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Replication of Minute Virus of Mice in Murine Cells Is Facilitated by

Virally Induced Depletion of p21

Richard O. Adeyemi and David J. Pintel

Department of Molecular Microbiology and Immunology, University of Missouri—Columbia, School of Medicine, Columbia, Missouri, USA

The DNA damage response to infection with minute virus of mice (MVM) leads to activated p53; however, p21 levels are reduced via a
proteasome-mediated mechanism. This loss was sustained, as virus replicated in infected cells held at the G,/M border. Addition of the
cyclin-dependent kinase (CDK) inhibitor roscovitine after S-phase entry reduced MVM replication, suggesting that CDK activity was
critical for continued viral replication and virus-induced reduction of p21 may thus be necessary to prevent inhibition of CDK.

Following infection of a variety of both murine and human
cell types, minute virus of mice (MVM) induces a cellular
DNA damage response (DDR), which positively contributes to
viral replication (3). A number of kinases and effector proteins
that are activated and recruited to MVM replication compart-
ments, in particular ATM (ataxia-telangiectasia mutated) and
members of the MRN (Mrel1-Rad50-Nbs1) complex, initiate a
signaling cascade that results in activation of a number of cel-
lular targets, including Nbsl, Chk2, and p53 (3, 26). p53, a
critical node upon which various DNA damage stimuli con-
verge (28), was shown to be phosphorylated and stabilized dur-
ing MVM infection.

A major consequence of the DDR induced by MVM and other
parvoviruses is cell cycle arrest (3, 7, 8, 21), which may aid viral
replication by providing an environment conducive to continuing
replication (6, 11, 25). Following induction of cellular stresses,
including the DNA damage response pathway, p53 becomes acti-
vated via phosphorylation and acetylation (20, 27). Downstream
targets of p53 are then upregulated to effect cell cycle arrest and in
some cases apoptosis (20). While DNA tumor viruses typically
employ various strategies to inactivate p53 (19), in this study, we
have shown that MVM replication leads, in addition to p53 phos-
phorylation, to its abundant acetylation and significant activation.
One of the critical effector proteins targeted by p53 is p21 (12, 13),
which plays important roles in cell cycle arrest, apoptosis, and
senescence (1). Surprisingly, although p21 RNA levels remained
high during MVM infection, we observed a proteasome-mediated
loss of p21 that was sustained throughout the course of viral rep-
lication. This loss was not due directly to effects of the viral repli-
cator protein NS1. Our results suggest that while p21 levels may
not directly govern MVM-induced cell cycle arrest, its loss may be
essential for prolonged viral replication in arrested cells.

P53 is activated and transcriptionally active following MVM
infection. We have previously shown that during the MVM infec-
tion-induced DDR in murine cells, and soon after expression of the
main viral replication protein NS1 begins, p53 is stabilized and phos-
phorylated on serine 18 (3), (serine 15 in humans) (shown in Fig. 1A,
lanes 4 and 5). During MVM infection, we also observed a strong
acetylation of p53 at Lys 379 (Lys 382 in humans) soon after NS1
expression (Fig. 1A, lane 5), a modification known to also contribute
to p53 stabilization and activation (16, 27). These and subsequent
immunoblots were done as previously described (3). We could not
detect acetylation of p53 following expression of NS1 alone (data not
shown), consistent with our previous finding that the MVM DDR
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was dependent on viral replication (3). Notably, acetylation of p53
following MVM infection of murine cells was particularly strong and
significantly higher than that seen following treatment with DNA-
damaging drugs doxorubicin (catalog no. D1515; Sigma) and hy-
droxyurea (catalog no. H-8627; Sigma) under conditions where the
levels of phosphorylated p53 were similarly induced (Fig. 1B, com-
pare lanes 4 and 5 with lanes 2 and 3).

P53 activity is typically associated with upregulation of a number
of target genes that are important in apoptosis and cell cycle arrest
(20). During the MVM-induced DDR, we found a modest but signif-
icant increase in the levels of the known p53 targets Bax (Fig. 1C, lanes
4 and 5) and Mdm? (Fig. 1C, lane 5), consistent with p53 activation;
however, we found that levels of the cell cycle regulator p21, normally
also a target of activated p53, were reduced and, surprisingly, re-
mained so for an extended period of time.

Although p53 is activated, p21 is proteasomally downregu-
lated for extended times following MVM infection. p21 has been
shown to be involved in cell cycle arrest both in G; and G,. It has
recently become clear that upon S-phase entry in normal cycling
cells, and following certain types of DNA damage, p21 levels are
diminished via the activity of the CRL4“‘*? ubiquitin ligase, which
targets p21 for degradation in a manner that depends on its inter-
action with PCNA associated with chromatin (2, 17, 23). Upon
S-phase exit/G, entry, p21 expression is then typically restored to
basal levels. During MVM infection of parasynchronous A9 cells,
p21 levels were, as expected, reduced as cells cycled into S phase
(approximately 8-fold [Fig. 2A, lane 4]). However, surprisingly,
even though p53 was activated, p21 levels remained diminished
for atleast 42 h (Fig. 2A, lanes 5 to 7). Mock-infected cells showed
recovery of p21 levels at this late time (approximately 18-fold [Fig.
2A, compare lanes 7 and 9]). A more detailed analysis of p21 levels
across the cell cycle for both mock-infected and infected cells
showed a greater than 10-fold reduction at 18 h following release
from isoleucine block into complete medium in both cases (Fig.
2B, comparelanes 1 and 2 to lanes 3 and 4). However, as early as 24
h after release into complete medium, the levels of p21 had begun
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FIG 1 (A) MVM infection results in acetylation of p53. A9 cells parasynchronized by isoleucine deprivation (3) were released into complete medium and at the
same time mock infected or infected with MVM at a multiplicity of infection (MOI) of 10. Cells were harvested at the indicated time points after release into
complete medium and lysed in modified radioimmunoprecipitation assay (RIPA) buffer (3), and the amounts of protein were quantitated by the Bradford assay,
and equal amounts of protein were loaded in each well. Western blot analyses were performed using antibodies against NS1 (10), actin (catalog no. MA515739;
Pierce), phosphorylated p53 S15 (catalog no. 9284S; Cell Signaling) (p53-P-S15), and p53 acetylated on Lys379 (catalog no. 2570S; Cell Signaling) (acetyl-p53).
Lanes M0 and M33 contain mock-treated cells at the time of release and 33 h postrelease, respectively. (B) p53 acetylation is significantly higher in MVM-infected
cells. A9 cells were infected with MVM at the indicated time points as described above for panel A. Control cells were mock treated or treated with 1 mM
hydroxyurea (HU) or 100 nM doxorubicin (Doxo) for 24 h. Western blots were performed against total p53 (catalog no. sc-6243; Santa Cruz Biotechnology)
(phosphorylated p53 migrates as a slower running band), and acetyl-p53. (C) MVM infection results in upregulation of Bax and Mdm?2. Cells were mock infected
or infected with MVM as described above for panel A. Western blotting was performed using antibodies directed against NS1, tubulin (catalog no. T4026; Sigma),

p53-S15, Bax (catalog no. 2772; Cell Signaling), and Mdm?2 (catalog no. MAB3776; Millipore).

to be restored in mock-infected cells as they asynchronously ex-
ited S phase into G,/M (approximately 2-fold at 24 h [Fig. 2B, lane
5] and up to 7-fold at 30 h [Fig. 2B, lane 7]). The levels of p21 in
MVM-infected cells (which featured activated p53) remained very
low (Fig. 2B, lanes 4, 6, and 8). Notably, virus replication was
proceeding during this time.

MVM infection blocks cells at the G,/M border. Could sus-
tained low levels of p21 merely be a consequence of holding cells at
this point in the cell cycle? Doxorubicin is a DNA-damaging agent
that, similar to MVM, causes cell cycle arrest at the G,/M phase
border which is accompanied by phosphorylation of p53 (31).
However, in contrast to MVM infection, doxorubicin treatment at
concentrations (100 nM and 200 nM) that resulted in cell cycle
arrest (as monitored by flow cytometry analysis [data not shown])
and levels of p53 phosphorylation similar to those seen during
MVM infection resulted in a marked increase in p21 levels (Fig.
2C, lanes 2 and 3). Similar results were also observed when cells
where treated with etoposide (1 pM and 2 pM) (catalog no.
E1383; Sigma), another DNA-damaging agent that causes cell cy-
cle arrest (data not shown). Thus, the loss of p21 following MVM
infection is likely to be specific and not merely a consequence of
cell cycle arrest.

MVM-induced loss of p21 was found to be via proteasomal
degradation. Initial experiments revealed no significant differ-
ences in p21 RNA levels by semiquantitative reverse transcription-
PCR (RT-PCR) throughout MVM infection (data not shown),
suggesting that p21 reduction happened posttranscriptionally. To
determine whether p21 loss occurred via the proteasome, para-
synchronized cells either infected with MVM or mock infected at
the time of release into complete medium, were treated with the
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proteasome inhibitor MG132 (10 uM) (catalog no. 474791; Cal-
biochem) for 6 h before the assay at 32 h postrelease (Fig. 2D). At
this time, mock-infected cells had cycled out of S phase and p21
levels had recovered on their own, while p21 levels in infected cells
were substantially restored by MG132 (at least 25-fold [Fig. 2D,
compare lanes 3 and 4]). Adeno-associated virus type 2 (AAV2)
has previously been shown to increase proteasome-dependent degra-
dation of p21 in human papillomavirus-positive cell lines (4).

Reduction of p21 levels occurs independently of MVM NS1
and requires viral replication. Transient transfection of murine
cells, done as previously described (3), with increasing amounts of
MVM NS1 did not result in significant reduction in the levels of
p21 (data not shown). To examine this point further, we devel-
oped murine A9 cell lines expressing NS1 under the control of a
doxycycline-responsive inducible promoter, using the pINDUCER
lentivirus system (22). At 24 h after induction of NS1 in these cell
lines, no significant reduction in p21 levels was observed (Fig. 3A,
lanes 1 and 2), and by 40 h after induction, instead of a decrease, a
modest increase was consistently observed (approximately 15-
fold [Fig. 3A, compare lanes 3 and 4]), as previously seen by others
(24, 30). Thus, MVM NS1 alone did not result in reduced p21, and
in fact, MVM NS1 alone led to an increase in p21 levels in a p53-
independent manner. Whether p21 was actively induced by NS1
or was stabilized as consequence of the expected NS1-induced cell
cycle block is under investigation.

In these experiments, p53 was not phosphorylated; we have
previously reported that the MVM-induced DDR as well as p53
activation required viral replication and was not a result of NS1
expression alone (3). Thus, might NS1 have an effect on p21 only
in the presence of an ongoing DDR? To test this possibility, we first
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FIG2 (A) MVM infection results in loss of p21 in the presence of activated p53. A9 cells parasynchronized as described in the legend to Fig. 1 were mock infected
or infected with MVM at an MOI of 10. Western blot analyses were performed using antibodies against NSI, tubulin, phosphorylated p53 S15 and p21 (catalog
no. sc-271532; Santa Cruz Biotechnology). Lanes M1 and M42 contain mock-treated cells harvested at 1 h and 42 h after release from isoleucine block into
complete medium, respectively. Treatment of A9 cells with hydroxyurea (HU)—which induces an ATR-mediated DNA damage response and blocks cells in S
phase—also reduced levels of p21 (lane 8) as previously documented by others (14). (B) G,/M restoration of p21 levels does not occur in MVM-infected cells.
Mock- and MVM-infected A9 cells were harvested at the indicated time points after release from isoleucine-deprived medium. Western blot analyses were
performed as described above for panel A. (C) Agents that block cells in G,/M result in increased levels of p21. A9 cells were treated with doxorubicin at the
indicated concentrations for 24 h or were not treated with doxorubicin (—). Cells were harvested and processed for Western blotting. The band labeled Control
in the top blot is a cellular cross-reacting band to the p21 antibody, which was used as a loading control. (D) p21 loss is proteasome mediated. Mock- and
MVM-infected A9 cells, parasynchronized as described in the legend to Fig. 1, were treated with the proteasome inhibitor MG132 or DMSO vehicle for 6 h at 26
hours postinfection (hpi). Cells were harvested at 32 hpi, and Western blotting was performed as described in the legend to Fig. 1.

treated the NS1-inducible cell lines with doxorubicin (which
mimics an ATM-mediated DDR [18]) and then induced NSI ex-
pression. NS1 expression did not detectably reduce the levels of p21
under these conditions either (Fig. 3B, compare lanes 2 and 4).
These experiments indicated that NS1 alone, either in the pres-
ence or absence of an ongoing DDR, did not affect reduction of

p21 levels, and suggested further that p21 reduction was a conse-
quence of events induced by viral infection and that could func-
tion in the presence of large amounts of NS1 generated during
infection. If this were the case, viral infection might be expected to
cause the loss of p21 induced by other DDR-inducing agents.
Thus, 18 h after release from an isoleucine block, infected and
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FIG 3 (A) NSI leads to stabilization of p21. Stable A9 cell lines that inducibly express NS1 under a doxycycline-responsive promoter (A9-NS1) were generated using the
pINDUCER lentivirus system (22) as described in the text. Cells were treated with doxycycline (500 ng/ml) (+) or vehicle (—) for 24 and 40 h and harvested, and the levels
of NS1, actin, p53 phosphorylated on serine 15, and p21 were assayed by Western blotting. (B) NS1 expression does not lead to degradation of p21 in the context of DNA
damage. A9 cells that were induced to express NS1 were treated with doxorubicin or vehicle control as indicated at a final concentration of 150 nM. Shortly thereafter,
doxycycline (500 ng/ml) or vehicle control was added for 24 h to induce NS1 expression. Cells were then harvested and assayed via Western blotting as described above
for panel A. (C) MVM infection prevents p21 upregulation by doxorubicin treatment. Parasynchronized A9 cells were released into complete medium and at the same
time mock infected or infected with MVM at an MOI of 10. At 18 h postrelease, doxorubicin was added to mock- and MVM-infected cells at a final concentration of 150
nM. Cells were harvested at the indicated time points and assayed via Western blotting as described above for panel A.
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FIG 4 (A) Inhibition of Cdk2 activity by roscovitine treatment. A9 cells parasynchronized by isoleucine deprivation were harvested at the time of release (T0) and 24 h
after release (T24) (lanes 2 and 3). In the sample shown in lane 3, roscovitine was added for 6 h at 18 h after release. Lysates were quantified, immunoprecipitated, and
used for kinase reactions as described in the text. Samples were run on 12% SDS-polyacrylamide gels, dried, and used for autoradiography. (B) Roscovitine treatment
affects MVM replication following S-phase entry. A9 cells parasynchronized by isoleucine deprivation were infected with MVM at the time of release at an MOI of 1. At
18 hpi, cells were treated with vehicle or roscovitine for 4, 8, or 12 h and harvested at 22, 26, or 30 hpi, respectively. Cell lysates were used for Southern blotting. Equivalent
loading was confirmed by measurements using a nanodrop spectrophometer as well as via ethidium bromide staining of cellular DNA. The positions of monomers and
dimers of the 5-kb double-stranded replicative form (RF) are shown to the right of the blot. A representative blot is shown. (C) Quantification of the replication. The
monomer double-stranded replicative forms from the Southern blots (an example of which is shown in panel B above) were quantitated using phosphorimager analysis
(10). Data points represent averages from three independent experiments. The error bars represent the standard deviations. At both 26 and 30 h, the values for the treated

samples were significantly different from the values for the untreated samples, with P values of <0.05.

mock-infected cells were treated with 150 nM doxorubicin for 6 h
(Fig. 3C, lanes 3 and 4) or 12 h (Fig. 3C, lanes 5 and 6) and assayed
for p21 levels. As expected, in the absence of infection, doxorubi-
cin treatment resulted in increased levels of p21; however, in in-
fected cells, p21 levels remained low (Fig. 3C, compare lanes 3 and
4 and lanes 5 and 6). Thus, MVM infection downregulated p21
levels induced by exogenous agents that stabilized or induced
overexpression of p21.

Inhibition of CDK activity following S-phase entry reduces
MVM replication. Upon entering S phase, p21 levels are normally
downregulated to allow cellular replication to proceed. p21 has at
least two critical interacting cellular partners that affect DNA rep-
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lication, a cyclin-dependent kinase (CDK) binding site in the N
terminus and a C-terminal PCNA interaction motif (9, 29). It has
been suggested that MVM utilizes the host DNA polymerase
d-mediated replication machinery—which can be inhibited by
p21 binding to the polymerase cofactor PCNA—to replicate its
genome in infected cells (5). Thus, it seemed possible that the
loss of p21 and consequent effects may have been necessary for
efficient MVM replication. Indeed, in in vitro assays, the addi-
tion of p21 has been shown to inhibit the conversion of the
incoming single-stranded genome to subsequent replicative in-
termediates and subsequent gene expression (5). This inhibi-
tion could be relieved by the addition of excess PCNA, suggest-
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ing that p21 could inhibit MVM replication in a PCNA-
dependent manner (5).

Attempts to directly test the role that depletion of p21 plays in
MVM infection by transient overexpression of p21 were compli-
cated by the expectation that such expression would inhibit cell
cycle progression and entry into S phase (15), which itself would
be predicted to limit MVM replication. However, the effects of
p21 are primarily mediated by its inhibition of CDKs (1, 32),
which thus presented an alternative target for our analysis. Cdk2
activity is particularly critical during S phase and is required for
efficient cellular DNA replication. Indeed in MVM infection, on-
set of DNA synthesis was shown to correlate with an increase in
cyclin A-associated kinase activity (5). Therefore, as an alternative
approach, we utilized roscovitine, a drug that has been shown to
be a specific inhibitor of cyclin-dependent kinases, to mimic ef-
fects due to overexpression of p21. Cells were treated with 37.5
M roscovitine (catalog no. R7772; Sigma) or dimethyl sulfoxide
(DMSOQ) vehicle 18 h after release from an isoleucine block (at
which time cells had entered S phase and viral replication had
begun to take place [Fig. 4B, lane 1]). We first confirmed that
Cdk2 was inhibited via roscovitine treatment using an established
immunoprecipitation kinase assay (5), in which Cdk2 was immu-
noprecipitated (antibody catalog no. sc-163; Santa Cruz Biotech-
nology) from 80 g of cell extract. Kinase reactions were per-
formed using 1 g histone H1 (catalog no. 14-155; Millipore) as
the substrate and indicated significant inhibition (Fig. 4A, com-
pare lanes 2 and 3). Cells were then harvested at 4, 8, and 12 h after
treatment (that is 22, 26, and 30 h after release [Fig. 4B]) and
assayed via Southern blotting as previously described (10). In the
presence of roscovitine, there was a significant reduction in the
rate of accumulation of viral replication intermediates (Fig. 4B,
lanes 3, 5, and 7) compared to control treated infected cells (Fig.
4B, lanes 2, 4, and 6). Quantifications of three separate experi-
ments are shown in Fig. 4C. These results suggested that CDK
activity is critical for viral replication and that reduction of p21
may be necessary to prevent inhibition of CDK activity.
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