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Parvovirus-Induced Depletion of Cyclin B1 Prevents
Mitotic Entry of Infected Cells

Richard O. Adeyemi, David J. Pintel*

University of Missouri-Columbia, School of Medicine, Columbia, Missouri, United States of America

Abstract

Parvoviruses halt cell cycle progression following initiation of their replication during S-phase and continue to replicate their
genomes for extended periods of time in arrested cells. The parvovirus minute virus of mice (MVM) induces a DNA damage
response that is required for viral replication and induction of the S/G2 cell cycle block. However, p21 and Chk1, major
effectors typically associated with S-phase and G2-phase cell cycle arrest in response to diverse DNA damage stimuli, are
either down-regulated, or inactivated, respectively, during MVM infection. This suggested that parvoviruses can modulate
cell cycle progression by another mechanism. In this work we show that the MVM-induced, p21- and Chk1-independent, cell
cycle block proceeds via a two-step process unlike that seen in response to other DNA-damaging agents or virus infections.
MVM infection induced Chk2 activation early in infection which led to a transient S-phase block associated with
proteasome-mediated CDC25A degradation. This step was necessary for efficient viral replication; however, Chk2 activation
and CDC25A loss were not sufficient to keep infected cells in the sustained G2-arrested state which characterizes this
infection. Rather, although the phosphorylation of CDK1 that normally inhibits entry into mitosis was lost, the MVM induced
DDR resulted first in a targeted mis-localization and then significant depletion of cyclin B1, thus directly inhibiting cyclin B1-
CDK1 complex function and preventing mitotic entry. MVM infection thus uses a novel strategy to ensure a pseudo S-phase,
pre-mitotic, nuclear environment for sustained viral replication.
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Introduction

Parvoviruses are the only known viruses of vertebrates that
contain single-stranded linear DNA genomes, and they present
novel replicative DNA structures to cells during infection [1,2].
Unlike the DNA tumor viruses, parvoviruses do not drive
quiescent cells into S-phase [3]. However, following S-phase
entry, cellular DNA polymerase, presumably DNA pol 8, converts
the single stranded viral DNA genome into a double stranded
molecule that serves as a template for transcription of the viral
genes. The NS1 protein is the main viral replicator protein for the
parvovirus minute virus of mice (MVM), interacting specifically
with the viral genome to process its various replication interme-
diates. Parvoviruses establish replication factories in the nucleus
(termed Autonomous Parvovirus-Associated Replication, or
APAR, bodies) where active transcription of viral genes and viral
replication takes place [4-6]. Viral replication induces a cellular
DNA damage response which serves to prepare the nuclear
environment for effective parvovirus takeover [7-11]. Following
MVM infection, cellular genome replication soon ceases while
viral replication continues for extended periods of time [12].

In order for viral replication to be sustained in infected cells, the
cellular environment, including the replication machinery and raw
materials for replication, must remain readily available. Thus,
normal cell cycle progression must be altered. Parvoviruses employ
varied mechanisms to disrupt normal cell cycle progression,
sometimes in different ways depending on the type of cell infected
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[13]. Adeno-associated virus type 2 (AAV2) induces a S-phase
block dependent upon Rep 78 nicking of cellular DNA and
inhibitory stabilization of cell division cycle 25 A (CDC25A) [14].
B19 infection in semi-permissive cells causes a cell cycle arrest in
G2 associated with accumulation of cyclins A, B1, and phosphor-
ylated cyclin-dependent kinase 1 (CDKI1) [15]. In the more
permissive CD36 EPO cell line, B19 infection results in a G2
arrest primarily mediated by the viral NS1 protein through a
mechanism that involves deregulation of the E2F proteins [16]
independent of DNA damage signaling [11]. Minute virus of
canines (MVC), a member of the Bocavirus genus of the Parvoviridae
also induces a G2/M arrest that is associated with accumulation of
cyclins and maintenance of inhibitory phosphorylation of CDK1
[17]. Interestingly, MVC G2 arrest is not dependent on the viral
NSI1 protein or on viral replication, but rather can be mediated by
the viral genome per se - inoculation of UV-irradiated viral
genomes was sufficient to induce a G2/M arrest. More recently,
MVC was shown to induce a Structural Maintenance of
Chromosome protein 1 (SMC1)-mediated S-phase arrest to
enhance its replication [18]. MVM NSI has been shown to
inhibit cellular DNA replication, and effects on both cellular DNA
integrity [19] and the DNA polymerase-o. complex have been
reported [20]. MVM infection has also been reported to cause a
cell cycle arrest prior to mitosis [21]; however, the mechanism by
which this occurs and its role in viral replication has not been fully
characterized.
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Author Summary

DNA viruses induce cellular DNA damage responses that
can present a block to infection that must be overcome, or
alternatively, can be utilized to viral advantage. Parvovi-
ruses, the only known viruses of vertebrates that contain
single-stranded linear DNA genomes, induce a robust DNA
damage response (DDR) that features a cell cycle arrest
that facilitates their replication. We show that the
autonomous parvovirus MVM-induced cell cycle arrest is
caused by a novel two-step mechanism that ensures a
pseudo S phase, pre-mitotic, nuclear environment for
sustained viral replication. A feature of this arrest is virally-
induced depletion of the critical cell cycle regulator cyclin
B1. Parvoviruses are important infectious agents that infect
many vertebrate species including humans, and our study
makes an important contribution to how these viruses
achieve productive infection in host cells.

Two B-type cyclins exist in mammals, cyclin Bl and B2.
Whereas cyclin B is an essential gene, cyclin B2-null mice develop
normally, suggesting that Bl may compensate for cyclin B2’s
function in development [22]. Entry into mitosis requires both the
accumulation of cyclin Bl and the activation of its associated
CDKI kinase via removal of its inhibitory phosphorylation [23].
This phosphorylation event is dependent on Weel, which inhibits
CDK1 by phosphorylating it on tyrosine 15; the CDC25
phosphatases antagonize Weel and activate CDK1 by removing
the phosphorylation mark [24-28]. Thus, maintenance of CDKI1
inhibitory phosphorylation is a major mechanism of G2-arrest in
response to various DNA damaging agents [29,30]. This is
achieved mainly v the activated Chkl kinase which inhibits the
function of the CDC25 phosphatases, although Chk2 has been
reported to inhibit these phosphatases as well [31,32]. MVM
induces a robust DDR in infected cells coordinated by ATM and
characterized by phosphorylation of H2AX, Nbsl, Chk2 and p53
[7]. The DDR contributed to G2 arrest and was also required for
robust viral replication in infected cells [7]. Surprisingly, the Chkl
kinase, which governs G2 arrest in response to myriad of DNA
damage responses, was not activated to detectable levels during
MVM infection [7]. Furthermore, the G2 cell cycle arrest
observed in MVM-infected murine A9 cells was not a consequence
of p53-mediated up-regulation of p21 [33].

In this report we further characterize the cell cycle perturbations
that take place following infection with MVM. MVM infection
presents the cell with sustained DNA damage signaling evidenced
by increasing phosphorylation of H2AX throughout the course of
infection [7]. But MVM infection also represents an atypical
system in which two of the major players required for sustaining a
G2 block in response to persistent DNA damage signaling, p21
and Chkl, are down-regulated or inactivated, respectively. How
does viral infection sustain a cell cycle block in the absence of
Chkl activation or p2l up-regulation? We show here that the
Chk2 protein was activated and recruited into MVM APAR
bodies during infection. Chk2 activation was important at an early
point in parvovirus infection, necessary to induce a transient S-
phase block which was associated with CDC25A degradation.
This early S-phase arrest was important for viral replication;
however, Chk2 activation and CDC25A loss were not sufficient to
sustain the marked G2 arrest seen following MVM infection.
Rather, we have found that although the phosphorylation of
CDKI1 that normally inhibits entry into mitosis was lost as
infection progressed, the MVM induced DDR resulted first in a
targeted mis-localization and then a significant depletion of cyclin
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B1, thus directly inhibiting cyclin BI-CDK1 complex function and
preventing mitotic entry. In this manner, MVM infection ensured
a pseudo S-phase, pre-mitotic, nuclear environment for sustained
viral replication.

Results

Chk2 activation mediated an S-phase arrest in MVM

infected cells which facilitated viral replication

Chk2 was activated during MVM infection. The auton-
omous parvovirus MVM induces a DNA-damage response (DDR)
in infected cells that results in cell cycle arrest prior to mitosis [7].
During this extended period the CDK inhibitor p21, which
typically plays an important role in p53-mediated G2 arrest, was
targeted for degradation in a proteasome-dependent manner [33].
This suggested that the MVM-induced cell cycle block was
independent of the p53-p21 signaling axis.

As described above, Chkl and Chk2 are additional critical
downstream checkpoint proteins known to regulate cell cycle
progression. In MVM infected, but not mock-infected, murine
cells we found that Chk2 exhibited the altered electrophoretic
mobility associated with activation (Figure 1A, panel ¢, compare
lanes 3 & 5 to lanes 2 and 4). Chk2 activation increased as the
infection progressed (Figure 1A, panel ¢, compare lanes 5 to 3),
and could be reversed by treatment with calf intestinal
phosphatase (Figure 1A, panel c, lane 6). Infection did not result
in a total shift of the Chk2 species into the slower migrating form,
as was found in cells treated with the radiomimetic neocarzinos-
tatin (NCS) (Figure 1A, panel c, lane 7), likely because during
infection of a para-synchronous population not all cells enter S-
phase and support MVM replication in a perfectly uniform
manner. MVM infection was confirmed by NSI expression
(Figure 1A, panel a, lanes 3, 5, 6), and an ongoing MVM-induced
DDR was also confirmed by robust phosphorylation of H2AX on
serine 139 (YH2AX) (Figure 1A, panel d, compare lanes 3 and 5
to lane 6) that was similar, or higher (at 24 h pi), than that
observed following NCS treatment (Figure 1A, panel d, compare
lane 5 to 7).

Chk2 activation is characterized by its phosphorylation on
threonine 68 [34]. Because of species-specific antibody restrictions,
this phosphorylation marker was examined in MVM-infected
human NB324K cells. (MVM induces a DDR in the permissive
NB324K cell line that is indistinguishable to that induced in
murine cells [7]). 24 hours after infection, phosphorylation of
Chk2 on threonine 68 was clearly apparent (Figure 1B, lane 2;
phosphorylated human Chk2 did not exhibit altered electropho-
retic mobility under these gel conditions). Phosphorylated Chk2
also localized to MVM APAR bodies, sites of ongoing virus
replication. As shown in Figure 1C, MVM infected, but not mock
infected, NB324K cells showed reactivity with the anti-Chk2 T68
antibody (Figure 1C, middle panel). Chk2 T68 staining was
increased in the entire nucleus but showed greater staining
intensity and localization within nuclear APAR bodies, identified
by the presence of MVM NSI1 (Figure 1C, top panel). The
specificity of this antibody was validated by confirming reactivity
with NCS-activated samples and the loss of this reactivity upon
further addition of the Chk2 mhibitor (data not shown). We did
not observe redistribution of the total Chk2 protein to APAR
bodies in infected cells (data not shown), suggesting that only the
activated Chk2 protein was re-localized.

We could not detect activation of Chkl during MVM infection
of NB324K cells in these experiments (data not shown), as also
previously reported for MVM infection of murine A9 cells [7],
arguing against a major role for this kinase in MVM-induced cell
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Figure 1. Chk2 but not SMC1 was activated during MVM infection. (A) Time course of Chk2 activation following MVM infection of murine A9
cells. A9 cells were para-synchronized in GO as described in Materials and Methods. Cells were then mock-infected or infected with MVMp at an MOI
of 10 at the time of release (TO, lane 1). As a positive control for Chk2 activation, A9 cells were treated with 150 ng/ml of the radiomimetic
neocarzinostatin (NCS, lane 7) for 1 hour. Treatment with calf intestinal phosphatase (CIP, lane 6) was done for 1 hour at 37°C. Cells were harvested at
the indicated time points after release, lysed in modified RIPA buffer. Protein content was measured using Bradford assay and equal amounts of
protein were loaded in each well for immunoblotting. Western blot analysis was carried out using antibodies directed against NS1 (panel a), Chk2
(panel c) and H2AX phosphorylated on serine 139 (YH2AX, panel d). Equal loading was confirmed by blotting for actin (panel b). (B) Chk2 activation
following MVM infection in permissive human NB324K cells. NB324K cells were mock infected or infected with MVM at an MOI of 10. Cells were
harvested 24 hours post infection. Western blot analysis using antibodies directed against NS1, Actin, Chk2 phosphorylated on threonine 68 (Chk2-P-
T68) and total Chk2 protein (Chk2) as indicated is shown. (C) Activated Chk2 localized within MVM APAR bodies. NB324K cells were infected for
24 hours before fixation and processing for immunofluorescence. APAR bodies were detected with antibodies to NS1. Nuclei were stained with
TOPRO-3. Staining with an antibody to phosphorylated Chk2, observed only in infected cells, was prominent in distinct foci which co-localized with
APAR bodies and also in a pan-nuclear pattern (merge panel). All images were captured using an objective of 63x. (D) SMC1 is not significantly
activated following MVM infection of murine A9 cells. Lysates from Figure 1A were blotted with antibodies directed against total SMC1 protein (SMC1)
and SMC1 protein phosphorylated on serine 957 (SMC1-P-S957). Short and long exposures of the same blot are shown.
doi:10.1371/journal.ppat.1003891.g001

cycle arrest. Similarly, we failed to observe activation, as detected
by its phosphorylation, of SMC1, a chromosomal protein that is a
component of the cohesin complex which has been implicated in
cell cycle arrest particularly in S-phase. SMC1 was recently shown
to be important for S-phase arrest in bocavirus infected cells [18].
However, A9 cell extracts from the same experiment shown in
Figure 1A exhibited only a slight increase in SMC1 phosphory-
lation above mock-infected cell levels at each time point tested
(detectable only upon extended exposure, Figure 1D, top panel,
compare lanes 2 & 3 or lanes 3 & 4), and these levels never
exceeded the background seen as a consequence of the synchro-
nization procedure (Figure 1D, top panel, lane 1). MVM infection
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did not alter amounts of total SMC1 protein (Figure 1D, bottom
panel). As expected, control treatment with NCS resulted in
significant phosphorylation of SMC1 (Figure 1B lane 6). These
results suggested that MVM-induced murine cell cycle arrest likely
occurs independently of high levels of activated SMC1.

Chk2 activation during MVM infection resulted in a
transient S-phase arrest associated with degradation of
CDC25A. MVM infection of asynchronous murine A9 cells
resulted in a substantial increases in the amount of cells in both S
and G2 phases compared to non-infected controls (from 13.5% to
24% for S phase and 24% to 42% for G2 phase respectively,
Figure 2A, compare mock to MVM). In these experiments 70 to
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Figure 2. Chk2 activation leads to a transient S-phase accumulation mediated by loss of CDC25A. (A) Reversal of S-phase accumulation
following Chk2 inhibition. FACS analysis was carried out as described in Materials and Methods. Cells were pre-treated for one hour with 10 uM Chk2
inhibitor Il (Chk2i) or DMSO vehicle before being either mock-infected or infected with MVMp at a MOI of 10 for 24 hours. Representative histograms
showing cell counts plotted against propidium iodide (PI) intensity are shown. Histograms are not drawn to scale. The percentage of cells in each
cycle stage was quantified using Summit software and shown as pie charts. Percentages are averages of three independent experiments. (B) CDC25A
degradation during infection. Paraynchronized A9 cells were mock-treated or infected with MVM at an MOI of 10. Samples were taken at either 19 or
25 h pi as shown, and immunoblotted using antibodies directed against NS1 (panel a), Actin (panel b), total Chk2 (panel c), CDC25A (panel d),
CDC25C (panel e) and YH2AX (panel f). (C) CDC25A is stabilized by proteasome inhibition. Parasyncrhonous mock-treated cells (harvested at 24 h after
release) and cells infected with MVM at an MOI of 10 in the presence and absence of MG132 (added at 18 h before harvest at 24 hpi) were
immunoblotted with the indicated antibodies. (D) Chk2 inhibition prevents CDC25A loss. A9 cells were pretreated with 10 uM of Chk2 inhibitor Il or
DMSO control one hour before being either mock-infected (DMS0) or MVM infected at an MOI of 10. At 24 h pi, cells were harvested and processed as
described in Figure 2B. Additionally, lysates were blotted with antibodies directed against p53 phosphorylated on serine 15 (p53-P-515, panel f) and
RPA32 phosphorylated on serine 4/8 (RPA32-P-S4/8, panel g).

doi:10.1371/journal.ppat.1003891.g002

80% of the cells were infected as determined by immunofluores- in the percentage of cells resident in G2 (from 34% to 41%,
cence for NSI at this time point (data not shown). Addition of Figure 3A), consistent with transition from an earlier transient
Chk2 inhibitor IT affected infected cell cycle progression, but not block. More cells remained in G1 phase than expected for reasons
by significantly reducing accumulation in G2. Rather, inhibitor that are not yet clear. An S-phase arrest during MVM infection
treatment resulted in a substantial reduction in the amount of cells has been noted previously by others [21].

that accumulated in S-phase (from 24% to 12%, Iigure 2A) Two parallel pathways have been primarily implicated in cell

without altering the cell cycle distribution of uninfected cells. This cycle arrest in S-phase following DNA damage — the Nbs1/SMC1
result suggested that in MVM infected cells activated Chk2 played pathway and the ATM/Chkl-Chk2/CDC25A pathway [35].
a role during S-phase transition, rather than mediating cell cycle Since inhibition of Chk2 kinase activity diminished the percentage
arrest in G2. The inhibitor was found to induce a modest increase of infected cells in S-phase, and because we failed to observe
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Figure 3. Chk2-mediated S-phase arrest facilitates MVM replication. (A) siRNA depletion of Chk2 reduces MVM replication. A9 cells were
transfected twice with 40 nM of control siRNA (lane 1) or siRNA against Chk2 (lane 2) as described in the Materials and Methods. At the time of release
from para-synchronization, cells were infected at an MOI of 2. 24 hours later cells were harvested and split in two for Southern and western blotting.
Top panel shows a Southern blot demonstrating reduced monomer replicative form (RF, compare lane 2 to 1). Bottom panel shows a western blot
showing Chk2 knockdown (compare lane 2 to 1). Actin was blotted as a loading control. There was a two-fold reduction in viral replication following
Chk2 depletion by siRNA (B) Chk2 inhibition reduces MVM replication. A9 cells were pretreated with DMSO (lane 1) or Chk2 inhibitor Il (Chk2i, lane 2))
before infection at an MOI of 2. 24 hours later cells were harvested and Southern blotting was performed. Bottom panel was probed using a
mitochondrial DNA probe for standardization. There was a 4.5 fold reduction in viral replication in the presence of Chk2 inhibitor compared with

DMSO treated cells.
doi:10.1371/journal.ppat.1003891.g003

significant increases in SMC1 phosphorylation above background
levels, we examined downstream events in the Chk2 signaling
pathway. Both Chkl and Chk2 activation have been implicated in
CDC25A degradation following ionizing radiation [35-37]. As
can be seen in Figure 2B, there was a significant loss of CDC25A
in MVM infected A9 cells beginning at 19 h pi, when virus
replication (as evidenced by NSI1 expression) became prominent,
and continued through 25 hours post infection (h pi) (Figure 2B,
panels a and d, compare lanes 2 and 4 with lanes 1 and 3). H2AX
phosphorylation confirmed an ongoing MVM-induced DDR
(Figure 2B, panel f, lanes 4 and 6). The Chk2 mobility shift
indicative of Chk2 activation was not clearly visible until 19 h pi in
the experiment shown (Figure 2B, panel c, lanes 2 and 4), although
we have observed it at earlier time points in other experiments
(data not shown). We did not observe a reduction in the levels of
the related protein CDC25C (Figure 2B, panel e), suggesting that
the loss was specific to CDC25A. The loss of CDC25A could be
substantially reversed by treatment with MGI132 (Figure 2C,
compare lanes 2 and 3), indicating that it had been targeted to the
proteasome.

Treatment with Chk2 inhibitor II, which prevented the
activation of Chk2 (as evidenced by the loss of Chk2 with an
altered mobility; Figure 2D, panel ¢, compare lanes 2 and 3),
prevented the reduction in CDC25A levels observed following
MVM infection of either para-synchronous (Figure 2D, panel d,
compare lanes 2 to 3), or asynchronous (data not shown) A9 cells,
without affecting the levels of the related CDC25C protein
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(Figure 2D, panel e). The Chk2 inhibitor did not substantially
affect accumulation of NS1 (Figure 2D, panel A), nor did it inhibit
the MVM-induced DDR as indicated by levels of phosphorylated
RPA32 and YH2AX (Figure 2D, panels g and h), suggesting that it
performed its function subsequent to the initiation of genome
replication. However, we did observe a reduction in activated p53
levels (Figure 2D, panel £, lanes 2 and 3), which may have been
due to the previously reported role of Chk2 in phosphorylating
p33 [38]. These results suggested that Chk2 activation resulted in
reduced levels of CDC25A during MVM infection, as has been
observed following treatment with ionizing radiation [36].

The Chk2-mediated S-phase arrest facilitated MVM
replication. siRNA knockdown of Chk2 in A9 cells resulted
in significant depletion of Chk2 protein in infected cells compared
to control siRNA treated cells (Figure 3A, lower panel, compare
lane 1 and 2). This resulted in an approximate two-fold reduction
in MVM replication compared to cells treated with control siRNA
(Figure 3A, upper panel, compare lane 1 and 2). Pre-treatment of
asynchronously growing cells with the Chk2 inhibitor resulted in at
least a four-fold reduction in accumulation of monomer replicative
forms (Figure 3B, lane 2) compared to vehicle treated cells
(Figure 3B, lane 1). In these experiments, NS1 accumulated levels
were not drastically reduced even though there was reduced
replication (data not shown, see also Figure 2B - lanes 2 and 3)
which was likely due to the very stable nature of the NS1 protein
[39]. Taken together, these results suggested that activation of
Chk2 during infection induced a transient S-phase block which is
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important for MVM replication. It remains possible that the Chk2
may have other effects leading to enhancement of MVM
replication.

The MVM-induced G2/M cell cycle block featured initial

mis-localization and subsequent loss of cyclin B1

MVM infection induced a sustained pre-mitotic block
even though the inhibitory phosphorylation of CDKI was
lost. In addition to a transient block within S-phase, MVM
infection results in an essentially complete block to the entry of
infected cells into mitosis [21]. Whereas CDK2, which is mainly
activated by CDC25A [40], plays important roles in S-phase
progression, transit from G2 to mitosis in normal cycling cells is
governed by activity of the CDKI1 (also called cdc2) kinase in
complex with its mitotic cyclin B1 [23]. This kinase can be subject
to various regulatory mechanisms in response to DNA damaging
drugs and during certain viral infections. In normal cycling cells in
the absence of DNA damage, the Weel kinase phosphorylates
CDKI1 on Tyr 15 rendering it inactive. When cells cycle to the
G2/M border, it is primarily the CDC25C phosphatase that
removes this inhibitory phosphorylation, thus promoting activa-
tion of CDK1 and mitotic entry [40]. In order to determine the
mechanism of G2-arrest following MVM infection, we first
examined the activity and phosphorylation status of CDKI1 over
the course of infection.

CDKI kinase assays using histone H1 as a substrate demon-
strated that at both early (24 h pi) and late (32 h pi) time points
following MVM infection, CDKI1 activity was reduced, to levels
seen following control doxorubicin treatment which blocks cells in
G2 (Figure 4, panels a and i, compare lanes 1 and 2 with lane 3).
Cells treated with the microtubule inhibitor nocodazole, which
traps cells in mitosis, and have high levels of CDKI1 activity [41],
exhibited high levels of histone H1 phosphorylation (Figure 4,
panels a and i, lane 4). These results demonstrated that a
significant portion of MVM infected cells were blocked prior to
mitosis at these time points. As expected, the nocodazole treated
samples resulted in undetectable levels of the inhibitory CDK1
phosphorylation on Y15 (since the cells have proceeded into
mitosis) (Figure 4, panel e, lane 4); while doxorubicin treatment,
which causes accumulation of cells in G2/M similar to that seen as
a result of MVM infection, resulted in the persistence of the
inhibitory phosphorylation of CDK1 (Figure 4, panel e, lane 3).
The phosphorylation status of CDK1 in MVM infected cells was
unexpected. At 24 h post MVM infection, CDKI1 Y15 inhibitory
phosphorylation was significant and comparable to what was
observed following doxorubicin treatment (Figure 4, panel e,
compare lanes 1 and 3). However, surprisingly, by 32 h pi, even
though cells were arrested and CDKI1 kinase activity was reduced
even further (Figure 4, panels a and 1, compare lanes 1 and 2), the
mhibitory phosphorylation of CDK1 was significantly reduced
(Figure 4, panel e, compare lanes 1 and 2) - a state normally
associated with cell cycle progression. This suggested that the cell
cycle block seen at later times during MVM infection may have
been the result of another mechanism. Expression of NSI
confirmed ongoing viral infection (Figure 4, panel c, lanes 1 and 2).

Virus-mediated down-regulation of cyclin Bl prevented
mitotic entry. These results suggested that the kinase compo-
nent of the cyclin BI-CDK1 complex was likely not the critical
regulatory target for sustaining the MVM-induced G2 cell cycle
block at later time points during infection, and so we turned our
attention to cyclin BI itself. Following MVM infection of para-
synchronized murine A9 cells, cyclin Bl levels were seen to
accumulate at 18 h pi, increasing through the 24 h time point
(Figure 5, panel e, lanes 4 and 5). However, remarkably, by 33 h
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Figure 4. Inhibitory phosphorylation of CDK1 is transient
during infection even though cells remain blocked in G2. Para-
synchronized A9 cells were infected for the indicated time points.
Control cells were treated with 200 nM doxorubicin (doxo, lane 3) or
150 ng/ml of nocodazole (noco, lane 4) 16 hours post release (just after
S-phase entry) and harvested at the indicated time points. Cells were
lysed in IP kinase buffer as described in materials and methods. Equal
amount of lysates were immunoprecipitated with 4 ug of CDK1
antibody and used for kinase assays using histone H1 as substrate.
Panel b shows amounts of immunoprecipitated CDK1. Autoradiograms
of phosphorylated histone H1 are shown in panels a (short exposure)
and i (long exposure). Input samples were blotted with antibodies
directed against NS1 (panel c), actin (panel d), total CDK1 (panel f),
CDK1 phosphorylated on tyrosine 15 (CDK1-P-Y15, panel e) and cyclins
A (panel h) and B (panel g).

doi:10.1371/journal.ppat.1003891.g004

pi, there was a dramatic reduction in the accumulated levels of
cyclin Bl (Figure 5A, panel e, compare lanes 5 and 6). This was
unexpected as cyclin Bl expression normally peaks in G2 in
cycling cells [23]. Because cyclin Bl is a required cofactor for the
G2 to M transition, its depletion would account for the sustained
loss of kinase activity we observed (Figure 4, panels a and i, lanes 1
and 2), and the apparent failure of dephosphorylated CDK1 (see
Figure 5A, panel b, lane 6) to promote mitotic entry in MVM
infected cells. In these experiments total CDK1 expression became
detectable around 12 h post release (when cells had begun to cycle
into S-phase) (Figure 5A, panel c, lane 3), while the inhibitory
tyrosine-15 phosphorylation was again lost by 33 h pi (Figure 5A,
panel b, lane 6). NSI expression was used as a marker for infection
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Figure 5. Virus-mediated downregulation of cyclin B1 RNA prevents mitotic entry. (A) Cyclin B1 loss late in MVM infection. Time course of
MVM infection of para-synchronized A9 cells. Mock cells were harvested at the time of release (MO, lane 1) or 33 hours post release (M33, lane 7).
Western blotting was performed as described in Figure 4, using antibodies directed against NS1 (panel a), CDK1-P-Y15 (panel b), total CDK1 (panel c),
cyclin A (panel d), and cyclin B1 and actin (panel e). (B) Infected cells do not proceed into mitosis. Nocodazole trap assay was performed as described in
Materials and Methods. Cells were blotted using antibodies against actin and histone H3 phosphorylated on serine 28 (Histone H3-P-S28) (C)
Doxorubicin treatment leads to cyclin B1 accumulation. Mock treated and 200 nM doxorubicin treated cells were harvested at 24 hours post treatment
and blotted using antibodies directed against cyclin B1 and actin. (D) MVM infection results in reduction of cyclin B1 RNA at 24 hpi. Northern blot
analyses comparing RNA from parasynchronized mock and MVM infected cells at 24 hpi. Ethidium bromide stained 18s rRNA served as a loading
control. (E) Time course analyses comparing RNA and protein from mock and infected cells late in infection. Samples harvested at the indicated time
points were processed for western blotting (panels a to e, using antibodies described in Fig. 4A), and RNAse protection assays (RPA, panels f and g)

using probes against murine actin and cyclin B1. * - nocodazole added at 19 hpr.

doi:10.1371/journal.ppat.1003891.g005

(Figure 5A, panel a), and cyclin A levels indicated entry into S-
phase and was sustained thereafter (Figure 5A, panel d, lanes 3-6).

To confirm that MVM infected cells in which cyclin B1 was lost
had not proceeded into mitosis, we performed a nocodazole trap
experiment. Cells that are blocked prior to mitosis can be
differentiated from normal cycling cells by immunostaining with
an antibody to histone H3 phosphorylated on serine 28, which is a
marker for cells present in mitosis [42]. As expected, uninfected cells
(which only had a relatively low percentage of cells in mitosis)
showed little histone H3 phosphorylation (Figure 5B, lane 1), while
nocodazole treatment resulted in an increase in phosphorylated
histone H3 (Figure 5B, lane 3), consistent with an accumulation of
cells in mitosis. In contrast, MVM infected cells did not exhibit
histone H3 phosphorylation either in the absence (Figure 5B, lane
2), or presence (Figure 5B, lane 4), of nocodazole, indicating that
MVM infected cells were blocked prior to mitotic entry, presumably
due to the absence of cyclin Bl. Typically, the highest amounts of
cyclin Bl are found in G2/M cells since cyclin Bl transcription
begins in S-phase and peaks at the G2/M border [23]. In contrast to
MVM infected cells, arrest of uninfected A9 cells at the G2/M
border by doxorubicin resulted in dramatic elevation of cyclin Bl
protein compared to mock asynchronous cells (Figure 5C, compare
lanes 1 & 2). This result confirmed that the loss of cyclin B1 observed
following MVM infection was a specific, virally-induced event, and
likely the cause rather than the consequence of the cell cycle block.

A reduction in cyclin Bl mRNA was also apparent during
MVM infection as early as 24 hpi (Figure 5D, compare lanes 1 &
2). To compare cell cycle alterations with mock infected cells in
parallel also at later time points, mock cells were treated with
nocodazole at 19 h post release to prevent entry into the next cell
cycle phase. Cells were processed for western blotting and RNAse
protection assays in parallel. The results demonstrated a correla-
tion between the reduction in cyclin Bl protein and RNA both at

PLOS Pathogens | www.plospathogens.org

25 h (Figure 5E, lanes 5 & 6, compare panels e and f) and 32 h
(Figure 5D, lanes 7 & 8, compare panels e and f) after release.

MVM infection induced premature nuclear entry and
recruitment to APAR bodies of cyclin Bl. Under normal
conditions, both the expressed levels and localization of cyclin Bl
are tightly regulated. In normal cycling cells, cyclin Bl levels
progressively increase in the cytoplasm of S and G2 phase cells and
only begin to accumulate in the nucleus just prior to nuclear
envelope breakdown. It has recently been shown that nuclear
import of the cyclin B1/CDKI1 complex is dependent on its own
kinase activity [43,44]. At early times during MVM infection,
prior to the loss of cyclin B1, we have shown that the complex was
inactive due to the inhibitory phosphorylation of CDK1 (Figure 4,
panels a and i, lanes 1 and 2), thus, we expected that at these times
cyclin Bl would remain cytoplasmic. However, surprisingly, at
24 h post MVM infection, when 70-80% of cells were infected, we
observed that the cyclin Bl that was present displayed a nuclear
localization in approximately 90% of infected cells (see Figure 6B),
and in many cells showed co-localization with MVM NSI1 in
APAR replication centers (Figure 6A, panels a and b). At this time
point we also found many infected cells that showed reduced
cyclin Bl staining (see Figure 6A, panel a). Consistent with the
results shown in Figure 5A, by 30 h pi there was very little staining
of cyclin Bl apparent, with some cells exhibiting undetectable
cyclin Bl in these assays (Figure 6A, panel d). In contrast,
doxorubicin treated cells blocked in G2 exhibited both an
increased accumulation and cytoplasmic localization of cyclin Bl
(Figure 6A, panel e) which was restricted to the cytoplasm in all
cells with detectable cyclin Bl expression (Figure 6B). Together,
these results suggest that MVM infection led to an early mis-
localization of cyclin B1. It is not known whether mis-localization
of cyclin B1 at early times during infection is a necessary prelude
to its eventual loss.
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Figure 6. MVM infection induces premature nuclear entry, recruitment into APAR bodies and eventual loss of cyclin B1. (A)
Mislocalization of cyclin B1. Panels a to d; para-synchronized A9 cells were infected with MVMp (MOI of 10) for 24 or 30 hours before being fixed and
processed for immunofluorescence. APAR bodies were detected with antibodies to NS1. Representative images are shown. G2 cells (identified by
prominent cytoplasmic staining of cyclin B1) are shown juxtaposed to infected cells. In infected cells which showed cyclin B1 staining, cyclin B1 was
nuclear and observed within distinct foci which co-localized with APAR bodies. Also, cyclin B1 staining intensity was reduced in many infected cells
(compared to G2 cells, see figure 6C) and was completely absent in some (see Figure 6D, compare infected cell on the far right with the one
adjacent). All images were captured using an objective of 63 x. Panel e; A9 cells were treated with 200 nM doxorubicin (doxo) for 28 hours and
processed as above. (B) Quantitation of the intracellular distribution of cyclin B1. Mock, doxorubicin-treated and MVM infected A9 cells from the
experiment in (A) and an additional experiment were quantified to indicate the cellular region showing predominant cyclin B1 staining.
Approximately 100 cells with detectable cyclin B1, in 7 randomly selected fields, were scored in an unbiased manner and plotted. Mock cells in GO/G1
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as well as MVM-infected cells with significantly reduced cyclin B1 staining were not included in the scoring.

doi:10.1371/journal.ppat.1003891.9g006

Discussion

DNA viruses induce cellular DDRs that can present a block to
infection that must be overcome, or alternatively can be utilized to
viral advantage [45]. Many viruses, including parvoviruses, have
been shown to induce DDR-dependent cell cycle alterations in
infected cells, employing varying mechanisms [46,47]. Due to their
small genome sizes, parvoviruses do not encode their own
polymerases, and must rely on cellular proteins in order to
replicate their genomes [3]. A few hours after S phase entry, viral
replication commences and soon thereafter, a DNA damage
response characterized by phosphorylation of a number of cellular
DDR-related proteins is initiated [7-9]. Viral replication is
required for full induction of the MVM-dependent DDR;
however, the specific trigger of this response is not yet clear.
Coincident with viral replication and an ongoing DDR, cellular
replication begins to decline. Infected cells undergo a transient S-
phase block and eventually become fully arrested prior to mitosis
[1,7,21]. A poorly understood feature of autonomous parvovirus
replication is that it is sustained for long periods of time in a pre-
mitotic nuclear environment following cessation of cellular DNA
replication [12].

MVM genome replication is a source of ongoing DDR
induction yet p21 and Chkl, major players typically associated
with S-phase and G2-phase cell cycle arrest in response to diverse
DNA damage stimuli, are either down-regulated, or inactivated,
respectively, during infection [7,33]. We have shown that MVM
infection induced a cell cycle block independently of these two
proteins via a two-step mechanism which is unlike that seen
following other DNA-damaging agents or virus infection. The
Chk?2 protein was first activated and recruited to MVM replication
centers during infection. Chk2 activation was necessary to induce
a transient S-phase block associated with CDC25A degradation
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which was necessary for full levels of viral replication. Chk2
activation and CDC25A loss, however, were not sufficient to
induce the dramatic G2 arrest seen following MVM infection.
While the Y15 phosphorylation of CDK1 that normally inhibits
entry into mitosis was lost as infection progressed, the MVM
induced DDR resulted in the near-complete depletion of cyclin
B1, thus directly inhibiting cyclin BI-CDK1 complex function.
This was likely to be the main cause of the more permanent G2
arrest that ensured that infected cells did not proceed into mitosis.

The intra-S-phase reduction in cellular DNA replication is a
general response to DNA damage stimuli that helps affected cells
to correct replication defects before proceeding to G2 and M [35].
Our data suggests that parvoviruses may exploit this response in
order to prime the cell to support its replication. Upon DDR
induction in MVM infected cells, Chk2 was phosphorylated by
ATM. There was a pan-nuclear increase in phospho-Chk2
staining and, importantly, accumulation of the phosphorylated
protein in APAR bodies where viral replication takes place. Chk2
activation resulted in proteasome-mediated CDC25A degrada-
tion. Since CDC25A phosphatase is necessary for activating
CDK2 [40], loss of CDC25A in MVM infected cells likely led to
reduced CDK2 activity, which would be predicted to inhibit
cellular DNA replication machinery [48] and cell cycle progres-
sion [49]. Additionally, Chk2 activity was recently shown to
directly inhibit the replicative helicase complex, providing an
alternative basis for Chk2-mediated S-phase arrest [50]. Our
inhibition of Chk2 kinase activity thus abrogated the virus-
mediated S-phase arrest resulting in a subsequent reduction in
viral replication.

Complete inhibition of CDK2 during S-phase would likely
prevent viral replication. But, in order to have complete inhibition
of CDK2 activity and a total S-phase block, both the ATM/Chk1-
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Chk2/CDC25A pathway and the ATM/Nbs1/SMCI1 pathway
must be inactivated [35,36,51,52]. We did not observe significant
activation of SMC1 during MVM infection. Indeed in preliminary
experiments we have found reduced, but not complete, inactiva-
tion of CDK2 activity following infection (Adeyemi and Pintel,
unpublished). Following IR treatment, inactivation of either the
Chk2-CDC25A pathway or the SMC1 pathway alone results in a
partial radio-resistant DNA synthesis (RDS) phenotype - a
scenario in which a reduced level of DNA synthesis still takes
place following radiation treatment [51]. We recently found that
the potent CDK inhibitor p21, which inhibits repair synthesis, is
targeted for degradation during MVM infection [33], and our
carlier work has shown that complete abrogation of CDK2 activity
via roscovitine treatment reduced virus replication [33]. Thus, it is
possible that activation of Chk2 but not SMC1 during MVM
infection may have allowed the low levels of CDK2 activity
necessary to maintain synthesis of viral DNA, while still limiting
cellular DNA replication in these cells.

In addition to transiently blocking cells in S phase, parvovirus
infection results in a marked pre-mitotic cell cycle arrest [7,21].
Activity of the cyclin B1/CDK1 complex, which is required for
mitotic entry, is dependent on the levels of cyclin Bl, its
localization in the cell, and regulatory phosphorylation of CDK1
[23]. Typically, maintenance of the inhibitory phosphorylation of
CDKI1 serves to halt cells in G2 phase following DNA damage
stimuli [30]. The inactive complex is retained in the cytoplasm
until the source of the damage stimulus is removed [23]. As
expected, at late times during MVM infection kinase assays
demonstrated that CDKI1 activity was inhibited; surprisingly
however, we found that the inhibitory phosphorylation of CDK1
was lost. Instead, we observed a dramatic reduction in cyclin Bl
levels at this time, ensuring inactivity of the cyclin B1/CDKI
complex and a block to mitotic entry. Arrest of uninfected A9 cells
at the G2/M border by doxorubicin resulted in dramatic elevation
of cyclin B] protein suggesting that the loss of cyclin Bl observed
following MVM infection was a specific, virally-induced event, and
likely the cause rather than the consequence of the cell cycle block.

Failure to sustain the inhibitory phosphorylation of CDK1 may
have been due to absence of Chkl activation. Chkl exerts its
inhibitory effects on CDKI via inhibitory phosphorylation of
CDC25C [29,40], however we have been unable to detect Chkl
activation in MVM infected cells. Chk2 has also been shown to
phosphorylate CDC25C i vitro [31]; however, our data suggest
that Chk2 activity is unable to sustain a permanent G2 arrest
during MVM infection. Ectopic expression of the MVM NSI
protein by itself led to an increase rather than decrease in cyclin
B1 levels (data not shown), suggesting that an event mediated by
viral replication and induction of the DDR triggered the reduction
of cyclin Bl levels in MVM infected cells. Reduction in cyclin Bl
appeared to correlate with a prior depletion of cyclin Bl mRNA.
The cause of cyclin Bl loss is not yet clear. In preliminary
experiments, siRNA depletion of p53 partially restored cyclin Bl
levels, suggesting that p53 activation may be involved in cyclin Bl
RNA depletion (Adeyemi, Fuller, and Pintel, in preparation).

Typically, cyclin Bl levels progressively accumulate in cells
during S-phase, peaking in late G2 and early mitosis [23]. MVM
infection did not appear to prevent the initial increase in cyclin Bl
protein levels; cyclin Bl was detected early and increased through
24 h pi before beginning to decrease. Depletion of cyclin Bl
mRNA, however, occurred as early as 24 h after infection.
Interestingly, in cells that had not yet lost cyclin B1, we observed
nuclear localization of cyclin Bl and co-localization with NS1 in
APAR replication bodies. This was unexpected because cytoplas-
mic retention of cyclin Bl is a general mechanism governing cell
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cycle arrest during infection by various viruses and DNA damage
stimuli [46,47]. Furthermore, while it has recently been shown
that that cyclin B1/CDKI activation is necessary for nuclear
localization of the complex [43,44,53], in MVM infected cells
cyclin Bl showed nuclear localization even though the kinase
remained inactive. It is not yet clear whether the mis-localization
of cyclin B1 at early times during infection is a necessary step in its
subsequent depletion.

There is substantial evidence indicating that the sustained S/G2
cell cycle block seen following MVM infection is essential for its
replication. Abrogation of MVM-induced DNA damage signaling
by caffeine and ATM inhibitors, which by themselves did not
affect cell cycle distribution of mock infected cells, led to a
significant reduction in both viral replication and virus-induced S/
G2 arrest [7]. Here we have shown that inhibition of Chk2, whose
activity appears to function after the onset of MVM replication (as
evidenced by the initial accumulation of NS1), and which blocks
subsequent S-phase progression, significantly reduced MVM
replication without substantially affecting the proportion of cells
blocked in G2 phase. We have not excluded, however, that Chk2
activity affects MVM replication in ways independent of an S-
phase block. Similarly, a recent report has also shown that S-phase
arrest following MVC infection is critical for its replication [18].
We assume that depletion of cyclin Bl is also a necessary feature of
MVM infection; however, how reduced cyclin Bl levels facilitate
infection is not yet clear. A number of other DNA viruses have
recently been shown to exploit a G2 arrest to promote their
replication [16,46,54].

In conclusion, we have shown that during MVM infection Chk2
activation led to a transient S-phase block which was associated
with CDC25A degradation and was necessary for viral replication.
Chk2 activation and CDC25A loss were alone not sufficient to
sustain the G2 arrest seen following MVM infection. Rather,
although the phosphorylation of CDKI1 that normally inhibits
entry into mitosis was lost as infection progressed, the MVM-
induced DDR resulted first in a targeted mis-localization and then
significant depletion of cyclin B, thus directly inhibiting cyclin
B1-CDK1 complex function and preventing mitotic entry. MVM
infection thus uses a novel strategy to ensure a pseudo S-phase,
pre-mitotic, nuclear environment for sustained viral replication.

Materials and Methods

Cell lines, viruses and virus infections

Murine A9 and human NB324K cells were propagated as
previously described. Wild-type MVMp was propagated following
transfection of the viral infectious clone in NB324K cells and
titered by plaque assay on A9 cells as previously described [7].
Infections were carried out at an MOI of 10 unless otherwise
indicated. Where indicated, reinfection was blocked by addition of
viral capsid neutralizing antibodies to the media.

Cell synchronization and drug treatments

A9 cells were para-synchronized in GO by isoleucine depriva-
tion. Unless otherwise indicated Doxorubicin (Sigma) was used at
a final concentration of 200 nM. Chk?2 inhibitor II was obtained
from Sigma and used at a final concentration of 10 uM.
Nocodazole was obtained from Calbiochem and used at a final
concentration of 150 ng/ml, and controls were treated with the

DMSO vehicle.

siRNA transfections
ON-TARGET plus SMART pool siRNAs directed against
mouse Chk2 (cat # L.-0406034-00) was obtained from Dharmacon.
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A9 cells plated in isoleucine-deprived media in 60 mm dishes were
transfected at the day of plating with 40 nm of siRNA using
HiPerfect transfection reagent (Invitrogen). Transfections were
repeated 24 hours later and the next day the cells were released into
complete media and processed as described in the figure legends.

Antibodies

Commercially available antibodies obtained from Cell Signaling
against the indicated proteins were: Cdc2/CDKI1 (Cat # 9112S),
CDKI-P-Y15 (Cat # 4539S), Histone H3-P-S28 (Cat # 97138),
p53-P-S15 (Cat # 9284), SMC1-P-957 (Cat # 4805S), SMCl1
(Cat # 4802S), CDC25A (Cat # 3652S) and Chk2-P-T68 (Cat #
26618S). Antibodies obtained from Santa Cruz Biotechnology were
CDC25A F-6 (Cat # sc -7389), CDC25C H-150 (Cat # sc-5620),
Cdc2 (Cat # sc-54). Others were against actin (Cat. 109 #
MA515739, Pierce), RPA32-P-S4/8 (Cat # A300-245A, Bethyl),
cyclin A (Cat # 06-138, Upstate) YH2AX (Cat # 05-636,
Millipore), Chk2 Clone 7 (Cat # 05-649, Millipore), cyclin Bl
(Cat. # 05-373, Millipore), and CDK1 (Cat. #Ab18, Abcam).
Secondary antibodies have previously been described. Additional
antibodies used for immunofluorescence include: cyclin Bl (Cat #
41388, Cell signaling), Alexa 488 (anti-mouse Cat # A11029, anti-
rabbit Cat # A11034, Invitrogen) and Alexa 568 (anti-mouse Cat
# A11031, anti-rabbit Cat # A11036, Invitrogen). NS1 CE10
and NSI 91W were described previously [7].

Immunoblot analyses

Cells grown and infected in 60 mm dishes were harvested and
lysed in modified RIPA buffer containing 20 mM Tris HCL
pH 7.5, 150 mM NaCL, 10% glycerol, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM trisodium
pyrophosphate, 20 mM sodium fluoride, 2 mM sodium orthova-
nadate and 1x protease inhibitor cocktail (Sigma). Alternatively,
cells were lysed in 2% SDS lysis buffer directly on cell culture dishes
as previously described. Protein concentrations were quantified by
Bradford assay and equal amounts of lysates were loaded in wells
and used for western blot analyses as previously described [7].

Kinase assays

Kinase assays were performed using a previously described
protocol [55]. Briefly, CDK1 was immunoprecipitated from equal
amounts of infected or drug-treated A9 cell lysates using 4 ug of
CDKI1 antibody (Cat # Abl18, Abcam). Histone H1 (Millipore)

was used as a substrate for kinase assays.

Immunofluorescence

For immunofluorescence, NB324K cells or para-synchronized
A9 cells were grown on glass coverslips in 35 mm dishes and
infected with MVMp using an MOI of 10. After 24-30 hr, cells
were washed with PBS, fixed with 4% paraformaldehyde for
15 min and extracted with 0.5% Triton X-100 in PBS for 10 min.
After blocking in PBS containing 3% BSA, cells were stained with
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the indicated antibodies. Nuclei were visualized by staining with
either DAPI or TOPRO3. The coverslips were mounted in
Fluoromount-G (Southern Biotech) and images were acquired
using a Zeiss LSM 510 Meta confocal microscope. All images were
captured using an objective of 63 x.

Cell cycle analyses

An hour before infection, cells were pre-treated with the 10 uM
Chk2 inhibitor II or vehicle (DMSO) control. Cells were then
mock infected or infected at an MOI of 10. After 24 hours, cells
were harvested and fixed in 4% formaldehyde for 15 min at room
temperature. Alternatively, cells were fixed in 70% ethanol for
15 min on ice. Cells were then pelleted, washed in PBS and
resuspended in 50 pg/ml propidium iodide solution containing
0.1 mg/ml RNAase A as well as 0.05% Trition X-100 for 40 min
at 37°C. Cells were resuspended in PBS and flow cytometry was
performed using FACScan (BD Biosciences). Data were analyzed
using Summit software (Beckman Coulter).

Analysis of viral DNA

Cell pellets from 60 mm dishes were split in two, with one half
used for western blot analysis and the other half for Southern blot
analysis. Southern blots were carried out as previously described
using whole MVM genome probes. Loading of DNA samples was
normalized using a nanodrop spectrophotometer, and results and
quantifications were standardized using probes against mitochon-

drial DNA as described [56].

RNAse protection assay (RPA)

RPA’s were performed as previously described [57]. Total RNA
was isolated using Trizol reagent (Invitrogen). Murine cyclin Bl
c¢DNA was obtained from Origene. Nucleotide 1 to 180 of murine
cyclin Bl ¢cDNA was cloned into pGEM3Z to make an antisense
probe.

Northern blots

Total RNA was extracted using Trizol reagent. Northern blots
were performed as previously described [58]. Cyclin Bl was
detected by probing with *?P-labeled full length murine cyclin Bl
cDNA.

Acknowledgments

We would like to thank Matthew Weitzman, University of Pennsylvania,
for ongoing support during these experiments. We thank Matt Fuller and
members of the lab for advice and discussion. We thank Lisa Burger for
expert technical assistance.

Author Contributions

Conceived and designed the experiments: ROA DJP. Performed the
experiments: ROA. Analyzed the data: ROA DJP. Contributed reagents/
materials/analysis tools: ROA DJP. Wrote the paper: ROA DJP.

5. Bashir T, Rommelaere J, Cziepluch C (2001) In vivo accumulation of cyclin A
and cellular replication factors in autonomous parvovirus minute virus of mice-
associated replication bodies. J Virol 75: 4394-4398.

6. Cziepluch C, Lampel S, Grewenig A, Grund C, Lichter P, et al. (2000) H-1
parvovirus-associated replication bodies: a distinct virus-induced nuclear
structure. J Virol 74: 4807-4815.

7. Adeyemi RO, Landry S, Davis ME, Weitzman MD, Pintel DJ (2010) Parvovirus
minute virus of mice induces a DNA damage response that facilitates viral
replication. PLoS Pathog 6: ¢1001141.

8. Luo Y, Chen AY, Qiu J (2011) Bocavirus infection induces a DNA damage
response that facilitates viral DNA replication and mediates cell death. J Virol
85: 133-145.

January 2014 | Volume 10 | Issue 1 | 1003891



9.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

Ruiz Z, Mihaylov IS, Cotmore SF, Tattersall P (2011) Recruitment of DNA
replication and damage response proteins to viral replication centers during infection
with NS2 mutants of Minute Virus of Mice (MVM). Virology 410: 375-384.
Schwartz RA, Carson CT, Schuberth C, Weitzman MD (2009) Adeno-
associated virus replication induces a DNA damage response coordinated by
DNA-dependent protein kinase. J Virol 83: 6269-6278.

. Luo Y, Lou S, Deng X, Liu Z, Li Y, et al. (2011) Parvovirus B19 infection of

human primary erythroid progenitor cells triggers ATR-Chkl signaling, which
promotes B19 virus replication. J Virol 85: 8046-8055.

. Cotmore SF, Tattersall P (1987) The autonomously replicating parvoviruses of

vertebrates. Adv Virus Res 33: 91-174.

. Chen AY, Qiu J (2010) Parvovirus infection-induced cell death and cell cycle

arrest. Future Virol 5: 731-743.

. Berthet C, Raj K, Saudan P, Beard P (2005) How adeno-associated virus Rep78

protein arrests cells completely in S phase. Proc Natl Acad Sci U S A 102:
13634-13639.

. Morita E, Tada K, Chisaka H, Asao H, Sato H, et al. (2001) Human parvovirus

B19 induces cell cycle arrest at G(2) phase with accumulation of mitotic cyclins.
J Virol 75: 7555-7563.

. Wan Z, Zhi N, Wong S, Keyvanfar K, Liu D, et al. (2010) Human parvovirus

B19 causes cell cycle arrest of human erythroid progenitors via deregulation of
the E2F family of transcription factors. J Clin Invest 120: 3530-3544.

. Chen AY, Luo Y, Cheng F, Sun Y, Qiu J (2010) Bocavirus infection induces

mitochondrion-mediated apoptosis and cell cycle arrest at G2/M phase. J Virol
84: 5615-5626.

. Luo Y, Deng X, Cheng F, Li Y, Qiu J (2013) SMC]1-mediated intra-S-phase

arrest facilitates bocavirus DNA replication. J Virol 87: 4017-4032.

. Op De Beeck A, Caillet-Fauquet P (1997) The NS1 protein of the autonomous

parvovirus minute virus of mice blocks cellular DNA replication: a consequence
of lesions to the chromatin? J Virol 71: 5323-5329.

Ho TF, Gupta JS, Faust EA (1989) A novel primase-free form of murine DNA
polymerase alpha induced by infection with minute virus of mice. Biochemistry
28: 4622-4628.

Op De Beeck A, Sobczak-Thepot J, Sirma H, Bourgain F, Brechot C, et al.
(2001) NS1- and minute virus of mice-induced cell cycle arrest: involvement of
p53 and p21(cipl). J Virol 75: 11071-11078.

Brandeis M, Rosewell I, Carrington M, Crompton T, Jacobs MA, et al. (1998)
Cyclin B2-null mice develop normally and are fertile whereas cyclin Bl-null
mice die in utero. Proc Natl Acad Sci U S A 95: 4344-4349.

Lindqvist A, Rodriguez-Bravo V, Medema RH (2009) The decision to enter
mitosis: feedback and redundancy in the mitotic entry network. J Cell Biol 185:
193-202.

Featherstone C, Russell P (1991) Fission yeast pl07weel mitotic inhibitor is a
tyrosine/serine kinase. Nature 349: 808-811.

. Gautier J, Solomon MJ, Booher RN, Bazan JF, Kirschner MW (1991) cdc25 is a

specific tyrosine phosphatase that directly activates p34cdc2. Cell 67: 197-211.
Gould KL, Nurse P (1989) Tyrosine phosphorylation of the fission yeast cdc2+
protein kinase regulates entry into mitosis. Nature 342: 39-45.

Russell P, Nurse P (1987) Negative regulation of mitosis by weel+, a gene
encoding a protein kinase homolog. Cell 49: 559-567.

Strausfeld U, Labbe JC, Fesquet D, Cavadore JC, Picard A, et al. (1991)
Dephosphorylation and activation of a p34cdc2/cyclin B complex in vitro by
human CDC25 protein. Nature 351: 242-245.

Sanchez Y, Wong C, Thoma RS, Richman R, Wu Z, et al. (1997) Conservation
of the Chkl checkpoint pathway in mammals: linkage of DNA damage to Cdk
regulation through Cdc25. Science 277: 1497-1501.

Zhou BB, Elledge SJ (2000) The DNA damage response: putting checkpoints in
perspective. Nature 408: 433-439.

Matsuoka S, Huang M, Elledge SJ (1998) Linkage of ATM to cell cycle
regulation by the Chk2 protein kinase. Science 282: 1893-1897.

Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, et al. (2000) Chkl is an
essential kinase that is regulated by Atr and required for the G(2)/M DNA
damage checkpoint. Genes Dev 14: 1448-1459.

Adeyemi RO, Pintel DJ (2012) Replication of minute virus of mice in murine

cells is facilitated by virally induced depletion of p21. J Virol 86: 8328-8332.

PLOS Pathogens | www.plospathogens.org

1

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

56.

57.

58.

MVM-Induced Cell Cycle Arrest

Matsuoka S, Rotman G, Ogawa A, Shiloh Y, Tamai K, et al. (2000) Ataxia
telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proc Natl Acad
Sci U S A 97: 10389-10394.

. Bartek J, Lukas C, Lukas J (2004) Checking on DNA damage in S phase. Nat

Rev Mol Cell Biol 5: 792-804.

Falck J, Mailand N, Syljuasen RG, Bartek J, Lukas J (2001) The ATM-Chk2-
Cdc25A checkpoint pathway guards against radioresistant DNA  synthesis.
Nature 410: 842-847.

Sorensen CS, Syljuasen RG, Falck J, Schroeder T, Ronnstrand L, et al. (2003)
Chkl regulates the S phase checkpoint by coupling the physiological turnover
and ionizing radiation-induced accelerated proteolysis of Cdc25A. Cancer Cell
3: 247-258.

Hirao A, Kong YY, Matsuoka S, Wakeham A, Ruland J, et al. (2000) DNA
damage-induced activation of p53 by the checkpoint kinase Chk2. Science 287:
1824-1827.

Weitzman MD (2006) The parvovirus life cycle: an introduction to molecular
interactions important for infection. In: Kerr JR, Cotmore, S.F., Bloom, M.E.,
editor. Parvoviruses. London, UK: Hodder Arnold. pp. 143-156.

Boutros R, Lobjois V, Ducommun B (2007) CDC25 phosphatases in cancer
cells: key players? Good targets? Nat Rev Cancer 7: 495-507.

Raj K, Ogston P, Beard P (2001) Virus-mediated killing of cells that lack p53
activity. Nature 412: 914-917.

Goto H, Tomono Y, Ajiro K, Kosako H, Fujita M, et al. (1999) Identification of
a novel phosphorylation site on histone H3 coupled with mitotic chromosome
condensation. J Biol Chem 274: 25543-25549.

Gavet O, Pines J (2010) Activation of cyclin B1-Cdk1 synchronizes events in the
nucleus and the cytoplasm at mitosis. J Cell Biol 189: 247-259.

Gavet O, Pines J (2010) Progressive activation of CyclinB1-Cdkl1 coordinates
entry to mitosis. Dev Cell 18: 533-543.

. Lilley CE, Schwartz RA, Weitzman MD (2007) Using or abusing: viruses and

the cellular DNA damage response. Trends Microbiol 15: 119-126.

Davy C, Doorbar J (2007) G2/M cell cycle arrest in the life cycle of viruses.
Virology 368: 219-226.

Chaurushiya MS, Weitzman MD (2009) Viral manipulation of DNA repair and
cell cycle checkpoints. DNA Repair (Amst) 8: 1166-1176.

Sherr CJ, Roberts JM (1999) CDK inhibitors: positive and negative regulators of
G1-phase progression. Genes Dev 13: 1501-1512.

Zhu Y, Alvarez C, Doll R, Kurata H, Schebye XM, et al. (2004) Intra-S-phase
checkpoint activation by direct CDK2 inhibition. Mol Cell Biol 24: 6268-6277.
Ilves I, Tamberg N, Botchan MR (2012) Checkpoint kinase 2 (Chk2) inhibits the
activity of the Cdc45/MCM2-7/GINS (CMG) replicative helicase complex.
Proc Natl Acad Sci U S A 109: 13163-13170.

Falck J, Petrini JH, Williams BR, Lukas J, Bartek J (2002) The DNA damage-
dependent intra-S phase checkpoint is regulated by parallel pathways. Nat Genet
30: 290-294.

. Yazdi PT, Wang Y, Zhao S, Patel N, Lee EY, et al. (2002) SMCI is a

downstream effector in the ATM/NBSI1 branch of the human S-phase
checkpoint. Genes Dev 16: 571-582.

. Lindqvist A (2010) Cyclin B-Cdk1 activates its own pump to get into the nucleus.

J Cell Biol 189: 197-199.

. Orba Y, Suzuki T, Makino Y, Kubota K, Tanaka S, et al. (2010) Large T

antigen promotes JC virus replication in G2-arrested cells by inducing ATM-
and ATR-mediated G2 checkpoint signaling. J Biol Chem 285: 1544-1554.

. Bashir T, Horlein R, Rommelaere J, Willwand K (2000) Cyclin A activates the

DNA polymerase delta -dependent elongation machinery in vitro: A parvovirus
DNA replication model. Proc Natl Acad Sci U S A 97: 5522-5527.

Sowd GA, Li NY, Fanning E (2013) ATM and ATR activities maintain
replication fork integrity during SV40 chromatin replication. PLoS Pathog 9:
¢1003283.

Venkatesh LK, Fasina O, Pintel DJ (2012) RNAse mapping and quantitation of
RNA isoforms. Methods Mol Biol 883: 121-129.

Qiu J, Nayak R, Tullis GE, Pintel DJ (2002) Characterization of the
transcription profile of adeno-associated virus type 5 reveals a number of
unique features compared to previously characterized adeno-associated viruses.

J Virol 76: 12435-12447.

January 2014 | Volume 10 | Issue 1 | 1003891



