr, p53, CDK1, scrambled shRNA (29-mer non-effective scrambled pGFP-V-RS vector), and
pGFP-V-RS vector, respectively. All the shRNAs and scrambled shRNAs (TR30013) were
obtained from OriGene Co. (Rockville, USA) and constructed in the vector pGFP-V-RS
(TR30007). Each shRNA kit containing four different shRNA sequences, targeting the respec-
tive genes, was tested in Vero cells. The one resulting in the most significant down regulation
of respective protein expression was chosen and used in this study (Table 1).
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Synthetic Peptide
To define the interaction domain of vimentin with p17, we performed in vitro binding assays
using a synthetic peptide and purified GST-p17 fusion protein. The synthetic peptide vimentin
(aa 45–65) (His6-RPSTSRSLYASSPGGVYATRS) was synthesized by Bio Basic Inc (Markham,
Canada).

Plasmid Construction and Co-immunoprecipitation Assays
The pcDNA3.1vector containing the p17 gene of ARV has been described previously [10, 19].
To study the region of p17 protein involved in the interaction with CDK1 and vimentin, a
series of Flag-tagged p17 deleted fragments were constructed into pcDNA3.1 vector and con-
firmed by DNA sequencing. Experiments were initiated in serum-free medium for 2 hours fol-
lowed by refreshing the medium containing 5% of FBS overnight once cell confluency reached
around 75%. To investigate whether p17 interacts with CDK1 or vimentin and whether p17
affects CDK1-vimentin or Plk1-vimentin interactions, co-immunoprecipitation assays were
carried out as described previously [10]. Immunoprecipitation was performed using the Catch
and Release kit (Upstate Biotechnology) according to the manufacturer's protocol.

Expression and Purification of Fusion Proteins
The p17 and p17-(1–60)-truncated gene of ARV as well as the cellular genes for CDK1, cyclin
B1, vimentin, and vimentin-(1–90) genes were amplified from RNA extracted from Vero cells
using PCR Primers are shown in Table 2. The amplified PCR products were cut with respective
restriction enzymes and then introduced into the corresponding sites in either pET32a (Nova-
gen, USA) or pGEX4T-1 (GE Healthcare Life Sciences, United Kingdom) vectors. Constructs
were confirmed by DNA sequencing. 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
ug/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 obtain soluble forms of GST-tagged p17, CDK1, cyclin B1, vimentin, and
vimentin-(1–90) fusion proteins, cells were harvested by centrifugation followed by resuspen-
sion in lysis buffer (1x PBS, 0.2 mM PMSF, 1% Triton X-100, 0.5% Sodium lauroyl sarcosinate).
After sonication, cell suspensions were centrifuged at 12,000 x g for 20 min at 4°C. Each super-
natant was 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 supernatant was applied to a glutathione-Sephar-
ose 4B beads 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 glutathione). In His-tagged p17 fusion proteins, cells were harvested by centrifuga-
tion, followed by resuspension in pET system lysis buffer (20 mM Tris-HCl pH 8.0, 300 mM
NaCl, 0.2 mM PMSF, 10% glycerol, 5 mM imidazole) and sonicated. Cell suspensions were cen-
trifuged at 12,000 x g for 20 minutes at 4°C. The supernatant was applied to a nickel column.

Table 1. shRNAs used in this study.

Target gene Cat. no tube ID Sequence (5’-3’) Cell lines

Tpr TG308677 GI334702 CTCAAGATTCCATTGGAGAAGGAGTTACC Vero

Tpr TG308677 GI334704 GGTGAAGATAGTAATGAAGGAACTGGTAG DF-1

CDK1 TG320288 GI378373 AAACTACAGGTCAAGTGGTAGCCATGAAA Vero

p53 TG320558 GI379451 CTCAGACTGACATTCTCCACTTCTTGTTC Vero

p53 TG320558 GI379448 CAGCCAAGTCTGTGACTTGCACGTACTCC DF-1

doi:10.1371/journal.pone.0162356.t001
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After washing beads with 150 ml washing buffer, the TrxA-His-tagged p17 fusion protein was
eluted from the affinity column with elution buffer (20 mM Tris-HCl pH 8.0, 300 mMNaCl, 0.2
mM PMSF, 10% glycerol, 200 mM imidazole). Finally, His-tagged p17 or truncated p17 fusion
proteins as well as GST-tagged fusion proteins were changed to 1x PBS and filtered through
Amicon Ultra 0.5-ml filters (Millipore). Samples were stored at -80°C freezer until further use.

GST Pull-down Assays
To perform in vitro GST pull-down assays using His-tagged p17, p17(1–60), GST-tagged
CDK1, vimentin, and vimentin (1–90), 1 ug purified GST protein or GST fusion proteins
(GST-CDK1, GST-vimentin, and GST- vimentin-1-90) were coupled to the glutathione-
Sepharose 4B beads and incubated at 4°C overnight with 100 ng of purified TrxA-His-p17 or
TrxA-His-p17-(1–60) fusion protein in binding buffer (20 mM Tris-HCl, 25 mM NaCl, 10%
glycerol, 1 mMDTT, 1 mM EDTA, 1 mM PMSF, and 10 μg/ml cocktail protease inhibitor).
The protein bound glutathione beads were then washed five times with binding buffer and

Table 2. Primers used in co-immunoprecipitation for amplification of the respective targeted genes.

Gene Sequence (50-30)* Location Expected size
(bp)

p17a F: CGGAATTCATGCAATGGCTCCGCCATACGA (EcoRI)
R: GCTCTAGATCATAGATCGGCGTCAAATCGC (XbaI)

293–314 733–712 441

p17(1–118)a F: CGGAATTCACAATGCAATGGCTCCGCCATACG (EcoRI)
R: AAACTCGAGTCAGGATTGAGACCCGCCATCCCAATG (XhoI)

293–313 646–623 357

p17(27–146)a F: CGGAATTCACAATGGCATCATTTACTGCTATAAC (EcoRI)
R: AACTCGAGTCATAGATCGGCGTCAAATCGCC (XhoI)

371–390 733–711 363

p17(27–118)a F: CGGAATTCACAATGGCATCATTTACTGCTATAAC (EcoRI)
R: AAACTCGAGTCAGGATTGAGACCCGCCATCCCAATG (XhoI)

371–390 646–623 279

p17(1–60)a F: CGGAATTCACAATGCAATGGCTCCGCCATACG (EcoRI)
R: GCCTCGAGTCAAGATAACAGAGTAGG (XhoI)

293–313 473–459 183

p17(61–146) a F: CAGAATTCATGCAACCTTGTAG (EcoRI)
R: AACTCGAGTCATAGATCGGCGTCAAATCGCC (XhoI)

476–486 733–711 261

p17b F: CCCAAGCTTATGCAATGGCTCCGCCATACGA (HindIII)
R: CCGCTCGAGTCATAGATCGGCGTCAAATCGC (XhoI)

293–314 733–712 441

p17(1–60)b F: CGGAATTCACAATGCAATGGCTCCGCCATACG (EcoRI)
R: GCCTCGAGTCAAGATAACAGAGTAGG (XhoI)

293–313 473–459 183

p17 c F: CCCGAATTCATGCAATGGCTCCGCCATACGA (EcoRI)
R: CCGCTCGAGTCATAGATCGGCGTCAAATCGC (XhoI)

293–314 733–712 441

CDK1 c F: GGGGGATCCATGGAAGATTATACCAAAATAGAG (BamHI)
R: GGCTCGAGCTACATCTTCTTAATCTGATTGTC (XhoI)

42–65 935–912 894

Cyclin B1 c F: GAAGAATCCATGGCGCTCCGAGTCACCAGGACC (BamHI)
R: GGCTCGAGTTACACCTTTGCCACAGCCTTGGC (XhoI)

171–194 1472–1449 1302

Vimentin c F: CGGAATTCATGACCACCAGGTCCGTGTCCTCGTCC (EcoRI)
R: GCGGCCGCTTATTCAAGGTCATCGTGATGCTGAG (NotI)

318–344 1712–1687 1395

vimentin (1–90) c F: CGGAATTCATGACCACCAGGTCCGTGTCCTCGTCC (EcoRI)
R: AACTCGAGTCAGTCGGCCAGCGAGAAGTCCACCG (XhoI)

318–344 587–562 270

F: forward; R: reverse;

*:Uderlines indicate the restriction sites designed in the indicated primers
a: pcDNA3.1-flag (flag-tagged);
b: pET32a (His-tagged);
c: pGEX4T-1 (GST-tagged).

doi:10.1371/journal.pone.0162356.t002
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eluted with elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM reduced glutathione). Elution frac-
tions were boiled and examined by Western blot assays.

In Vitro Kinase Assays
To investigate the possibility that the interaction of p17 and CDK1 results in the inhibition of
CDK1 kinase activity and vimentin phosphorylation at Ser 56, an in vitro kinase assay was per-
formed using vimentin as a substrate [20]. GST-vimentin (2 μM) was incubated with purified
GST-cyclin B1 (10 nM) and GST-CDK1 (10 nM) as well as purified TrxA-His-p17 or TrxA--
His-p17-(1–60) proteins at 37°Cfor 30 min in cold kinase buffer (25 mMHepes, pH 7.4, 25
mM β-glycerophosphate, pH 7.4, 25 mMMgCl2, 0.1 mMNa3VO4, 0.5 mMDTT) that con-
tained 40 μMATP in a final volume of 25 μl. Both TrxA-His-p17-(1–60) and BSA were used as
negative controls. The phosphorylated levels of vimentin were analyzed by Western blotting
with an anti-vimentin (Ser 56) antibody.

G0/G1 and G2/M Cell Synchronization
To assess the effect of ARV p17 protein on the regulation of cell cycle progression, DF-1 and
Vero cells were G0/G1 phase synchronized using serum deprivation by maintenance of the
cells in either DMEM containing no FBS (for Vero cells) or 5% FBS (for DF-1 cells) supple-
mentation for 72 h. Cells were transfected for 18 h with constructs (p17 and vector only) after
serum deprivation for 54 h. Cells were washed three times with PBS and fixed in PBS contain-
ing 70% ethanol at -20°C. Cells were then treated with 50 μg/ml RNase and stained with 1μg/
ml propidium iodide for 30 min at 4°C in the dark. The samples were immediately analyzed
using a flow cytometer (FACSCanto II, BD). The percentage of cells in each phase of the cell
cycle was analyzed by BD FACSDiva™ Software. G2/M phase synchronization was performed
during incubation of the cells in maintenance medium, which was supplemented with etopo-
side or nocodazole for 24 h. The percentage of cells in the G2/M phase of the cell cycle was
analyzed.

Cell Lysates Preparation andWestern Blot Assays
Vero cells from one 6-well-dish were ARV-infected or p17-transfected for 24 hours and then
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 com-
plete protease inhibitor cocktail (Roche, Switzerland). Portions (30 μg) of total protein lysate
from each treatment were quantified by a Bio-Rad protein assay (Bio-Rad Laboratories, USA),
electrophoresed in 12% polyacrylamide gels at 70 V through the stacking gel and at 100 V
through the resolving gels and then transferred to a PVDF membrane. Expression of each indi-
vidual 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).

Determination of Virus Titer
To determine the effect of Tpr, p53, and CDK1 on ARV replication, shRNAs were used to
knockdown the respective targets in ARV-infected Vero cells. With the exception of CDK1,
individual 24-well plates of cells were transfected with various shRNAs for 6 hours, followed by
ARV infection at a multiplicity of infection (MOI) of 5 for 24 hours. In the case of CDK1, Vero
cells were infected with ARV at a MOI of 5 for 3 hours, followed by CDK1 shRNA transfection
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for 18 hours. The effects of ATM inhibitor caffeine, vimentin inhibitor IDPN (1%), G2/M cell
cycle inhibitors nocodazole (60 ng/ mL), and etoposide (2 μM) on ARV replication were also
examined as described above. Vero cells were pretreated with the respective inhibitor for 1
hour, followed by ARV infection at a MOI of 5 for 24 hours. Virus titers were determined as
described previously [10, 19].

Statistical Analysis
Data from virus titer assays were evaluated for statistical significance using the Student's t-test.
All of the values are expressed as the mean± SD of at least three independent experiments. The
p values less than 0.05 were considered statistically significant.

Results

A Central region of p17 protein Is Required for CDK1 Binding
We have previously reported that p17 retards cell cycle [17] and induces a down-regulation of
CDK4 and cyclin D1 by activating the Tpr/p53 signaling pathway [10]. Therefore, we next pro-
pose that these actions of p17 are mediated through interaction of p17 to either CDK1 or other
cell cycle-related proteins. As shown in reciprocal co-immunoprecipitation experiments, our
results reveal that interactions between p17 and CDK1 occur in both ARV-infected and
p17-transfected cells (Fig 1A and 1B). We subsequently sought to map the region of the p17
protein involved in CDK1 interactions using a series of Flag-tagged p17 deletion mutants. A
schematic representation of p17 deletion mutants is shown in Fig 1A. The C-terminally trun-
cated p17 mutant (1–118) and N-terminally truncated p17 mutants (27–146) were constructed
and reported previously [10]. Deletion of the amino or carboxyl terminus of p17 in p17-(1–
118), p17-(27–146), and p17-(27–118) did not interfere with the interactions of p17 and CDK1
whereas the p17-(1–60) deletion mutant was unable to exhibit CDK1 binding activity (Fig 1A
and 1B). All together, these results suggest that the central region (aa 27–118) of p17 is neces-
sary for interaction with CDK1. In an effort to further narrow down the interacting domain of
p17, we demonstrated that amino or carboxyl terminus of the central region (aa 27–118) of
p17 diminished its CDK1 binding activity (data not shown), implying that p17-CDK1 interac-
tion is conformation-dependent. Since the reciprocal co-immunoprecipitation experiments
above were unable to rule out the possibility that the interaction of p17 and CDK1 occurs indi-
rectly due to the presence of other proteins, therefore, we carried out a GST pull-down assay.
For this assay, constructs capable of expressing glutathione-S- transferase (GST)-CDK1,
TrxA-His-p17, and TrxA-His-p17-(1–60) fusion proteins were generated. After cell pellets
were treated with 0.5% sodium lauroyl sarcosinate, the soluble forms of expressed proteins
were obtained. The integrity of the purified proteins was confirmed by SDS-PAGE and Coo-
massie brilliant blue staining (S1 Fig). A GST pull-down assay revealed that p17 was efficiently
precipitated with GST-CDK1 (Fig 1C). Consistent with reciprocal co-immunoprecipitation
results, a p17-(1–60) deletion mutant was not precipitated with GST-CDK1 (Fig 1C). GST
alone did not bind to p17, indicating that the interaction was specific to p17 sequences.

Amino Acids 1 to 60 of p17 Protein Are Required for Interaction with
Vimentin-(45–65)
Our recent report demonstrated that p17 is able to co-immunoprecipitate with vimentin [10].
We subsequently wanted to map the regions of p17 protein involved in vimentin binding using
a series of Flag-tagged p17 deletion vectors (Fig 2A). Cellular lysates from Vero cells infected
with ARV or transfected with Flag-tagged p17 deletion vectors were reciprocally
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Fig 1. Identification of the binding region in p17 that is involved in CDK1 binding. (A) To define the
region of p17 involved in CDK1 binding, a series of Flag-tagged p17 and truncated protein expression vectors
were constructed. Schematic representation of p17 and deletion mutants is shown. The ability of p17 and
truncated p17 mutants to interact with CDK1 is shown on the right hand side of the panel. +++: strong binding;
-: no interaction (B) Three 6 cm dishes of Vero cells were either transfected with pcDNA3.1-p17 plasmid or
infected with ARV at an MOI of 5 for 24 hours followed by co-immunoprecipitation with the respective
antibodies. Cellular proteins co-immunoprecipitated by respective antibodies were analyzed by SDS-PAGE.
Reciprocal co-immunoprecipitation assays in both ARV-infected and p17-transfected cells were performed
with p17, Flag, and CDK1 antibodies, respectively. (C) In vitroGST pull-down assay as described in Material
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immunoprecipitated with anti-p17, anti-vimentin, and anti-Flag, respectively. Following
immunoprecipitation with an anti-vimentin antibody, the full-length Flag-tagged p17 protein
was detectable in both ARV-infected and p17-transfected cells. Deletion of the carboxyl termi-
nus of p17 in p17-(1–118) and p17-(1–60) did not interfere with the interaction between p17
and vimentin while deletion of the amino terminus in p17-(61–146) abolished vimentin bind-
ing activity (Fig 2B). Taken together, our results indicate that the N-terminal region (1–60) in
p17 protein is required for binding to vimentin. To further examine the vimentin domain
involved in binding to p17, two plasmids capable of expressing glutathione-S-transferase
(GST)—vimentin and GST-vimentin-(1–90) fusion proteins were constructed. Cell lysates
were treated with 0.5% sodium lauroyl sarcosinate as described above. The GST-vimentin and
GST-vimentin-(1–90) fusion proteins were purified using glutathione-Sepharose beads, fol-
lowed by SDS-PAGE analysis and Coomassie brilliant blue staining to confirm integrity (S1
Fig). In this experiment, p17 was efficiently precipitated with GST-vimentin or GST-vimentin-
(1–90) (Fig 2C). GST alone did not bind to p17, indicating that the interaction was specific to
p17 sequences. To further define the domain of vimentin involved in p17 binding, synthetic
peptide vimentin-(45–65) (His6-RPSTSRSLYASPGGVYATRS) and purified GST-p17 fusion
proteins were used in dot blot assays. In this experiment, GST and IgG were included as nega-
tive controls. Dot blot assays revealed that vimentin-(45–65) displayed a strong interaction
with p17 protein whereas GST alone did not exhibit p17 binding activity, suggesting that
amino acids 45 to 65 of vimentin is required for direct interaction with p17 protein. Further-
more, immunofluorescence staining was performed to detect possible colocalization of p17 and
vimentin. In Vero cells, vimentin shown diffused expression throughout the cytoplasm and
p17 expressed in punctate in the perinuclear regions (S2 Fig). Nevertheless, immunofluores-
cence straining revealed that p17 and vimentin colocalized in Vero cells, further confirming
the results demonstrated in the GST assays

p17 Interacts Directly with CDK1 and Vimentin Which Leads to Inhibition
of CDK1 Kinase Activity and Blocks Plk1 Recruitment to CDK1-Induced
Vimentin Phosphorylation at Ser 56
To explore whether the interaction of p17 with CDK1 and vimentin-(45–65) leads to inhibition
of CDK1 kinase activity and abrogates vimentin phosphorylation at Ser 56, an in vitro kinase
assay using vimentin as a substrate was performed. In this work, soluble forms of most expressed
proteins were obtained by using 0.5% sodium lauroyl sarcosinate to treat protein samples. The
integrity of the purified proteins was confirmed by SDS-PAGE and Coomassie brilliant blue
staining (S1 Fig). With increasing concentration of p17, a decreased level of vimentin-Ser 56
phosphorylation was seen in a dose-dependent manner. The Ki value for inhibition of CDK1/
cyclin B1 by p17 that affects the vimentin phosphorylation was estimated to be 100 nM (Fig 3A).
As a negative control, BSA did not inhibit CDK1 kinase activity (Fig 3A). Consistent with results
of reciprocal co-immunoprecipitation assays and GST pull-down assays (Fig 1B and 1C), p17-
(1–60) deletion protein failed to inhibit CDK1 kinase activity. In addition, we found that CDK1/
cyclin B1 complex kinase activity was also inhibited in the presence of p17 (S3 Fig).

Yamaguchi and colleagues have previously suggested that CDK1 controls mitotic vimentin
phosphorylation not only by a direct enzyme-substrate reaction but also through Plk1

and Method section. The indicated proteins were examined byWestern blot with the indicated antibodies. A
total of 30% input of TrxA-His-17 or TrxA-His-17 (1–60) represented the internal loading control of input for
p17 or 17 (1–60), respectively. Data shown are from three independent experiments. The uncropped blots
with molecular weights are shown in S9 Fig.

doi:10.1371/journal.pone.0162356.g001
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Fig 2. Identification of binding domains in p17 or vimentin involved in p17-vimentin interaction. (A) To map the
region in p17 that is responsible for vimentin binding, a series of truncated versions of Flag-tagged p17 constructs
were established. A schematic representation of p17 and p17 deletion mutants is shown. The ability of the p17 and
truncated p17 mutants to interact with vimentin is shown on the right hand side of the panel. +++: strong binding; -: no
interaction (B) Three 6 cm dish Vero cells were either transfected with pcDNA3.1-p17 and pcDNA3.1-p17 deletion
plasmids or infected with ARV at a MOI of 5 for 24 hours and followed by co-immunoprecipitation assays with the
indicated antibodies. Cellular proteins co-immunoprecipitated were analyzed by SDS-PAGE. Reciprocal co-
immunoprecipitation assays in both ARV-infected and p17-transfected cells were performed with p17, Flag, and
vimentin, respectively. (C) To define the binding region in vimentin, an in vitroGST pull-down assay was carried out as
described in the Material and Methods section. All indicated proteins were examined byWestern blot assay. 30% of
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recruitment to phosphor-Ser-55 on vimentin via its polo box domain (PBD) [5]. Plk1 uses a
PBD to recognize phosphorylated vimentin by CDK1, providing a functional and spatial cou-
pling between Plk1 and CDK1 activity. Thus, we next wanted to examine whether p17 inhibits
CDK1 kinase activity and binds to vimentin-(45–65), leading to blocking Plk1-vimentin inter-
actions. Cellular lysates from Vero cells transfected with Flag-tagged p17 vector were recipro-
cally co-immunoprecipitated with anti-CDK1and anti-vimentin antibodies, respectively.
Following immunoprecipitation with the anti-CDK1 antibody, p17 was efficiently precipitated
with cellular CDK1 in p17-transfected cells (Fig 3B, left panel) while only a low level of vimen-
tin was detected by Western blot assays compared to that in mock-transfected cells (Fig 3B,
right panel). Reciprocally, p17 could also be pulled down in p17-transfected cells when an anti-
body against vimentin was used for immunoprecipitation (Fig 3B, right panel). p17 was
detected as a protein associated with vimentin. Only a low level of CDK1 was detected com-
pared to that in mock-transfected cells (Fig 3B, right panel). Our results reveal that Plk1 was
neither precipitated with CDK1 nor vimentin in p17-transfected cells. Since total levels of
CDK1 or vimentin in infected or transfected cells were unchanged (Fig 4A and 4B), we con-
clude that p17 weakens the interaction of CDK1-vimentin, thereby reducing vimentin phos-
phorylation at ser56. Our results suggest that p17 may occupy the binding site of Plk1 in
vimentin or may reduce expression levels of Plk1, thereby blocking or reducing the binding of
PBD of Plk1 to vimentin. Taking all findings together, we conclude that p17 binds to CDK1and
vimentin (aa 45–65), both of which inhibit the CDK1-vimentin enzyme-substrate reaction,
leading to blockade of Plk1 recruitment to CDK1-induced vimentin phosphorylation.

ARV Infection and p17 Transfection Reduce Phosphorylation of
Vimentin at Ser 56 by Upregulating the ATM/chk1/cdc25C Signaling
Pathway
In addition to direct inhibition of CDK1 kinase activity, we hypothesized that p17 reduces
CDK1 activity due to other factors such as protein degradation or kinase inactivation by inhibi-
tory hyperphosphorylation. We therefore analyzed the upstream signaling pathways and
upstream kinase/phosphatase networks. The levels of phosphorylated ATM, Chk1/2, CDC25C,
CDK1 and vimentin revealed by immunoblot assay at indicated time points were examined. In
comparison to mock-infected or mock-transfected control cells, we observed increased phos-
phorylation of ATM, Chk1/2, and CDK1 and decreased phosphorylation of vimentin (Ser 56)
and CDC25C and total CDC25C in both ARV-infected and p17-transfected Vero cells 12
hours post infection or post transfection (Fig 4A, 4B and S4 Fig). Increased inhibitory phos-
phorylation of CDK1 following ARV infection and p17 transfection was detected, suggesting
that in addition to direct inhibition of CDK1 kinase activity, p17 inhibits CDK1 by preventing
CDK1 dephosphorylation via inactivation of phosphatase cdc25C

To date, a variety of checkpoint proteins have been identified as substrates for ATM and
ATR kinases, including the checkpoint kinases Chk1/2, as well as H2AX and p53 [21, 22].
ATM phosphorylates Chk 2 at several sites including Thr 68 [7, 23, 24]. It was found that chk1
is phosphorylated at Ser 345 by ATR in response to UV light and hydroxyurea, leading to a 3-
5-fold increase in Chk1 activity [22, 24]. In our previous study, we demonstrated that ARV
S1133 increases the level of -Chk1 Ser 317/345 and Chk2 T68 phosphorylation in an ATM-

total input of TrxA-His-17 represented the internal loading control of input p17. (D) In vitro binding assays using a
synthetic peptide vimentin-(45–65) and purified GST-p17 fusion protein were performed. The synthetic peptide
vimentin-(45–65) and purified GST-p17 fusion protein were then subjected to analysis for their binding ability, as
revealed by dot blot assay. The uncropped blots with molecular weights are shown in S9 Fig.

doi:10.1371/journal.pone.0162356.g002
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Fig 3. p17 inhibits CDK1 kinase activity which leads to inhibition of vimentin phosphorylation at Ser
56 and suppression of the association of CDK1-vimentin and Plk1-vimentin. (A) To explore whether p17
interacts with CDK1 leading to inhibition of CDK1 kinase activity and vimentin phosphorylation at Ser 56, an
in vitro kinase assay using GST-vimentin as a substrate was performed. In the presence of TrxA-His-p17, the
decrease in the level of vimentin-Ser56 phosphorylation was seen in a dose-dependent manner. The ki value
for inhibition of CDK1/cyclin B1 by p17 that affects vimentin phosphorylation is about 100 nM. (B) Vero cells
were transfected with pcDNA3.1-p17 for 24 hours followed by co-immunoprecipitation assays with the
indicated antibodies. The immunoprecipitated proteins were separated by SDS-PAGE followed byWestern
blot assay with the respective antibodies. Rabbit IgG was used as a negative control. Reciprocal co-

Suppression of Vimentin Phosphorylation by ARV p17 Protein

PLOS ONE | DOI:10.1371/journal.pone.0162356 September 7, 2016 12 / 30



dependent fashion [25]. Here, we further determine that p17 is the viral protein responsible for
activation of ATM and chk1/2. The levels of p-ATM and p-Chk1/2 were diminished upon
ATM inhibitor caffeine treatment in both ARV-infected and p17-transfected Vero cells (S4
Fig). Our data further confirm that ARV p17 plays an important role in upregulating the
ATM/Chk1/2 signaling pathway.

Some other reports have suggested that ATM phosphorylates Chk, leading to phosphoryla-
tion of cdc25C at Ser 216 by chk1 and facilitating its binding to a 14-3-3 group of proteins that
inactivate it through cytoplasmic sequestration [26–28]. Because an earlier study suggested
that phosphorylation of CDC25C at Ser 216 is required for its translocation from the nucleus
to the cytoplasm for degradation by the ubiquitin-dependent proteasome system [29], we fur-
ther investigated whether p17 mediates CDC25C degradation through the ubiquitin-depen-
dent proteasome system by using a proteasome inhibitor MG132 [30]. In the current study, we
uncovered that MG132 could restore the phosphorylation of CDC25C at Ser 216 to prevent
degradation of CDC25C in both ARV-infected and p17-transfected cells (Fig 5A, lower panels)
compared to mock-treated controls (Fig 5A, upper panels). The results suggest that p17 facili-
tates CDC25C degradation via the ubiquitin-proteasome pathway. To confirm that CDC25C
regulated by ATM is a dual-specificity protein phosphatase regulating entry into mitosis by
dephosphorylating the protein kinase CDK1 [31], we further explored whether ATM is an
upstream signal that regulates CDC25C. Thus, we used caffeine to inhibit ATM in ARV-
infected Vero cells. The results shown in Fig 5B reveal that inhibition of ATM by caffeine
restored partially the phosphorylated form and protein level of CDC25C. Taken together, our
results demonstrate that ARV p17 inactivates CDK1 in part through inactivation of CDC25C
by activating the ATM/Chk1 signaling pathway.

Downregulation of Tpr and Upregulation of p53 by p17 Decreases
Vimentin Phosphorylation at Ser 56
Consistent with our previous study [10], a dramatic decrease in the levels of nucleoporin Tpr
was observed in both ARV-infected and p17-transfected cells (Fig 6A and 6B). The elevation of
p-p53 and p-p21 as well as decrease in the phosphorylation of vimentin at Ser 56 was also seen
in both ARV-infected and p17-transfected Vero cells (Fig 6A and 6B). An earlier report has
suggested that the increased phosphorylation of ATM at S1981 could activate a G2 checkpoint
kinase [32]. Phosphorylation of p53 at S15, a widely accepted target of ATM kinase [33], was
detected at 12 hours post infection and post transfection (Fig 6A and 6B) consistent with the
known phenomenon that phosphorylation of p53 at S15 is dependent on ATM (Fig 6A and
6B), which suggests an ATM-related response is involved in our experimental settings. Since
p21 is one of the downstream targets of p53 [34], p17-mediated activation of p21 is due to the
activation of p53 [10]. Therefore, activation of p21 might inhibit the cell cycle. Furthermore,
the phosphorylated forms of ATM (S1981), p53 (S15) and p21 (T145) were diminished upon
caffeine treatment in ARV-infected and p17-transfected Vero cells (S4 Fig and Fig 7A and 7B).
The findings from our experiments suggest that ATM is an upstream kinase of p53. Con-
versely, the phosphorylated form of vimentin (Ser 56) was restored partially in caffeine-treated
cells (Fig 7A), suggesting that in addition to the ATM/Chk1/CDC25C pathway, the ATM/p53
pathway is involved in regulating CDK1and vimentin phosphorylation.

immunoprecipitation assays in p17-transfected cells were performed with CDK1 and vimentin, respectively.
The representative data are from three independent experiments. The folds indicated below each lane were
normalized against the values in the mock controls. The level of the indicated proteins in the mock control
was considered 1-fold. The uncropped blots with molecular weights are shown in S10 Fig.

doi:10.1371/journal.pone.0162356.g003
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Fig 4. Inhibition of CDK1 by p17 is through inactivation of CDC25C. (A) The levels of p-ATM and cell
cycle regulatory proteins CDC25C, CDK1, and vimentin-Ser 56 in ARV-infected and p17-transfected Vero
cells were examined. Vero cells were either infected with ARV at a MOI of 5 (A) or transfected with p17. (B)
Cells were collected for Western blots assays at the indicated time points. The protein levels were normalized
to that for β-actin. The fold activation and inactivation indicated below each lane were normalized against the
values at 0 h. The levels of the indicated proteins at 0 h were considered 1-fold. The uncropped blots with
molecular weights are shown in S10 Fig.

doi:10.1371/journal.pone.0162356.g004
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Fig 5. p17mediates CDC25C degradation via the ubiquitin-proteasome pathway. (A) To study whether
p17-mediatedCDC25C degradation via the ubiquitin-proteasome pathway, pretreatment with MG132 (25 uM)
was performed in ARV-infected and p17-transfected vero cells. Total cell lysates were collected for analyzing
the phosphorylated form of CDC25C. Experiments were repeated three times, and representative blots are
shown. (B) Vero cells were pretreated with caffeine (2 mM) for 2 hours, and then infected with a MOI of 5 for
24 h. Total cell lysates were collected for analyzing the phosphorylation form of ATM and CDC25C. The
experiments were repeated three times, and representative blots are shown. The uncropped blots with
molecular weights are shown in S11 Fig.

doi:10.1371/journal.pone.0162356.g005
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Fig 6. ARV infection and ARV p17 transfection inhibits nucleoporin Tpr and activation of p53 and p21.
The levels of nucleoporin Tpr and the levels of p-p53, p-p21, and p-vimentin (Ser 56) in both ARV-infected (A)
and p17-transfected Vero cells were examined. Vero cells were either mock-infected or ARV-infected with a
MOI of 5 at the indicated time points. Phosphorylation and protein levels were analyzed byWestern blot
assays with the respective antibodies. The protein levels were normalized to that for β-actin. The fold
activation and inactivation indicated below each lane were normalized against the values at 0 h. The levels of
the indicated proteins at 0 h were considered 1-fold. The uncropped blots with molecular weights are shown
in S11 Fig.

doi:10.1371/journal.pone.0162356.g006
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p17-Mediated Suppression of Plk1 Requires Inactivation of Tpr and
Activation of p53 and PP2A
To further confirm whether the Tpr/p53 pathway plays an important role in regulating Plk1
and CDK1, two independent sets of Vero cells were either infected with ARV at a MOI of 5 or
transfected with pcDNA3.1-p17 plasmid for 24 h. Cell lysates were collected and analyzed with
respective antibodies. Data presented in this study reveal that a decrease in the Tpr level and a
decrease in the phosphorylated form of vimentin (Ser 56) as well as an increase in phosphoryla-
tion form of p53 and p21were seen in both ARV-infected and p17-transfected Vero cells (Fig
6A and 6B). A similar trend was also seen in DF-1 cells [10]. To investigate whether p17-medi-
ated inactivation of Plk1 is dependent on the Tpr/p53 and ATM/PP2A signaling pathways, the
levels of Tpr, p-p53, p-Plk1, Plk1, p-Myt1, p-CDK1, and p-vimentin were examined. As shown

Fig 7. p17 activates p53 and p21 through activation of ATM. To examine the effect of ATM on p53, p2 which include direct
interaction with CDK1, p17-mediated suppression of which include direct interaction with CDK1, p17-mediated suppression of 1,
and vimentin, Vero cells were pretreated with caffeine (2 mM) for 1h, and then either infected with ARV at a MOI of 5 (A) or
transfected with p17 (B) for 24 h. Cell lysates were collected and phosphorylation and protein levels were analyzed byWestern
blot assays with the respective antibodies. The protein levels were normalized to that for β-actin. The activation and inactivation
folds indicated below each lane were normalized against the values for mock-infection or mock-transfection. The levels of the
indicated proteins in mock controls were considered 1-fold. Experiments were repeated three times, and representative blots are
shown. The uncropped blots with molecular weights are shown in S12 Fig.

doi:10.1371/journal.pone.0162356.g007
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in Fig 8, the phosphorylated forms of p53 and CDK1 were elevated while the phosphorylated
forms of Plk1 (T210), Myt1 (T495) and vimentin (Ser 56 and Ser 82) were diminished. Consis-
tent with a recent report suggesting that p53 binds directly to the Plk1 promoter and inhibits
Plk1 transcription and translation [11], we found that both phosphorylated Plk1 and Plk1 pro-
tein were abolished in ARV-infected and p17-transfected Vero cells (Fig 8). To further confirm
the contribution of the Tpr/p53 pathway towards downregulation of Plk1, silencing of both
Tpr and p53 was carried out in p17-transfected Vero and DF-1 cells, respectively. As shown in
S5 Fig, knockdown of Tpr increased phosphorylated p53 but decreased the level of Plk1, while
depletion of p53 restored the levels of Plk1, p-Plk1 and p-vimentin in both DF-1 and Vero
cells. Our study identifies a Tpr/p53-dependent pathway that is involved in p17-mediated Plk1
inhibition.

Plk1 has been reported to be phosphorylated in vivo at T210 in mitosis and DNA damage
prevents phosphorylation at these sites [35]. Since p17 mediates dephosphorylation of Plk1, an
in-depth understanding of the mechanisms underlying p17-mediated dephosphorylation of
Plk1 will provide additional insights into the biological significance of this effect during virus-
host interactions. Moreover, PP2A is targeted by a number of other viral proteins [36]. To
assess whether p17 mediates dephosphorylation of Plk1 by activating PP2A, pretreatment with
PP2A inhibitor okadaic acid was carried out. As presented in. S6A and S6B Fig, okadaic acid
reversed the p17-mediated inhibitory effect of Plk1 phosphorylation (T210) in both ARV-
infected and p17-transfected Vero cells, suggesting that dephosphorylation of Plk1 is depen-
dent on PP2A. More recently, the study by Palii and colleagues has demonstrated that activa-
tion of PP2A is triggered by the ATM/Chk1 pathway [37]. To further explore whether ATM/
Chk1 signaling regulates PP2A, Plk1, and Myt1, we next examined the levels of p-ATM, p-
Chk1/2, p-Plk1 and p-Myt1 in okadaic acid- or caffeine-treated cells. As shown in S4 and S7
Figs, decreases in the levels of p-ATM and p-Chk1/2 and increases in the phosphorylated
forms of Plk1 and Myt1 were seen in caffeine-treated cells. Caffeine reversed the p17-mediated
inhibitory effect of Plk1 phosphorylation (T210), suggesting that ATMmediates dephosphory-
lation of Plk1. The decrease in phosphorylated Plk1 was seen in okadaic acid-treated cells and
its phosphorylation levels could be reversed in ARV-infected and p17-transfected cells (S6A
and S6B Fig). Based on our findings, we conclude that dephosphorylation of Plk1 by PP2A is
dependent on the ATM/Chk1signal pathway.

It was demonstrated that the activity of CDK1 is regulated by the phosphorylation status of
tyrosine 14 and 15 on CDK1 [2], which is phosphorylated by Myt1 during late G2 and is rap-
idly dephosphorylated by the CDC25C phosphatase to trigger entry into mitosis. Because Plk1
phosphorylation of Myt1 at T495 has been proposed to inactivate Myt1, one of the kinases
known to phosphorylate CDK1 at T14/Y15 [2], we thus examined the level of phosphorylated
Myt1 (T495) in okadaic acid-treated cells. Findings from the present study indicate that
decreased levels of phosphorylated Myt1 (T495) in both ARV-infected and p17-transfected
cells were reversed in okadaic acid-treated groups (S6A and S6B Fig). The results further con-
firm that the p17 protein is able to activate Myt1 by suppressing Plk1 through activation of
both PP2A and p53, thereby blocking CDK1 kinase activity by the phosphorylation of two con-
served residues (T14 and Y15).

Blockade of the ATM-Dependent Pathway Reverses Phosphorylation of
Vimentin at Ser 56 and Ser 82
To further confirm that ATM is the upstream signal for p17-mediated phosphorylation of
vimentin at Ser 56 and Ser 82, Vero cells were pretreated with caffeine (2 mM) for 2 hours, fol-
lowed by infection with ARV S1133 at a MOI of 5 for 24 hr. Cell lysates were then analyzed
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Fig 8. p17 inhibits CDK1 and vimentin phosphorylation at Ser 56 and Ser 82 by p53/Plk1pathways. The
levels of Tpr, p-p53, Plk1, p-Plk1 and cell cycle regulatory proteins were examined in ARV-infected (left panel)
and p17-transfected (right panel) vero cells. ARV infection and p17 transfection increased the phosphorylated
form of CDK1 and reduced the phosphorylated forms of vimentin at Ser 56 and Ser 82. Vero cells were mock-
infected, ARV-infected with a MOI of 5, and p17-transfected for 24 h. Cell lysates were collected and
phosphorylation and protein levels were analyzed byWestern blot assays with the respective antibodies. The
protein levels were normalized to that for β-actin. The fold activation and inactivation indicated below each lane
were normalized against the values for mock-infection or mock-transfection. The levels of the indicated
proteins in the mock controls were considered 1-fold. The experiments were repeated three times, and
representative blots are shown. The uncropped blots with molecular weights are shown in S12 Fig.

doi:10.1371/journal.pone.0162356.g008
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with the indicated antibodies. Results reveal decrease in the p-ATM, p-p53 and p-CDK1 levels
and an increase in the p-Myt1 in caffeine-treated Vero cells as compared to ARV-infected cells
(S7 Fig). The significant decreases in p-Plk1, Plk1, and p-vimentin levels were observed in
ARV-infected cells. The effect of ARV p17 on phosphorylated levels of Plk1, Myt1, CDK1, and
vimentin (Ser 56 and Ser 82) could be reversed in caffeine-treated cells (S7 Fig). Taken
together, our results further confirm that p17-mediated suppression of vimentin phosphoryla-
tion is ATM-dependent. Original images of all gels and blots with molecular weight are shown
in S9, S10, S11, S12 and S13 Figs.

ARV Infection and p17 Transfection Result in Cell Growth Retardation
and Accumulation of Cells in the G2/M Phases
Having demonstrated that the ARV p17 protein inhibits CDK1 kinase activity leading to sup-
pression of vimentin phosphorylation at Ser 56 and Ser 82, we next wanted to identify the
phase in the cell cycle at which p17 inhibits cellular proliferation in both ARV-infected and
p17-transfected DF-1 and Vero cells using flow cytometry. We found that ARV-infection and
p17-transfection resulted in cell growth retardation and an increase in the percentage of DF-1
and Vero cells in G2/M phases (Fig 9A and 9B) compared to mock-infected cells at different
time points. The G2/M phase arrest was also observed in p17-transfected DF-1 and Vero cells
in a time-dependent manner (Fig 9A). Importantly, the p17-(1–60) mutant that loses its CDK1
binding activity (Fig 1C) did not cause retardation of the cell cycle or G2/M cell cycle arrest
(Fig 9B). Representative cell cycle profiles of DF-1 and Vero cells transfected by p17 are shown
in S8 Fig. Interestingly, in addition to inducing G2/M cell cycle arrest, p17 may retard the cell
cycle at G0/G1 or S phases (S8 Fig). This finding is supported by our recent study suggesting
that p17 causes a down-regulation of CDK4 and cyclin D1 and upregulation of p21, a CDK
inhibitor [10]. The precise mechanisms need to be further explored. In this work, more than
80% of cells treated with nocodazole or etoposide were arrested in G2/M phase 24 hours post
treatments (Fig 9B). Our results reveal that ARV p17 retards the cell cycle and results in accu-
mulation of cells in the G2/M phases.

Suppression of Tpr and CDK1 Increases Virus Replication While
Blockade of ATM, p53, and Vimentin Reducing Virus Replication
To investigate the role of ATM, Tpr, p53, CDK1, and vimentin in ARV replication, knockdown
of Tpr, p53, and CDK1 with shRNAs as well as inhibition of ATM and vimentin by caffeine
and IDPN, respectively were carried out in ARV-infected Vero cells. In this work, knockdown
of p53 as well as inhibition of ATM and vimentin by inhibitors diminished virus yield (Fig
10A, 10B and 10D). Conversely, knockdown of Tpr and CDK1 by shRNAs increased virus
yield (Fig 10B and 10C). Further, in the positive control groups, we also observed that ARV
titers in Vero cells treated with G2/M-phase-arrest-inducing drugs nocodazole or etoposide,
respectively also increased in G2/M synchronized Vero cells (Fig 10D). The effects of Tpr and
p53 on virus replication are consistent with our earlier studies [10, 19]. Our results show how
ARV p17 modulates ATM, nucleoporin Tpr, and p53 that in turn block cdc25C, Plk1, and
CDK1 leading to suppression of vimentin phosphorylation which causes G2/M cell cycle arrest
and benefits virus replication.

Discussion
ARV, like other viruses, has evolved strategies that alter the physiology of the host cells during
viral replication to promote its replication. This work was an extension of our earlier studies in
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Fig 9. ARV infection and p17 transfection result in cell growth retardation and accumulation of cells in
the G2/M phases. (A) As described in Material and Methods, both DF-1 and Vero cells were G0/G1 phase
synchronized using serum deprivation by maintenance of the cells in either DMEM containing no FBS (for
Vero cells) or 5% FBS (for DF-1 cells) supplementation for 72 h. Cells were transfected for 18 h with
constructs (p17 and vector only) after serum deprivation for 54 h. The experimental design for G0/G1 phase
synchronization using serum deprivation is shown (upper panel). The percentages of Vero or DF-1cells
accumulating in the G2/M phase of the cell cycle at different time points are shown. (B) The percentages of
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which it was discovered that ARV p17 induces cell growth retardation and influences phos-
phorylation of elongation and initiation factors and host protein translation [10, 17, 18]. How-
ever, the precise mechanism(s) by which ARV negatively controls cell growth remains unclear.
In this work, the novel discovery that p17 functions as a suppressor of both CDK1 and Plk1
offers important insight into its functionality in modulating the G2/M cell cycle. In this report,
detailed studies were undertaken to define regions involved in the interaction of p17 with
CDK1 or vimentin. We demonstrate for the first time that p17 directly interacts with CDK1 or
vimentin which in turn suppresses the CDK1-vimentin enzyme-substrate reaction, thereby
blocking the binding of the PBD of Plk1 to phosphorylated vimentin-Ser56 and impacting sub-
sequent vimentin phosphorylation at Ser 82 by Plk1. This study also provides strong evidence
that the ARV p17 protein elicits a cellular response that involves activation of multiple
upstream signaling pathways, thereby negatively regulating PlK1, CDK1, and vimentin, caus-
ing G2/M cell cycle arrest. However, experiments for exploring other crucial targets for delay-
ing other phases of the cell cycle are underway.

Several viruses are influenced by or alter CDK1 kinase activity [38–42]. In cases where
viruses increase CDK1 kinase activity, it is possible that this activity is essential for phosphory-
lating viral proteins. For example, herpes simplex virus ICP0 [41], Epstein-Barr virus
EBNA-LP [43], hepatitis E virus ORF3 [44] and varicella-zoster virus glycoprotein gI are phos-
phorylated by CDK1 [45]. In contrast, human papillomavirus E2, human immunodeficiency
virus (HIV) Vpr, and reovirus σ1s inhibit or delay the activation of CDK1 [36, 42,46, 47].
These observations suggest that viruses have evolved mechanisms to alter CDK1 function. Fur-
thermore, in many viruses, such as HIV Vpr and reovirus σ1s, CDK1 inhibition by suppressing
CDC25C and subsequent G2/M cell cycle arrest result in increased viral replication [42, 48, 49].
In this work, the mechanism underlying p17-mediated inhibition of CDK1 kinase activity and
subsequent suppression of vimentin phosphorylation has been elucidated. A compelling find-
ing from the present study is that p17 negatively regulates Plk1 by suppressing Tpr and by acti-
vating the ATM-, p53-, and PP2A-dependent pathways. This is consistent with a previous
study suggesting that inactivation of Plk1 by ATM and PP2A following DNA damage, thereby
leading to arrest at the G2/M boundary [49].

Earlier studies suggested that both HIV Vpr and reovirus σ1s could inhibit CDK1 activity
via inactivation of CDC25C [42, 47]. Recently, Davy and colleagues proposed a different mech-
anism that inhibits CDK1 function. This group found that human papillomavirus type 16
E1-E4-induced G2 arrest is associated with cytoplasmic retention of active CDK1/cyclin B1
complexes [50]. Conversely, an increase in CDK1 activity during the G2/M phase was seen in
herpes simplex virus 1-infected cells [41]. Importantly, ARV p17 seems to use different strate-
gies to inhibit CDK1 function. This study provides two lines of evidence for p17-mediated inhi-
bition of CDK1 function. Firstly, p17 binds to and inhibits the CDK1 kinase activity. Secondly,
p17 causes inhibitory phosphorylation of CDK1 by suppressing both Plk1 and CDC25C. Ear-
lier studies have demonstrated that CDC25C activity is inhibited following phosphorylation by
the kinases Chk1/2 [26–28]. In the current and our previous studies [25], we have demon-
strated that ARV p17 upregulates Chk1/2 in an ATM-dependent fashion. It is possible that p17
is the major viral protein that is involved in inducing a checkpoint pathway in response to
DNA replication stress or a DNA damage-like response [25].

DF-1cells accumulating in the G2/M phase of the cell cycle at different time points. DF-1 cells infected with
ARV at a MOI of 5 as well as p17-, p17(1–60)-, and pcDNA3.1-transfected, and chemical-treated cells at
different time points are shown. The chemicals were dissolved in DMSO. Results representative of three
independent experiments are shown. The results are presented as the mean of three independent
experiments.

doi:10.1371/journal.pone.0162356.g009
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Fig 10. Suppression of Tpr, CDK1 and vimentin is beneficial for virus replication. (A) To determine the role of ATM in
ARV replication, treatment with caffeine (2 mM) was carried out in ARV-infected Vero cells. The supernatants of treated-
cells in each well were harvested at 24 hpi for viral titration. (B-D) To determine the effect of Tpr, p53 (B), CDK1(C), and
vimentin (D) on ARV replication, depletion of Tpr, p53, and CDK1 with respective shRNAs and inhibition of vimentin by
IDPN (1%) were carried out in ARV-infected Vero cells. The effects of G2/M cell cycle inhibitors nocodazole (60 ng/ mL)
and etoposide (2 uM) on ARV replication were also examined (D). The supernatants of treated-cells in each well were
harvested at 24 hpi for viral titration. All data shown represent the mean±SD calculated from three independent
experiments.

doi:10.1371/journal.pone.0162356.g010

Suppression of Vimentin Phosphorylation by ARV p17 Protein

PLOS ONE | DOI:10.1371/journal.pone.0162356 September 7, 2016 23 / 30



Several previous studies have suggested that vimentin plays an important role in several
virus infections [51–58]. In this work, we found that inhibition of vimentin by IDPN dimin-
ished virus yield, implying that vimentin plays a role in virus replication. Although we have
demonstrated that ARV entry follows a caveolin-1-mediated and dynamin-2-dependent
endocytic pathway [14], the receptor(s) that are necessary for ARV entry remain unknown.
Experiments for exploring whether vimentin serves as a receptor for ARV entry are underway.
During infection with retroviruses such as bovine leukemia virus (BLV) and HIV, the viral-
encoded protease specifically cleaves vimentin. Surface-expressed vimentin is necessary for
cell entry of several viruses [56, 57]. Investigations of other viruses have shown that viral pro-
teins directly bind vimentin as observed with dengue virus nonstructural protein 1, where
vimentin binding is critical for virus replication [53], and in bluetongue virus, the binding of
VP2 to vimentin is necessary for viral egress [51]. In the case of African swine fever virus
(ASFV), it has been shown that vimentin is arranged around viral factories, forming a cage-
like structure, which may aid in isolation of viral proteins from the rest of the cell [54, 56].
The study by Gladue et al. suggested that a cage-like structure around Foot-and-mouth disease
virus (FMDV) protein 2C was seen, and this cage-like structure disappeared as viral infection
progressed [58]. The precise mechanism of vimentin that influences ARV replication remains
to be explored.

Growing evidence indicates that viral infection, viral protein expression, or the presence of
viral DNA causes the host cell to arrest at G2/M phase to generate a favorable environment
for viral replication [48, 49, 59, 60]. Thus, an in-depth understanding of the molecular mecha-
nisms underlying ARV p17 protein-induced G2/M-phase cell cycle arrest will provide addi-
tional insights into the basic biology of G2/M-phase cell cycle regulation and the biological
significance of this effect during ARV-host interactions. In this study, we show that ARV, a
cytoplasmic virus, has two viral proteins (p17 and σA) targeting to the nucleus [16, 61]. By
shuttling to the nucleus, p17 functions as a Tpr suppressor, leading to activating p53, p21,
and PTEN [10]. Thus, p17 exerts its effect on nuclear signaling pathways. Data from the pres-
ent study reveal that ARV p17 induces G2/M-phase cell cycle arrest by blocking both CDK1
and Plk1 function through interacting with CDK1 or by through activation of the Tpr/p53/
p21 pathway, leading to suppression of phosphorylation of vimentin at Ser 56 and Ser 82.
Knockdown of p53 with shRNA or inhibition of ATM by caffeine all reduced virus yield
while depletion of CDK1 and Tpr with shRNAs increased virus production. Our recent study
revealed that depletion of CDK4 with shRNAs also increased virus production [10]. These
results imply that p17-mediated G2/M-phase cell cycle arrest or G0/G1 cell cycle arrest in
replication-activated cells may allow the virus to access the host replication machinery with-
out competing with cellular DNA replication.

A clearer understanding of the molecular basis for virus-induced changes can shed light
on normal cellular events as well as on the specific mechanisms that ARV uses to gain con-
trol over its host. A schematic model shown in Fig 11 depicts the mechanisms underlying
ARV p17 regulating ATM, Chk1/2, Tpr, p53, Plk1, CDC25C, CDK1, and vimentin to
control cell cycle progression. This study also elucidates the mechanisms of p17-mediated
blockade of CDK1-vimentin enzyme-substrate reactions and suppression of binding of the
PBD of Plk1 to phosphorylated vimentin-Ser 56 and subsequent vimentin phosphorylation
at Ser 82 by Plk1. The present work demonstrates for the first time that direct interaction of
p17 with CDK1 and a regulatory network of p17 linking ATM, chk1/2, CDC25C, Tpr, p53,
p21, and Myt-1 lead to suppression of Plk1 and CDK1 and blockade of vimentin phosphory-
lation at Ser 56 and Ser 82, both of which cause G2/M cell cycle arrest and benefit virus
replication.
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Supporting Information
S1 Fig. Expression and purification of GST, GST-p17, GST-CDK1, GST-vimentin, GST-
cyclin B1, and TrxA-His-p17. The p17 gene of ARV S1133 strain, CDK1, cyclin B1, and
vimentin genes were amplified by PCR using primer pairs as indicated in Table 2. As men-
tioned in Material and Method section, the amplified PCR products were cut with respective
restriction enzymes and then introduced into the corresponding sites in either pET32a or

Fig 11. A proposedmodel depicting the molecular mechanism of ARV p17 regulating ATM, Tpr, p53, CDC25C, Plk1, and CDK1 to
mediate vimentin phosphorylation to control cell cycle progression. p17 suppresses Tpr and activates ATM leading to p53 activation,
which in turn activates p21 and inactivates Plk1 and CDC25C. The outcome of this is to reduce vimentin phosphorylation at Ser 56 and Ser
82. p17 inhibits CDC25C through activation of ATM/chk1. CDC25C, a dual-specificity phosphatase, dephosphorylates CDK1 (T14 and
Y15) at two phosphorylation sites for CDK1 activation. In addition, p17 blocks Plk1 by activating p53 to inhibit Plk1 gene expression and by
activating PP2A to dephosphorylate Plk1, thereby reducing vimentin phosphorylation at Ser 56 and Ser 82. p17 interacts directly with CDK1
and vimentin-(45–65) which inhibits the CDK1-vimentin enzyme-substrate reaction, thereby blocking the binding of PBD of Plk1 to
phosphorylated vimentin-Ser 56 and subsequent vimentin phosphorylation at Ser 82 by Plk1, which cause G2/M cell cycle arrest.

doi:10.1371/journal.pone.0162356.g011
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pGEX4T-1 vectors. The procedures for expression and purification of these proteins are
described in the Material and Method section. The purified proteins were electrophoresed in
12% polyacrylamide gels at 70 V through the stacking gel and at 100 V through the resolving
gels. The uncropped gels with molecular weights are shown in S9 Fig.
(TIF)

S2 Fig. p17 co-localizes with cellular vimentin. Vero cells were transfected with
pcDNA3.1-p17 plasmid for 24 hours, followed by immunofluorescence staining by the indi-
cated antibodies. Colocalization of p17 and vimentin was visualized by immunofluorescence
staining.
(TIF)

S3 Fig. p17 mediates suppression of CDK1/cyclin B1 complex kinase activity. To examine
whether p17 interacts with the CDK1/cyclin B1 complex leading to inhibition of CDK1 kinase
activity and vimentin phosphorylation at Ser 56, an in vitro kinase assay using GST-vimentin
as a substrate was performed. TrxA-His-p17 and GST-vimentin were added after 30 min incu-
bation of GST-CDK1 and GST-cyclin B1proteins.
(TIF)

S4 Fig. The inhibitory effect of caffeine on ATM, and Chk1/Chk2. Vero cells were pretreat-
ment with caffeine (2 mM) for 1h, followed by infection with ARV at a MOI of 10 (A) or trans-
fection with pcDNA3.1-p17 plasmid (B) for 24 h. Cell lysates were collected and analyzed by
Western blot assays with the indicated antibodies. Experiments were repeated three times, and
representative blots are shown.
(TIF)

S5 Fig. Knockdown of Tpr activated p53 leading to suppression of Plk1 and vimentin. Vero
(left panel) and DF-1 cells (right panel) were co-transfected with pcDNA3.1-p17, Tpr shRNA,
p53 shRNA, scramble shRNA, and pGFP-V-RS (vector only), respectively, for 24 hours. The
expression levels of indicated proteins were examined in p17and Tpr shRNA-co-transfected
cells as well as p17 and p53 shRNA-cotransfected cells. The phosphorylated forms of p53, Plk1
and vimentin were analyzed by Western blot assays with the indicated antibodies. Cell lysates
were collected and phosphorylation and protein levels were analyzed by Western blot assays.
The protein levels were normalized to that for β-actin. The fold activation and inactivation
indicated below each lane were normalized against the values for mock-transfection. The levels
of the indicated proteins in the mock controls were considered 1-fold. The uncropped blots
with molecular weights are shown in S10 Fig.
(TIF)

S6 Fig. PP2A inhibitor okadaic acid reverses the p17-mediated inhibitory effect of PlK1
phosphorylation. Vero cells were pretreatment with PP2A inhibitor okadaic acid (100 nM) for
1h, followed by infection with ARV at a MOI of 10 (A) or transfection with pcDNA3.1-p17 plas-
mid (B) for 24 h. The phosphorylated forms of p-Plk1 (T210) and p-Myt1 (T495) were analyzed
byWestern blot assays with the indicated antibodies. The protein levels were normalized to that
for β-actin. The fold activation and inactivation indicated below each lane were normalized
against the values for mock-infection or mock-transfection. The levels of the indicated proteins
in the mock controls were considered 1-fold. Experiments were repeated three times, and repre-
sentative blots are shown. The uncropped blots with molecular weights are shown in S10 Fig.
(TIF)

S7 Fig. Blockade of ATM with caffeine restores phosphorylation of Plk1 and vimentin at
Ser 56 and Ser 82 in ARV-infected Vero cells. Vero cells were pretreated with caffeine (2
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mM) for 1h, followed by infection with ARV at a MOI of 10 (A) or transfection with
pcDNA3.1-p17 plasmid (B) for 24 h. Cell lysates were collected and analyzed by Western blot
assays with the indicated antibodies. The protein levels were normalized to that for β-actin.
The fold activation and inactivation indicated below each lane were normalized against the val-
ues for mock-infection. The levels of the indicated proteins in the mock controls were consid-
ered 1-fold. Experiments were repeated three times, and representative blots are shown. The
uncropped blots with molecular weights are shown in S10 Fig.
(TIF)

S8 Fig. Representative cell cycle profiles of DF-1 and Vero cells transfected by p17. The
phases in the cell cycle at which p17 inhibits cellular proliferation in both p17-transfected DF-1
and Vero cells by using flow cytometry are shown. Vero cells require 16 hours to complete a
round of cell cycle while DF-1 cells need 24 hours.
(TIF)

S9 Fig. Original images of blots with molecular weights (KDa).
(TIF)

S10 Fig. Original images of blots with molecular weights (KDa).
(TIF)

S11 Fig. Original images of blots with molecular weights (KDa).
(TIF)

S12 Fig. Original images of gels and blots with molecular weights (KDa).
(TIF)

S13 Fig. Original images of blots with molecular weights (KDa).
(TIF)
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