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The nonstructural protein NS1 of the autonomous parvovirus minute virus of mice (MVMp) is cytolytic when
expressed in transformed cells. Before causing extensive cell lysis, NS1 induces a multistep cell cycle arrest in
Gy, S, and G,, well reproducing the arrest in S and G, observed upon MVMp infection. In this work we
investigated the molecular mechanisms of growth inhibition mediated by NS1 and MVMp. We show that
NS1-mediated cell cycle arrest correlates with the accumulation of the cyclin-dependent kinase (Cdk) inhibitor
p21°?! associated with both the cyclin A/Cdk and cyclin E/Cdk2 complexes but in the absence of accumulation
of p53, a potent transcriptional activator of p21°”?’. By comparison, MVMp infection induced the accumulation
of both p53 and p21°”’, We demonstrate that p53 plays an essential role in the MVMp-induced cell cycle arrest
in both S and G, by using p53 wild-type (+/+) and null (—/—) cells. Furthermore, only the G, arrest was
abrogated in p21°”” null (—/—) cells. Together these results show that the MVMp-induced cell cycle arrest in
S is p53 dependent but p21°?’ independent, whereas the arrest in G, depends on both p53 and its downstream
effector p21°?’. They also suggest that induction of p21°”?” by the viral protein NS1 arrests cells in G, through

inhibition of cyclin A-dependent Kkinase activity.

Autonomous parvoviruses are nonenveloped linear single-
stranded DNA viruses. To accomplish their lytic cycle, they
require proliferating cells, since they are strongly dependent
on cell factors associated with the S phase of the cell cycle (11,
16, 50, 52). However, they cannot induce cell proliferation as
do oncogenic viruses. Cell proliferation is not the only prereq-
uisite; autonomous parvoviruses also depend on cell factors
associated with the differentiation state of the cell (51). Con-
sequently, parvoviral infection is often lethal or highly malfor-
mative when it occurs in a fetus or neonate and comparatively
innocuous when it occurs in adults. Another consequence of
these parvovirus requirements is their oncotropism. Parvovirus
infection interferes with the development of tumors in vivo and
leads to extensive lysis of transformed cells in vitro (reviewed
in reference 45). The nonstructural viral protein NS1 plays an
essential role in the oncolytic action of parvoviruses. NS1 is an
essential multifunctional protein that regulates the viral cycle
at several levels. It is required for viral DNA replication (re-
viewed in reference 12) and viral gene expression. It is a potent
transcriptional activator, acting primarily on the viral late pro-
moter p38, although it is also reported to modulate heterolo-
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gous promoters (6, 29, 30, 34). NS1 can directly interact with
the transcription factor SP1 (28, 33) and, in vitro, with the
proteins TFIIA(a/B) and TBP (33). In addition, NS1 displays
ATPase and helicase activities (27, 38) and a site-specific nick-
ing activity (10, 14). It is found covalently attached to the 5’
end of intracellular replicating viral DNA (10, 14), and in vitro
assays have shown that the endonuclease activity of NSI1 is
activated by sequence-specific binding cell factors (7, 8, 32) and
a member of the high-mobility-group proteins 1/2 (9, 13). NS1,
furthermore, is cytotoxic when expressed in transformed cell
lines in vitro (5, 36) and in vivo (48).

Cell lines that have stably integrated the coding sequence for
NS1 under the control of a dexamethasone-inducible promoter
have been previously produced. Cell lysis occurs after several
days of expression of NS1. However, cell proliferation is al-
ready impaired within a few hours, with an accumulation in the
G, S, and G, phases, as observed by flow cytometry (40, 41).
In this study, we examined the molecular mechanisms of NS1-
induced cell cycle arrest and we compared how NS1 expression
and minute virus of mice (MVMp) infection impinge on cell
division regulators. The cell cycle is described as the regulated
succession of the S phase, during which DNA replication oc-
curs, and mitosis (M), separated by the two gap periods (G,
and G,). Transitions from one phase to the next and progres-
sion through each phase are regulated by different cyclin-de-
pendent kinases (Cdks) through phosphorylation of various
substrates. The activity of these kinases is variously controlled
by phosphorylation, association with activators (cyclins) or in-
hibitors (Cdk inhibitors), and localization within the cell (re-
viewed in references 43 and 49). Different cyclin/Cdk com-
plexes are activated sequentially during the cell cycle. Cyclin
D/Cdk4 or Cdkeé initiates proliferation from G, to G, cyclin
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E/Cdk2 promotes the transition from G, to S, cyclin A/Cdk2 or
Cdc2 promotes the S phase and entry into the prophase of
mitosis (21), and cyclin B/Cdc2 controls the accomplishment of
mitosis (reviewed in reference 39). pS3-dependent and -inde-
pendent induction of the pleiotropic Cdk inhibitor p21<#” is a
common mechanism of growth arrest in different physiological
situations (20; reviewed in reference 22). Specifically, p53-
mediated up-regulation of p21°’ has been shown to arrest
cells in G, (20). Overexpression of p53 also causes a G, arrest
through the extinction of cyclin B-associated kinase activity,
resulting from both a direct inhibition of the kinase by the p53
effector GADD45 and transcriptional repression of the Cdc2
and cyclin B promoters (42, 53, 56). In this study, we investi-
gated the requirement of p53 and p21°7” in the cell cycle arrest
induced by MVMp infection and the status of S and G, cyclin/
Cdk complexes in NS1-expressing and MVMp-infected cells.

MATERIALS AND METHODS

Cells and viruses. The FRNS1.25 line and its derivatives transformed with
c-Ha-ras (FRNS1.25EJ1) or polyomavirus middle T antigen (FRNS1.25MT4-1)
are rat fibroblasts stably transfected with an inducible vector, where the expres-
sion of the MVMp protein NSI is driven by a mouse mammary tumor virus
(MMTV) long terminal repeat (LTR) (36). FREJ4 cells are rat fibroblasts
transformed with c-Ha-ras (54). NIH 3T3 cells are normal mouse fibroblasts,
MEFip53° cells are p53-null (—/—) immortalized mouse embryonic fibroblasts
(MEFs) (2), and SAOS-2 is a p53~/~ human osteosarcoma cell line (ATCC
HTB-85).

Primary MEFs were prepared from 12.5-day embryos from p53 wild-type
(+/+) or null embryos (18) as described elsewhere (25). MEF p21°7/~/~ are
primary MEFs in the 129/C57BL/6 mixed genetic background (17). Primary
MEFs were used before passage 5.

All cell lines were cultured in Dulbecco’s modified essential medium supple-
mented with 10% fetal calf serum and 1% sodium pyruvate. MVMp infection
was carried out as follows. The cells were rinsed with phosphate-buffered saline
(PBS) (1.5 mM KH,PO,, 8.1 mM Na,HPO,, 140 mM NaCl, 2.7 mM KCI [pH 7.2
to 7.4]) supplemented with CaCl, (0.9 mM) and MgSO, (0.9 mM) (PBS-Ca-Mg).
The cells were then incubated for 1 h in 1 ml of PBS-Ca-Mg buffer with or
without the virus (multiplicity of infection, 10 infectious particles per cell). The
cells were harvested after another 24-h incubation in culture medium at 37°C.

Western blotting. Viral NS1 and endogenous cell cycle proteins were visual-
ized by immunoblotting. Cells treated or not treated with 107> M dexametha-
sone or infected with MVMp were rinsed and scraped in cold PBS. For proteins
purified on p9 beads, the protocol described for immunoprecipitation was used.
For proteins analyzed from crude extracts, cells were lysed in 2% sodium dodecyl
sulfate (SDS), 50 mM Tris-HCI (pH 6.8), 10% glycerol, 0.1% bromophenol blue,
and 2% B-mercaptoethanol and subjected to three cycles of boiling (5 min) and
freezing. The samples were fractionated by SDS-polyacrylamide gel electro-
phoresis (10% polyacrylamide) and electrophoretically transferred to a nitrocel-
lulose membrane in 20 mM Tris-HCI, 150 mM glycine, and 20% methanol (pH
8). The nitrocellulose membranes were blocked in PBS-0.1% Tween 20-5%
nonfat dry milk for NS1, p34¢4e2, p21¢P? p27%P! and cyclins A, B, and E. The
blots were incubated with a polyclonal rabbit antiserum raised against a bacterial
fusion protein containing an MVMp-NS1-specific carboxy-terminal amino acid
sequence (31) or with rabbit polyclonal antibody raised against cyclin A (H-432)
(1:1,000 dilution, sc-741; Santa Cruz) or cyclin E (M-20) (1:1,000 dilution, sc-481;
Santa Cruz). Mouse monoclonal antibodies were used to detect p34°““? (IgG2a
17; 1:1,000 dilution; Santa Cruz sc-54), p33°“*? (polyclonal serum kindly provided
by F. Hall), cyclin Bl (IgG1 GNSI; 1:1,000 dilution; Santa Cruz sc-245), and
p274P1 (1gG1 K25020; 1:1,000 dilution; Transduction Laboratories; 1:1,000 di-
lution). p21¢7’ was detected with pooled mouse monoclonal immunoglobulin G
(IgG) derived from clones CP36 (IgG1K, epitope amino acids 1 to 80) and CP74
(IgG2BK, epitope amino acids 1 to 80) (Euromedex, Mundolsheim, France).
Immunocomplexes were revealed with an anti-rabbit antibody linked to horse-
radish peroxidase (ECL detection system from Amersham). The p53 protein was
detected by immunoprecipitation of cellular extracts labeled with [**S]methi-
onine/cysteine.

Metabolic labeling. Cells were infected by MVMp at a multiplicity of infection
of 10 for 24 h or treated with 107> M dexamethasone to induce the expression
of NS1 during the indicated times. Cells were washed twice with PBS followed by
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a 1-h preincubation with cysteine- and methionine-free Dulbecco’s modified
essential medium supplemented with 1% glutamine. Cells were labeled for 2 h in
the same medium with 150 p.Ci of Pro-mix S (Amersham)/ml in the presence
of the proteasome inhibitor N-CBZ-Leu-Leu-Leu-AL (Sigma) at a concentra-
tion of 10 wM. The same experiment realized in the absence of the proteasome
inhibitor also indicates no variation in the level of p53 in NS1-expressing cells
(data not shown). Equal aliquots were lysed in CHRIS buffer (50 mM Tris-HCIl
[pH 8.0], 10% glycerol, 200 mM NacCl, 0.5% Nonidet P-40, and 0.1 mM EDTA)
supplemented with 10-pg/ml concentrations of each of the following protease
inhibitors: leupeptin, aprotinin, N-p-tosyl-L-lysine chloromethyl ketone (TLCK),
N-tosyl-L-phenylalanine chloromethyl ketone (TPCK), and phenylmethylsulfonyl
fluoride. Labeled p53 was recovered by immunoprecipitation with the monoclo-
nal antibody Pab421 (hybridoma supernatant), separated by SDS-polyacrylamide
gel electrophoresis, and detected by autoradiography. As a positive control,
FREJ4 cells were +y-irradiated (1 gray) and then cultured with the proteasome
inhibitor N-CBZ-Leu-Leu-Leu-AL at a concentration of 10 wM during the 8 h
before metabolic labeling and harvesting.

Coimmunoprecipitation. Cells (2 X 10° cells) were lysed in 500 ul of homog-
enization buffer (25 mM morpholinepropanesulfonic acid [MOPS] [pH 7.2], 15
mM EGTA, 15 mM MgCl,, 2 mM dithiothreitol, 1 mM sodium vanadate, 1 mM
NaF, 1 mM disodium phenylphosphate, 60 mM B-glycerophosphate, 15 mM
nitrophenylphosphate, 10 ug of leupeptin per ml, 10 ug of aprotinin per ml, 10
pg of soybean trypsin inhibitor (SBTI) per ml, 100 pM benzamidine) and son-
icated. The homogenates were centrifuged for 10 min at 18,000 X g and 4°C, and
then 450 pl of supernatant was added to rabbit polyclonal anti-cyclin A (diluted
1:1,000; J. Pines) or anti-cyclin E (diluted 1:100; K. Keyomarsi) antibodies. After
1honice, 50 wl of a 1:5 dilution of protein A-Sepharose beads in bead buffer (50
mM Tris-HCI [pH 7.4], 5 mM NaF, 250 mM NaCl, 5 mM EDTA, 0.1% NP-40,
5mM EGTA, 10 pg of leupeptin per ml, 10 pg of aprotinin per ml, 10 pg of SBTI
per ml, and 100 pM benzamidine) was added. Samples were incubated at 4°C for
1 h on a rocking wheel. The beads were rinsed three times with 1 ml of bead
buffer. For immunoblot analysis, the pellet resuspended in 50 pl of loading buffer
was boiled for 5 min, loaded onto an SDS-polyacrylamide gel, and electropho-
resed. The presence of the Cdk inhibitor p21°?’ in the immunoprecipitated
complex was determined by Western blotting as described above. Alternatively,
histone H1 kinase assays were performed as described elsewhere (35) by incu-
bating the beads for 10 min at 30°C after dilution in 25 pl of kinase buffer (50
mM Tris-HCI [pH 7.4], 5 mM EGTA, 10 mM MgCl,, 1 mM dithiothreitol) in the
presence of 0.2 mCi of [y->P]JATP (Dupont NEN)/ml and 1 mg of histone H1
(Boehringer-Mannheim)/ml. The samples were then spotted on phosphocellu-
lose paper (P81; Whatman) that was rinsed in diluted phosphoric acid. The
radioactivity incorporated in histone H1 was counted in a Beckman scintillation
counter.

Flow cytometry analysis. Cells were harvested by trypsinization and rinsed
with PBS. After centrifugation, the pellet (10° to 10° cells) was suspended in 1 ml
of PBS and kept on ice for 5 min. The cell suspension was then fixed by drop-wise
addition of 9 ml of precooled (—20°C) 80% ethanol under violent shaking. Fixed
samples were kept at 4°C until used (15). For staining, the cells were centrifuged,
resuspended in PBS, digested with RNase A (100 wg/ml; Boehringer), and
treated with propidium iodide (50 wg/ml; Sigma) for 15 min. Fixed and stained
cells were analyzed by flow cytometry with a fluorescence-activated cell sorter
(FACScan; Becton Dickinson). The propidium iodide emission signal was mon-
itored at 575 nm by means of an appropriate filter (band-pass width, 26). Ten
thousand events per sample were collected, stored, and analyzed by the Lysis II
system (Becton Dickinson). The distribution of cells among the various phases of
the cell cycle was quantified by means of the Cell Fit program (Becton Dickin-
son).

RESULTS

p53 accumulates following MVMp infection. Rat fibroblasts
become arrested in the S and G, phases of the cell cycle upon
MVMp infection or NS1 expression (40, 41). During the viral
cycle, parvoviral genome amplification leads to the accumulation
of strand breaks in the viral genome that may be detected as
signals of chromatin damage. As DNA damage commonly leads
to cell cycle arrest through the accumulation of p53 (for reviews
see references 23 and 44), we determined whether p53 accumu-
lates upon MVMp infection. Wild-type p53 cells (FREJ4), per-
missive to the viral infection, were infected for 24 h with MVMp
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FIG. 1. p53 accumulates in rat fibroblasts upon MVMp infection
but not in NSl-expressing cells. FREJ4 cells were infected or not
infected for 24 h with MVMp or irradiated with vy rays as a positive
control (left panel). FRNS1.25EJ1 cells were cultivated in the presence
of dexamethasone (Dex) for the indicated amounts of time to induce
NS1 expression (right panel). Before harvest, cells were metabolically
labeled for 2 h using [**S]methionine; and [>*S]cysteine; p53 was then
immunoprecipitated and revealed by autoradiography.

and labeled with [*>SJmethionine/cysteine, and p53 was detected
after immunoprecipitation (Fig. 1, left panel). p53 was not detect-
able in uninfected cells but accumulated readily after infection. In
situ indirect immunofluorescence revealed that p53 was present
in both the nucleus and cytoplasm of MVMp-infected cells (Fig.
2A). Since the nuclear localization of p53 is related to its activa-
tion (47), we concluded that MVMp infection triggers accumula-
tion of active p53.

MVMp-induced cell cycle arrest is p53 dependent. In order
to investigate the role of p53 in the cell cycle arrest induced by
MVMp, we analyzed two p53~/~ cell lines (MEFip53° [immor-
talized MEFs] and SAOS-2 [a human osteosarcoma cell line])
and one p53™/" cell line (NIH 3T3 [immortalized mouse fi-
broblasts]). Cells were infected for 24 h, and their DNA con-
tents were determined by flow cytometry. While MVMp infec-
tion led to a massive accumulation of NIH 3T3 cells in the S
and G, phases, no perturbation of the cell cycle distribution
was observed in the two p53-null cell lines, MEFip53° and
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FIG. 2. Localization of p53 in rat fibroblasts upon MVMp infection
or NS1 expression. p53 was visualized by indirect immunofluorescence.
(A) MVMp-infected (right panel) and uninfected (left panel) FREJ4
cells. (B) FRNS1.25EJ1 cells induced by dexamethasone (Dex) to
express NS1 (right panel) or not induced (left panel).
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FIG. 3. p53 is involved in the cell cycle arrest induced by MVMp
infection. (A) Effects of MVMp infection on the cell cycle distribution
profile are compared in p53™/* cells (NIH 3T3) and in p53~/" cells
(immortalized MEFip53~/~ and SAOS-2). Exponentially growing cells
were infected with MVMp (right panels) or mock treated (left panels)
as indicated. Cells were harvested 24 h later and processed for flow
cytometric analysis of the DNA contents. Peaks of cells in G/G,, S,
and G,/M are indicated in the upper left panel. (B) Expression levels
of the viral protein NS1 were measured by immunoblotting to ascertain
the efficacy of infection. MEFp p53~/~ are primary MEFs derived
from p53-null embryos. The percentage of cells in each phase of the
cell cycle is indicated below the gel. +, infected cells; —, mock-treated
cells.

SAOS-2 (Fig. 3A). As the absence of cell cycle perturbation
could be explained by nonpermissiveness to the virus, we as-
sessed the efficiency of MVMp infection in the different cell
lines by analyzing NS1 expression. Western blot analysis
showed that NS1 accumulated at similar levels in the various
cell lines (Fig. 3B). In addition, in situ immunodetection
showed that 80% of the NIH 3T3 cells, 50% of the MEFip53°
cells, and 50% of the SAOS-2 cells expressed NS1 (data not
shown). Consistently, plating efficiency experiments indicated
that NIH 3T3 cells are very sensitive to MVMp infection while
MEFip53° and SAOS-2 cells are resistant to MVMp infection
(data not shown). In order to firmly establish the essential role
of p53 in MVMp-induced cell cycle arrest, we next compared
isogenic p53™/* and p53~/~ cells. Primary mouse fibroblasts
were isolated from p53~/~ or p53™/" mouse embryos and
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FIG. 4. p21°r’is involved in the cell cycle arrest induced by MVMp
infection. The requirement of p21°#/ and p53 in the MVMp-induced
cell cycle arrest was investigated in primary MEFs (MEFp) derived
from either wild-type (wt), p21?’-null (P21°), or p53-null (P53°) em-
bryos. Cells were infected with MVMp or mock treated, harvested 24 h
later, and processed for flow cytometric analysis of DNA contents.
Bars represent the percentage of cells in the Gy/G;, S, and G,/M
phases of the cell cycle.

infected by MVMp, and their DNA contents were estimated by
flow cytometry (Fig. 4). As described above for immortalized
cell lines, p53*/* MEFs accumulated in the S and G, phases
upon MVMp infection, whereas p53~/~ MEFs exhibited no
changes in the cell cycle distribution. We thus concluded that
the cell cycle arrest consequent to MVMp infection is p53
dependent.

MVMp-induced G, arrest depends on p21°?’, p53 acts as a
transcriptional activator and exerts part of its cytostatic effect
through the induction of p21%7, also known as an inhibitor of
the cyclin/Cdks that control the S and G, phases. We therefore
investigated the role of p21°#’ in MVMp-induced cell cycle
arrest. Primary MEFs derived from wild-type, p53~/~, and
p21¢?’~/~ mouse embryos were infected for 24 h with MVMp,
and the distribution of cells among the different phases of the
cell cycle was compared to that of uninfected cells (Fig. 4).
While p53~/~ MEFs exhibited no changes in the cell distribu-
tion, p21°?!~/~ MEFs massively accumulated in the S phase
upon MVMp infection but not in the G, phase, suggesting that
p21¢7! is involved in the G, phase arrest but not in the S phase
arrest. p21¢?* could thus be the downstream effector of p53 in
the induction of the G, block but not in the arrest in the S
phase.

p53 does not accumulate upon NS1 expression. As previously
described (40, 41), expression of the viral protein NS1 alone leads
to cell cycle arrest with an accumulation of cells in the G, S, and
G, phases, thus reproducing the effects of the viral infection on
the cell cycle. Accumulation of p53 during NS1-induced cell cycle
arrest was investigated in a Ha-ras- transformed rat fibroblast cell
line into which had been integrated the NS1 coding sequence
under the control of the dexamethasone-inducible MMTV LTR
promoter (FRNS1.25EJ1). Both immunoprecipitation (Fig. 1,
right panel) and in situ immunofluorescence (Fig. 2B) indicated
the absence of p53 accumulation in NS1-expressing cells, in con-
trast with our observations (described above) for MVMp-infected

J. VIROL.

— &cyclinA> .. . .. +—a

— <cyclin B> v e g-':#

— _g_g¢cyclinE+ s 3-.—'.___,‘

- ow -  Ep3qcde23
s —— p2] > R
- = < p2l » : e
MVMp -+
Dex -+ -+ -+ -+ -+ -+
FRNSI.25EJ1 FRNSI.25 FRNS1.25MT4
FREM  FREJM FURR-DC FRIT3 (e Ne) FRMTe PR
Ha-ras transformed noa transformed mT transformed

FIG. 5. NSI1 expression and MVMp infection induce accumulation of
cyclin A and the Cdk inhibitor p21°#’ and inhibitory phosphorylation of
the p34°“? kinase. Cyclins A, B, and E, the kinase p34°“?, and the Cdk
inhibitors p21?? and p27%"! were detected by immunoblotting in rat
fibroblasts after infection with MVMp or induction of NS1 expression
with dexamethasone. FRNS1.25, FRNS1.25EJ1, and FRNS1.25MT4.1 rat
fibroblasts contain the LTR-NS1 construct. The former is not trans-
formed. The two latter are transformed with the Ha-ras oncogene and the
polyomavirus middle T antigen, respectively. Control cell lines without the
LTR-NSI construct were used to distinguish either effects of NS1 or
dexamethasone treatment. FR3T3 cells are nontransformed rat fibro-
blasts. FREJ4 and FRMT#4 are transformed rat fibroblasts. The former is
transformed with the Ha-ras oncogene, and the latter is transformed with
the polyomavirus middle T antigen. The cells were harvested 24 h after
infection or dexamethasone treatment. Proteins were purified on p9 beads
from cellular extracts before detection by Western blotting, except for
cyclin B.

cells. The failure of the inducible cell line to accumulate pS3 upon
dexamethasone treatment may be explained by the low levels of
NS1 expression rather than by the intrinsic inability of NS1 to
induce p53. However, low NS1 levels are sufficient to arrest cell
proliferation, suggesting that the NSI cytostatic effect does not
require p53 accumulation.

p21¢?’ is induced following NS1 protein expression and
MVMDp infection. We next investigated how cell cycle regula-
tors are modified upon either MVMp infection or NS1 expres-
sion. Thus, we compared infected cells to different cell lines
into which had been integrated the NS1 coding sequence under
the control of the dexamethasone-inducible MMTYV LTR pro-
moter. We used rat fibroblasts transformed with either the
Ha-ras oncogene (FRNS1.25EJ1) or the polyomavirus middle
T antigen (FRNS1.25MT4.1) that stop dividing and undergo
lysis when induced to express NS1 (36). Nontransformed rat
fibroblasts (clone FRNS1.25) expressing NS1 at levels similar
to those obtained in FRNS1.25MT4.1 cells but resistant to
NS1-induced lysis were used as a control (36). Levels of cyclins
A, B, and E, the kinase p34°/?, and the Cdk inhibitors p21°%*
and p27¢?! were measured 24 h after infection or induction
(Fig. 5). Control cell lines lacking the LTR-NS1 construct were
used to distinguish the effects of dexamethasone treatment.

In cells transformed with the middle T antigen, NS1 induced
the accumulation of p21¢%/, cyclin A, and cyclin E. The ap-
pearance of a slowly migrating form of p34°““2, usually consid-
ered to be the hyperphosphorylated, inactive form of the ki-
nase, was also detected. In these cells, p27“?/ accumulates
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FIG. 6. Kinetics of NS1, cyclin A, p21?7, p344<2_ and p33<?*? ex-
pression in FRNS1.25EJ1. The cells were treated with dexamethasone
and harvested at the indicated times. Crude cell extracts (for cyclin A,
NS1, and p33°%?) or extracts purified on p9 beads (for p21°7? and
p34°9<2) were used for detection by Western blotting. Hence, the signal
observed here for p21 represents the fraction of the protein which is
bound to cyclin/Cdk complexes.

upon treatment with dexamethasone, independent of NS1 ex-
pression. Similar results were obtained in the Ha-ras-trans-
formed cells, except that cyclin E accumulated after addition of
dexamethasone in the absence of NS1 expression, although to
a lesser extent than in NS1-expressing cells. By comparison,
nontransformed cells only slightly accumulated p21#” and the
inactive phosphorylated form of p34°*“Z upon NS1 expression.
Consistently, these cells exhibit a decreased growth rate when
expressing NS1 (36), which is associated with a slight accumu-
lation of cells in G, (40). Finally, MVMp infection also induced
the accumulation of p21°7” and cyclin A in Ha-ras-transformed
fibroblasts, although to a lesser extent than NS1 expression. By
contrast, cyclin E did not accumulate in MVMp-infected cells.
This is consistent with the fact that the viral cycle is initiated
when cells enter the S phase, at a time when cyclin E has been
degraded, while dexamethasone-treated cells express NS1 in-
dependent of the cell cycle phase, thus allowing a block in G,
when cyclin E is expressed (41).

Altogether these data focused on the potential role of the
Cdk inhibitor p21°?’ in the cytostatic effects of both MVMp
infection and NS1 expression.

p21°7! is associated with cyclin/Cdk complexes. p21°%7 is
best known for its ability to bind and inhibit the G,- and
S-phase kinase complexes cyclin D/Cdk4, cyclin E/Cdk2, and
cyclin A/Cdk2 (24), and it is less inhibitory towards cyclin
B/Cdc2, which controls the M phase (reviewed in reference
49). Therefore, the causative role of NS1 in the accumula-
tion of p21°?’ and cyclin A and the shift of p34°/“?> and
p33°?*2 was studied in a kinetics experiment. Figure 6 shows
that NS1 is already detectable 2 h after dexamethasone
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FIG. 7. NSl1-induced p21¢%? is associated with the cyclin A/Cdk and
cyclin E/Cdk complexes and impairs cyclin A kinase activity. Exponen-
tially growing cells were cultured in the presence (+) or absence (—)
of dexamethasone for 24 h prior to harvesting. Proteins immunopre-
cipitated with anti-cyclin A (IPaA) (panels A and B) or anti-cyclin E
(IPaE) (panel C) antibodies were analyzed for histone H1 kinase
activity (A) and the presence of p21“7’ by immunoblotting (B and C).

treatment, while p21<?? and cyclin A accumulate within 4 h,
concomitant with the appearance of the slowly migrating
form of p34°“?, representing the inactive tyrosine-phospho-
rylated form of the kinase. Identical results were obtained
for p33?*2 (Fig. 6).

In order to determine whether increasing levels of cyclin A
would lead to a parallel increase of the associated kinase ac-
tivity, we measured the cyclin A-associated histone H1 kinase
activity in NS1-expressing cell lines. Figure 7A shows that the
kinase activity was significantly reduced upon NS1 expression
in both untransformed and transformed cells, in spite of higher
levels of cyclin A in transformed cells (Fig. 5). As cyclin A is
rate limiting for the kinase activity (1), this result suggested
that a fraction of the cyclin A/Cdk complexes was inhibited.
We therefore assayed cyclin A immunoprecipitates for the
presence of p21¢??, which is also accumulated upon expression
of NS1. We found, in NS1-expressing cells, a larger amount of
p21<! associated with cyclin A immunoprecipitates (Fig. 7B)
that paralleled the increase in cyclin A and p21<*’ levels.
p21°?” was also detected in cyclin E immunoprecipitates, at
levels proportional to cyclin E levels (Fig. 7C). These results
suggest that in NS1-expressing cells, inhibition of cyclin A-de-
pendent kinase activity resulted from both binding to the
p21<?! inhibitor and inhibitory phosphorylation of either of the
kinase subunits (Cdc2 and Cdk2).

DISCUSSION

Our data clearly demonstrate the essential role of p53 in
MVMp-induced cell cycle arrest in the S and G, phases.
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MVMp infection led to the accumulation of p53, and p53~/~
cells were resistant to the cytostatic effects of MVMp. Yet the
ability of p53 to induce p21°%? cannot be wholly responsible for
the p53-induced cell cycle arrest, since only the G, arrest was
abrogated in MVMp-infected p21°7’~/~ cells. The p21“?? pro-
tein is thus involved in the observed G, block, but it is not
required to arrest cell DNA replication. This is in good agree-
ment with the previous observation that the p21°#//p53 path-
way does not seem to be involved in the S phase arrest (55) and
the increasingly described role of p21¢#* in a G, block (3, 4, 19,
37).

In contrast to MVMp infection, the NS1-induced cell cycle
arrest was not associated with p53 accumulation. This obser-
vation is surprising since we have previously shown that NS1
expression leads to the appearance of nicks in the cellular
chromatin (41), which is a well-known p53 induction signal.
Although p53 activation without accumulation (26) upon NS1
expression cannot be excluded, these observations suggest that
the cell cycle perturbations caused by MVMp infection involve
mechanisms in addition to those mediated by NS1. Accord-
ingly, similar observations were made with the related virus
adeno-associated virus (AAV). The expression of the cytostatic
protein Rep does not induce p53 accumulation, whereas infec-
tion by AAV does (K. Raj, P. Ogston, and P. Beard, VIIIth
Parvovirus Workshop, abstr. p94, 2000.). Interestingly, inacti-
vated particles also induce p53 but empty viral capsids do not,
revealing that nonreplicating viral DNA by itself, with hairpin
structures at both ends, elicits a DNA damage response. Most
probably, the p53 accumulation in MVMp-infected cells is also
triggered by the presence of the linear single-stranded DNA.

We gained further insights into the molecular mechanisms
of MVMp-induced cell cycle arrest through the analysis of
the cell cycle regulators. Indeed, both MVMp-infected and
NS1-expressing cells accumulated the Cdk inhibitor p21<#*
that was found associated with cyclin A/Cdk and cyclin
E/Cdk2 complexes in NS1-expressing cells. In both situa-
tions, accumulation of p21¢?/ could thus counterbalance the
concomitant accumulation of the Cdk activating cyclins A
and E. This is sufficient to explain the reduced cyclin A
kinase activity and cell cycle arrest observed in NS1-express-
ing cells. In addition, cyclin E- and cyclin B-dependent ki-
nases were not detectable in NS1-expressing cells (our un-
published results) while the p34°““? and p33°/*? kinases were
shifted towards the phosphorylated inactive form. These
observations, and the fact that cyclin A is rate limiting for
prophase entry, indicate that the NS1 protein operates to
arrest cells in G, through inhibition of the cyclin A-depen-
dent kinase. Our results also show that the role of p21 is
essential in this process. Considering viral infection, cell
cycle arrest occurs in a precise period of time, after S phase
entry and before mitosis promoting factor activation, which
is favorable to viral replication. Since cyclin A/Cdk2 is the
only limiting factor for cell cycle progression during this
entire period (21), its inhibition is also sufficient to explain
the S phase arrest of NS1-expressing or MVMp-infected
cells.

Noteworthy, p21¢?? was accumulated to much higher lev-
els in NS1-expressing clones than in infected cells in which
both NS1 and p53 are produced, both being potent inducers
of p21¢?, In contrast, NS1 expression alone did not cause
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any accumulation of p53. Moreover, the amount of NS1
expressed in infected cells was higher than in conditionally
expressing cells. One would thus expect higher p21°77 levels
in MVMp-infected cells than in NS1-expressing cells. A
partial explanation may be that 100% of the cells stably
express NS1 in dexamethasone-treated cultures, while less
than 50% of MVMp-infected cells do so. Another contrib-
uting factor could be the trapping of NS1 molecules by many
viral targets in infected cells for purposes other than p21¢7/
induction. During the viral cycle, NS1 interacts with viral
chromatin to activate the viral promoters, to cleave viral
DNA multimers, and to exert its helicase activity, allowing
parvoviral DNA replication. Hence, although p21°7’ may
play a major role in the G, arrest detected in NS1-express-
ing cells, this role may be masked during infection because
NS1 is trapped by other targets and because other cell cycle-
stopping factors such as p53, acting at least partly via a
different route, are induced. It is also noteworthy that
MVMp infection does not cause the appearance of the
slowly migrating inactive form of the p34°“? kinase, which is
found to have accumulated following NS1 expression. This
observation lends further support to the hypothesis that the
mechanisms underlying MVMp- and NS1-induced cell cycle
arrest are different. Similarly, MVMp infection induces the
accumulation of p53 in a way unrelated to the NS1-induced
nicks in the cellular chromatin (41).

In conclusion, our data clearly identify a p53-dependent
pathway in the cell cycle block induced by MVMp infection
since, in the absence of p53, MVMp-infected fibroblasts did
not accumulate in S/G,. Protein p53-dependent arrest in G,
may be explained by the ability of p53 to induce p21#’ since
MVMp-infected p21¢#?~/~ cells did not accumulate in this
phase. Yet the downstream effector(s) of p5S3 in the MVMp-
induced arrest in the S phase is still unknown. p53-depen-
dent arrest of cell DNA replication clearly does not involve
p21<P! since p21<?? =/~ cells still accumulate in the S phase.
The cytostatic effect of the NS1 protein expressed alone
most probably involves p21<7%, as p21°#! accumulates mas-
sively in cells blocked when induced to express NS1 and
p21?? is found associated with cyclin/Cdk complexes. It has
been recently reported that the S phase arrest mediated by
the related AAV replication protein Rep78 involves the
accumulation of the hypophosphorylated form of pRB (46).
Rep78 shares several properties with NS1: specific DNA
binding, site-specific endonuclease, helicase, and ATPase
activities, and a cytostatic effect. However, NS1, unlike
Rep78, is cytotoxic (5). In Rep78-expressing cells, accumu-
lation of the hypophosphorylated form of pRB leads to the
down-regulation of the E2F target genes, cyclin A and cdc2,
as well as cyclin B. On the contrary, NS1 expression leads to
the accumulation of cyclin A and does not affect levels of
cyclin B and Cdc2 expression, suggesting that Rep78 and
NS1 involve different pathways to exert their cytostatic ac-
tivity. Although we cannot formally exclude the possibility of
an additional role of pRB in MVMp-induced S phase arrest,
our data clearly identify p53 as an essential mediator of S
and G, phase arrest and p21?’ as a mediator of G, arrest
in MVMp-infected cells.
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