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Autonomous parvoviruses are tightly dependent on host cell factors for various steps of their life cycle. In
particular, DNA replication and gene expression of the prototype strain of the minute virus of mice (MVMp)
are closely linked to the onset of host cell DNA replication, pointing to the involvement of an S-phase-specific
cellular factor(s) in parvovirus multiplication. The viral nonstructural protein NS-1 is absolutely required for
parvovirus DNA replication and is able to transcriptionally regulate parvoviral and heterologous promoters.
We previously showed that the promoter P4, which directs the transcription unit encoding the NS proteins, is
activated at the onset of S phase. This activation is dependent on an E2F motif in the proximal region of
promoter P4. An infectious MVM DNA clone was mutated in the E2F motif of P4. The wild type and the E2F
mutant derivative were tested for their ability to produce progeny viruses after transfection of permissive cells.
In the context of the whole MVMp genome, the E2F mutation abolished P4 induction in S phase and inacti-
vated the infectious molecular clone, which failed to become amplified and generate progeny particles. The
virus could be rescued when NS proteins were supplied in frans, showing that P4 hyperactivity in S is needed
to reach a level of NS-1 expression that is sufficient to drive the viral replication cycle. These data show that
E2F-mediated P4 activation at the early S phase is a limiting factor for parvovirus production. The primary
barrier to parvovirus gene expression in G, is thought to be promoter formation rather than activation, due
to the poor conversion of the parental single-strand genome to a duplex form. The S dependence of P4 activa-
tion may therefore be a sign of the virus adaptation to life in the S-phase host cell. If the conversion block in
G, were to be leaky, the S induction of promoter P4 could be envisioned as a safeguard against the production
of toxic NS proteins until cells reach the S phase and provide the full machinery for parvovirus replication.

Parvoviruses are a large family of viruses which infect animal
species from insects to humans (27). The prototype strain of
the parvovirus minute virus of mice (MVMp) belongs to the
genus of autonomously replicating parvoviruses of vertebrates.
MVM contains a linear, single-stranded (ss) genome of about
5 kb, which comprises two overlapping transcription units.
One promoter, P4, directs the synthesis of a transcript whose
spliced derivatives, R1 and R2, encode the nonstructural pro-
teins NS-1 and NS-2, respectively. NS-1 and NS-2 are phos-
phoproteins which share their 85 N-terminal amino acids but
differ in their C-terminal portion as a result of the splicing
process (9). NS-1 is a multifunctional DNA-binding protein,
endowed with ATPase, helicase, and nickase activities (7, 38).
These functions are required for parvovirus DNA replication.
Besides its replicative activities, NS-1 has been reported to
have cytotoxic properties, notably in transformed cells, and
to act as a transcriptional transregulator (36). Among oth-
ers, NS-1 transactivates the second parvovirus promoter, P38,
which regulates the expression of the transcription unit encod-
ing the viral capsid proteins VP1 and VP2 (5, 20).

Because of their low genetic complexity, parvoviruses de-
pend extensively on host cell factors for various steps of their
life cycle (34). The availability of at least some of these factors
appears to depend on cell proliferation. As already described
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for several other DNA viruses, parvovirus replication relies on
cellular functions transiently expressed during the S phase of
the cell cycle (25, 28, 32). However, parvoviruses can be dis-
tinguished from DNA tumor viruses by their inability to induce
resting cells to initiate their DNA replication program (32).
Hence, the onset of parvovirus multiplication is delayed until
the host cells enter S phase on their own.

It has been shown that the uptake of parvoviruses occurs
irrespective of the host cell position in the mitotic cycle, allow-
ing parvoviruses to infect resting and proliferating cells with
similar efficiencies (25, 28, 31). After virus uncoating, the input
ss viral genome is converted into a double-stranded replicative
form, providing a duplex template for mRNA transcription.
The burst of viral protein production has been reported to be
coupled with cell entry into S phase (9), suggesting that con-
version of the MVM ss genome into a double-stranded DNA
template (or a prior step following virus uptake and required
to make the genome available for conversion) and/or expres-
sion of MVM genes might be S-phase-dependent events. There
is indeed circumstantial evidence that the conversion of parvo-
viral genomic DNA is inefficient in G/G, cells (39). Further-
more, it has recently been shown that the MVM P4 promoter
contains a DNA element that interacts in a cell-cycle-depen-
dent manner with transcription factors of the E2F family, lead-
ing to a strong P4 activation at the very beginning of S phase
(10). Therefore, several restrictions on parvovirus gene expres-
sion appear to occur prior to the G,/S transition. This regula-
tion may benefit the virus by preventing the accumulation of
NS proteins, which have cytotoxic effects and trigger capsid
formation, until cells initiate their own DNA replication pro-
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gram and provide the right milieu for parvovirus DNA ampli-
fication.

The present work was focused on the putative promoter
component of the dependence of parvoviruses on S phase. The
S activation of promoter P4 has been demonstrated by means
of artificial reporter constructs, hence the interest of first de-
termining whether it also occurs in the context of the whole
parvovirus DNA. Should this be the case, the question then
arises whether this activation is necessary to the progress of the
virus life cycle. These issues were addressed by mutating the
E2F site of promoter P4 in an infectious MVM DNA clone and
comparing the E2F mutant and original wild-type clones for
their expression pattern and infectivity in transfected permis-
sive cells. In contrast with the wild type, the E2F mutant was
deficient in the induction of promoter P4-directed transcrip-
tion in S phase and failed to replicate and generate progeny
viruses unless NS proteins were supplied in frans. Likewise, the
viral particles obtained from the E2F mutant DNA clone in the
presence of ectopically expressed NS proteins were found to be
noninfectious. These data indicate that P4 activation in S phase
is a prerequisite for the occurrence of a productive virus cycle.
The basal P4 activity appears to be insufficient to achieve the
threshold level of NS protein expression required to drive
parvovirus DNA replication.

MATERIALS AND METHODS

Cell culture and synchronization. The established A9 and NBK cell lines were
grown in Eagle’s minimum essential medium (MEM) supplemented with 5%
aseptic fetal calf serum (FCS) at 37°C in a 5% CO, incubator. Cells were arrested
in G, phase by cultivation for 72 h in MEM supplemented with 0.5% FCS (serum
starvation) and synchronously released into a new mitotic cycle by addition of
FCS to a final concentration of 20%.

Plasmids and cell transfection. The infectious MVMp DNA clone, pMVM,
was kindly provided by P. Tattersall (Yale University, New Haven, Conn.). The
derivatives pMVM-E2F and pMVM-Ets, harboring mutations in the correspond-
ing motifs of the proximal region of promoter P4, were produced by a previously
described procedure (10). Briefly, the 185-nucleotide-long AfIIII-Ncol fragment
comprising the right arm of the 3'-terminal palindrome and downstream se-
quences up to the NS initiation codon was cloned into the Sall site of the pAlter
vector (Promega), allowing subsequent site-directed mutagenesis with the al-
tered sites system (Promega) according to the manufacturer’s recommendations.
For this purpose, we used the oligonucleotides 5'-AAACCAAGGCATGAA
AAGGAAG-3' (mE2F) and 5'-AACCAAGGCGCGAAAATGAAGTGG-3'
(mEts), containing mutations (indicated in boldface) known to abolish the bind-
ing of transcription factors of the E2F (mE2F) and Ets (mEts) families, respec-
tively. The mutated P4 fragments were substituted for the equivalent wild-type
AfIIII-Ncol fragment of plasmid pMVM, generating pMVM-E2F and pMVM-
Ets constructs. ori~ derivatives were obtained by deleting the 329-nucleotide
PshAl-Xbal fragment of pMVM, pMVM-Ets, and pMVM-E2F, which comprises
the right-end origin of replication, yielding pMVMori~, pMVM-Etsori~, and
pMVM-E2Fori~. Cells were transfected by the Polybrene-dimethyl sulfoxide
(30%) shock method (4, 14), with a total amount of 10 pg of plasmid DNA per
transfection of 10° cells in a 100-mm petri dish.

Hirt extraction and hybridization of viral DNA. Cells were lysed by addition of
2 ml of extraction buffer (10 mM Tris-HCI [pH 7.4], 10 mM EDTA, 0.6% sodium
dodecyl sulfate [SDS]) per 100-mm petri dish, and viral DNA was isolated
according to the Hirt procedure. Briefly, after treatment of the cell lysate with
proteinase K (100 wg/ml) for 3 h at 37°C, protein and high-molecular-weight
DNA were precipitated by addition of a 1/4 volume of 5 M NaCl, followed by
incubation overnight on ice and centrifugation for 1 h at 12,000 rpm in a Sorvall
SS34 rotor. The supernatant was precipitated by addition of 2.5 volumes of
ethanol. The pellet was resuspended in 100 pl of TE buffer (10 mM Tris-HCI [pH
7.4], 1 mM EDTA) and treated with RNase A (50 wg/ml) for 30 min at 37°C,
followed by a further proteinase K treatment (100 pg/ml) for 30 min at 37°C.
After phenol-extraction and ethanol precipitation, the DNA was recovered and
resuspended in 100 pl of TE buffer. Samples (10 pl) were loaded on a 1%
agarose gel and fractionated by electrophoresis in Tris-acetate-EDTA buffer at
80 mA for 3 h. After electrophoresis, DNA within the gel was denatured in 0.5
M NaOH-1.5 M NaCl for 30 min and neutralized in 1.5 M NaCl-0.5 M Tris-HCI
(pH 7.4) for two times at 30 min each. Following transfer on a nitrocellulose
membrane (Hybond C; Amersham), the DNA was immobilized by being baked
for 1 h at 80°C in a dried atmosphere and hybridized with a radioactive probe
that consisted of the VP protein-encoding fragment of MVMp DNA.

RNA extraction and RNase protection. Total RNA was extracted by using the
RNeasy Mini kit (Qiagen) according to the manufacturer’s instructions. The
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RNA was treated with RQ1 DNase (Promega) prior to RNase protection assays,
in order to eliminate any contaminating DNA. To produce a radiolabeled anti-
sense RNA probe, the P38 region of MVM DNA was amplified by PCR with the
primers 5'-GGATCCTAATACGACTCACTATAGGGAGGCCCAGGTACTT
GTAGCCAGGAG-3' (containing the T7 promoter) and 5'-TGGCCCATGAT
TTGTGC-3'. The RNA probe was synthesized by means of the T7 RNA Maxi kit
(Ambion), purified by 6% polyacrylamide-8 M urea gel electrophoresis, and
eluted in hybridization buffer (80% formamide, 1 mM EDTA, 40 mM PIPES
[piperazine-N,N’-bis(2-ethanesulfonic acid)] [pH 6.4], 200 mM sodium acetate).
For RNase protection assays, 10 pg of total RNA was hybridized overnight with
the probe (10° cpm) in 20 wl of hybridization buffer at 50°C. After addition of 180
wl of buffer (10 mM Tris-HCI [pH 7.5], 5 mM EDTA, 200 mM sodium acetate)
containing 2 U of RNase ONE (Promega), ss RNA was digested for 1 h at room
temperature. The reaction was stopped by addition of 20 pl of 1 mg of tRNA per
ml in 10% SDS. The protected fragments were precipitated by adding 550 pl of
cold 100% ethanol, resuspended in 10 pl of loading buffer (80% deionized
formamide, 1 mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol, 0.1%
SDS), and resolved by electrophoresis through a 6% polyacrylamide-8 M urea
gel in Tris-borate-EDTA buffer. The labeled products were detected by autora-
diography and quantified with a PhosphorImager.

DNA microinjection and filter assays. Microinjection and DNA hybridization
were performed as previously described (24). Briefly, about 5 X 10 A9 cells,
adhering to a marked area of a 12-mm-diameter coverslip (CELLocate; Eppen-
dorf), were microinjected each with 0.1 pl of plasmid DNA solution (10 wg/ml).
Microinjection was performed with a Zeiss-AIS computer-controlled system.
Coverslips were further incubated for 24 h in normal growth medium at 37°C.
The cells were transferred and lysed on a nitrocellulose filter presaturated with
0.5 M NaOH-1.5 M NaCl. Filters were neutralized with 1.5 M NaCl-0.5 M
Tris-HCI (pH 7.4), and DNA was immobilized by being baked for 1 h at 80°C in
a dried atmosphere. The filters were hybridized with a radioactive DNA probe
that consisted of the VP-encoding HindIII fragment of MVMp DNA.

Virus titration. A9 or NBK indicator cells were infected in duplicate with
different virus dilutions. Virus titers were determined either by plaque assay or
by DNA hybridization assay, as described by Maxwell and Maxwell (21). For
DNA hybridization, cells were transferred and lysed on a nitrocellulose filter at
20 h postinfection. The filters were hybridized with a radioactive MVM-specific
DNA probe, as described above. For plaque assays, infected cell cultures in
60-mm dishes were overlaid with 2 ml of 0.75% agarose in a 1:1 mixture of
phosphate-buffered saline (PBS)-Opti-MEM containing 5% FCS. After 6 days,
plaques were visualized by means of a 2-ml overlay of 0.75% agarose in PBS
containing 0.04% neutral red.

Protein analysis by Western blotting. Extraction of total protein was per-
formed according to the method of Kumar and Chambon (16) with previously
described modifications (2). Briefly, A9 cells were harvested with a rubber po-
liceman, collected in ice-cold PBS, and washed twice. The pellet was resuspended
in 1.5 volumes of lysis buffer (20 mM HEPES [pH 7.9], 0.4 M NaCl, 25% glycerol,
1 mM EDTA, 2.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride). After
incubation on ice for 20 min, the lysate was frozen at —70°C, thawed on ice, and
vigorously vortexed. After centrifugation (18,000 X g, 10 min, 4°C), the super-
natant was recovered, frozen in liquid nitrogen, and subsequently used as whole-
cell protein extract. Protein samples (20 pg) were fractionated by electrophoresis
on a 12% polyacrylamide gel containing 1% SDS and transferred onto a Hybond
ECL membrane (Amersham) with a Trans-Blot semidry electrophoretic transfer
cell (Bio-Rad) according to the manufacturer’s instructions (200 mA for 1 h).
The membranes were first incubated for 1 h in blocking buffer (5% powdered
milk, 1% sodium caseinate in PBS) and then for 1 h with antibodies diluted in
blocking buffer. Polyclonal antiserum raised against the C-terminal part of NS-1
(3) was used at a dilution of 1:2,500. Membranes were then washed three times
for 5 min each in PBS containing 0.1% Tween 20 and further incubated for 1 h
with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Di-
anova; 1:1,000 dilution in blocking buffer). All incubations were performed at
room temperature. Immunocomplexes were detected with ECL reagent (Amer-
sham) according to the manufacturer’s instructions.

RESULTS

Modification of an infectious MVMp DNA clone. It has been
shown in transient expression assays with reporter genes that
the activity of promoter P4 is modulated in cis through motifs
known to bind distinct cellular transcription factors. Among
others, two recognition sites for Ets and E2F factors were
identified within the proximal P4 region and found to contrib-
ute to promoter activity (10, 13). The E2F-binding site medi-
ates the induction of promoter P4 at the very beginning of S
phase; hence, its destruction reduces P4 activity by 80% in S
phase but has no obvious transcriptional effect during other
phases of the cell cycle (10). The Ets-binding site activates
promoter P4 in a cell-cycle-independent manner, and its de-
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TABLE 1. Virus production after transfection of permissive cells
with wild-type or mutant MVM DNA clones®

Virus titers (hybridization U/transfected culture)
for producer cell line and virus DNA clone

Indicator
cell line A9 NBK
PMVM-  pMVM- pMVM-  pMVM-
PMVM - por Ets PMVM - pok Ets
A9 8 X 10° ND 9Xx10° 4 x10° ND 4x10°
NBK 9 X 10° ND 9%x10°  8x10° ND 9 x 10°

“ Cultures of 10° A9 or NBK cells were transfected with 10 pg of DNA of the
wild-type (pMVM) or mutant (pMVM-E2F and pMVM-Ets) MVM genomic
clones. Cells and supernatants were collected 7 days after transfection and
sonicated in order to release progeny viruses. After elimination of cell debris,
virus titers were determined by single-cell DNA hybridization, with A9 or NBK
indicator cultures. Data shown are average values from five independent exper-
iments (standard deviation < 10%). The background value detected with the
replication-deficient MVM genomic clone (pMVMori~) was subtracted. ND,
nondetectable (<3 U/transfected culture).

struction reduces P4 activity by 40 to 50% during both G, and
S phases (10).

In order to investigate whether the S-phase-specific activa-
tion of promoter P4 has any physiological relevance to the
MVM replication cycle, advantage was taken of an infectious
MVM molecular clone obtained from P. Tattersall (Yale Uni-
versity) and designated pMVM. After transfection of per-
missive cells, the MVMp DNA component of the infectious
molecular clone becomes excised from the plasmid backbone,
replicates, and leads to production of progeny virus particles
(15). The wild-type infectious molecular clone pMVM was
modified by introducing point mutations within either the E2F-
or, as a control, the Ets-binding site. The Ets-binding site was
chosen as a reference since, in asynchronously growing cells,
the Ets and E2F motifs contribute to a similar extent to the
overall P4 promoter activity (12). The sequence modifications
brought to the E2F and Ets elements, as given in Materials and
Methods, have previously been shown to render the respective
DNA motifs transcriptionally inactive (10, 13). The mutant
clones, referred to as pMVM-E2F and pMVM-Ets, as well as
the wild-type clone pMVM, were fully sequenced to verify that
no further mutations had been introduced during the cloning
process. Indeed, the sequences of the three molecular clones
were identical, except for the changes introduced by site-di-
rected mutagenesis.

Promoter P4 deprivation of a functional E2F-binding site
suppresses the infectivity of the MVMp genomic clone. Mouse
(A9) and human (NBK) cells, which are both permissive for
MVM, were transfected with the wild-type MVM DNA clone
or its above-mentioned mutant derivatives. One week post-
transfection, pMVM- and pMVM-Ets-inoculated cells showed
a clear cytopathic effect, whereas no cytopathic effect was ob-
served at this or later (up to 5 weeks) times in cultures trans-
fected with pMVM-E2F. In order to quantify the amount of
progeny viruses produced, cultures were harvested 7 days post-
transfection and briefly sonicated to release progeny virions.
Indicator cell cultures (A9 or NBK cells) were subsequently
infected with serial dilutions of the virus suspensions obtained
in this way, incubated for 48 h, transferred onto nitrocellulose
membranes, and hybridized with radioactively labeled MVM
DNA. Single cells in which the viral genome was transferred
were then visualized by autoradiography, allowing the deter-
mination of the titers of replication-competent virus produced.
As shown in Table 1, pMVM and pMVM-Ets gave rise to
progeny virus bursts of similar size, irrespective of the cell line
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used for virus preparation and titration. In contrast, no prog-
eny viruses were recovered after transfection with clone
pPMVM-E2F in both A9 and NBK cells. This indicated that the
E2F motif mutation suppressed the infectivity of the MVMp
genomic clone in both mouse and human cells, thereby ac-
counting for the lack of cytopathogenicity observed after trans-
fection with the E2F mutant.

The E2F-binding site of promoter P4 is required for the
strong induction of virus gene expression at the G,/S-phase
transition. The parvovirus replication cycle is S phase depen-
dent. In particular, viral transcripts only start to accumulate
after host cells enter S phase (26). In reporter gene expression
assays, promoter P4 was found to be activated in S phase
through a functional E2F element (10). This prompted us to
determine whether a similar regulation took place in the con-
text of the whole parvoviral genome, by analyzing viral tran-
scription as a function of the cell cycle after transfection of
synchronized A9 cells with pMVM, pMVM-Ets, or pMVM-
E2F DNA. To this end, A9 cells were serum starved by incu-
bation for 72 h in 0.5% FCS, leading more than 95% of the cell
population to arrest in G, phase. G,-blocked cells were trans-
fected with the different MVM DNA constructs and subse-
quently released from growth arrest by increasing the serum
concentration to 20% at 24, 32, 36, and 44 h posttransfection.
Total RNA was isolated at 48 h posttransfection when the
majority of cells were in G, G,/S, or G, phase, corresponding
to induction times with serum of 4, 12 to 16, and 24 h, respec-
tively (Fig. 1, bottom part). The various viral mRNA species
were then quantitated by an RNase protection assay. As illus-
trated in Fig. 1, G, and G, cells sustained a low level of
transcription of all three genomic clones tested. It is notewor-
thy that the E2F mutation resulted in an increase in the level
of P4-directed transcripts in G,, compared with the wild-type
and Ets mutant promoters. This can probably be assigned to
the known E2F-mediated repression of responsive promoters
during the G, phase (1). The wild-type and Ets mutant trans-
fectants were further characterized by a striking increase in the
accumulation of viral transcripts during the S phase. From the
above-mentioned reporter gene expression assays, this induc-
tion of P4-derived R1 and R2 transcripts is likely to result, at
least in part, from the E2F-dependent activation of promoter
P4 at the G,/S transition (see below). The steady-state levels
of P38-directed R3 transcripts were similarly enhanced in S
phase. Since P38 is transactivated by the nonstructural protein
NS-1 (5), which is expressed from the R1 transcript, these data
indicated that functional NS-1 was indeed produced from both
wild-type and Ets mutant MVM DNA in S-phase cells. As
shown in Fig. 1, the MVM DNA clone carrying a point muta-
tion within the E2F-binding site could be distinguished by its
lack of responsiveness to the host cell cycle, in that S-phase
transit was accompanied with little change in the steady-state
level of viral transcripts. It therefore appeared that, in the
context of the whole parvoviral genome, inactivation of the
E2F-binding site of promoter P4 impaired the S-phase-specific
burst of viral transcription directed by promoters P4 and P38.

The lack of S-phase-specific gene expression from the E2F
mutant correlates with its incompetence for DNA replication.
The strong enrichment in S-phase cells of transcripts generated
from pMVM and pMVM-Ets may be due to P4 promoter
activation and/or DNA template amplification, which are both
known to be coupled with cell entry into S phase. The E2F
motif may influence viral DNA transcription as well as repli-
cation. On the one hand, the E2F-binding site mediates the
S induction of promoter P4 (10). On the other hand, though
lying outside the minimal origin of DNA replication, the E2F
motif is located in a region which is both in the vicinity of the
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FIG. 1. Cell cycle dependence of viral mRNA accumulation in MVM DNA-transfected A9 cells. A9 cells arrested in G, by serum starvation were transfected with
the viral genomic clones pMVM, pMVM-Ets, and pMVM-E2F. Serum was added to a final concentration of 20% at 24 (G,), 32 to 36 (G,/S), and 44 (G,) h
posttransfection. Total RNA was extracted at 48 h posttransfection and analyzed by RNase protection assay. The localization of the radiolabeled antisense RNA probe
along the viral genome, as well as the different major (M) and minor (m) mRNA species, is depicted in the right panel. The distribution of the cell population according

to mitotic cycle phase is given in the bottom part.

left-end origin (8) and within the P4 promoter which directs
the transcription unit encoding the NS-1 replicative protein
(9). In order to assess the contribution of P4 activation to the
E2F motif-dependent accumulation of parvoviral mRNAs dur-
ing S phase, transcription and amplification of pMVM and
PMVM-E2F clones were measured by RNase protection and
Southern blotting assays, respectively, under conditions allow-
ing—or not—viral DNA replication. To prevent MVM DNA
replication, a deletion was introduced in the right-end origin of
replication (37), giving rise to the ori~ derivatives of pMVM
and pMVM-E2F.

The replication-deficient pMVMori~ clone was found to
retain the capacity for enhanced viral mRNA yields in S phase,
while the pMVM-E2Fori~ construct failed to show this mod-
ulation (Fig. 2C). The lack of S induction of the E2F mutant
form of P4 was not due to a general inactivation of the pro-
moter, since the Ets mutation (which has previously been
shown to reduce P4 activity [13]) had little effect on the mag-
nitude of P4 stimulation in S phase (Fig. 2C). Therefore, these
data indicated that the E2F-mediated activation of promoter
P4 was directly responsible for the S-phase specificity of the

induction of wild-type virus gene expression. Interestingly, the
pMVMori~ and pMVM-Etsori~ clones achieved a much lower
level of viral RNA induction in S phase, compared with the
respective ori” constructs (Fig. 2, compare panels A and C).
Although an influence of the right end of MVM DNA on P4-
directed gene expression cannot be ruled out, these data strong-
ly suggested that S-phase-associated amplification of transcrip-
tionally active viral DNA templates was also responsible to a
large extent for the enhanced level of viral mRNAs during this
phase of the cell cycle. In agreement with this possibility,
pMVMori* and pMVM-Etsori* DNA became amplified at
the G,/S transition, whereas the ori~ derivatives did not (Fig.
2B, compare panels B and D). Interestingly, the enrichment of
S cells in pMVM (ori*) transcription products was totally
abolished by mutating the E2F element (Fig. 2A). This sug-
gested that, besides its role in P4 induction in S phase, the E2F
motif was required in a direct or indirect way for the S-asso-
ciated amplification of MVM DNA templates. Indeed, the E2F
mutant proved to be replication deficient irrespective of wheth-
er it contained a functional ori (Fig. 2B, compare panels B and
D). It was concluded from these observations that the strong
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FIG. 2. Quantification of viral mMRNA and DNA production in MVM DNA-transfected A9 cells growing synchronously. Gy-arrested cells were transfected with
pPMVM, pMVM-E2F, or pMVM-Ets DNA clones containing a functional (A and B) or defective (ori~) (C and D) right-hand origin of replication. Serum was added
to a final concentration of 20% at 24, 32, 36, 40, and 44 h posttransfection, corresponding to 24, 16, 12, 8, and 4 h of serum induction, respectively. Total RNA and
viral DNA were isolated at 48 h posttransfection and analyzed by RNase protection and Southern blotting assays, respectively. The amounts of viral replicative-form
DNA (B and D) and R1 mRNA (A and C) were quantified by means of a PhosphorImager and are expressed as ratios of the values measured at a given time post-serum
induction to the corresponding values at the 4-h point. For panel B, plasmid pXNS1 drove the expression of NS-1 proteins under the control of the constitutive
cytomegalovirus early promoter (24) and was introduced together with pMVM-E2F by cell cotransfection. Shown are the average values from five independent

experiments (standard deviation < 10%).

stimulation of viral mRNA accumulation in S-phase cells pre-
transfected with pMVM (ori*) resulted from the concerted
action of P4 promoter induction and DNA template amplifi-
cation through an E2F motif-dependent process(es). Thus,
disruption of the E2F element appeared to have a dual nega-
tive effect on S-phase induction of parvovirus gene expression,
by preventing not only the stimulation of P4-driven transcrip-
tion of input genomic clones but also the further replication of
transcriptionally active parvoviral DNA templates.
Competence of the MVM-E2F mutant for DNA replication
can be restored by providing the NS-1 protein in trans. The
inability of the MVM-E2F DNA clone to become amplified
might be due to the direct requirement of parvovirus DNA
replication for an intact E2F-binding site, or to an insufficient
level of production of NS-1 proteins in S phase. Indeed, the
NS-1 protein is expressed from the transcription unit directed
by the E2F-dependent promoter P4 and is indispensable for
parvovirus DNA replication (9). If the amount of NS-1 were
the limiting factor, it should be possible to rescue MVM-E2F
DNA replication by supplying NS-1 in trans from a helper
plasmid. In order to test this possibility, G-arrested A9 cells
were cotransfected with pMVM-E2F DNA and an NS-1-ex-
pressing plasmid (pXNS1 [24]) and analyzed by Southern blot-

ting at various times after release into the cell cycle. Indeed,
expression of NS proteins from the helper plasmid restored the
ability of the E2F mutant to replicate its DNA to an extent
which was similar to that achieved by wild-type MVM DNA
(Fig. 2B). This result indicated that destruction of the E2F-
binding site of promoter P4 prevented viral DNA amplification
because of the failure of the E2F mutant to sustain a sufficient
level of expression of the replicative NS-1 protein and not
because of a cis requirement of DNA replication for the in-
tegrity of the E2F element. It is worth noting that the Ets
mutation did not affect the extent of viral DNA amplification
(Fig. 2B) while reducing the overall activity of promoter P4
(13), indicating that the contribution of the Ets motif to P4
activation in S phase was not limiting for NS-1 production in
amounts sufficient for replication.

To substantiate this conclusion, pMVM and pMVM-E2F
constructs were compared for their ability to produce NS-1
proteins in synchronized A9 cells, in the absence (Fig. 3, upper
panel) or presence (Fig. 3, lower panel) of plasmid pXNS1. In
the absence of pXNS1, no NS-1 expression could be detected
during the G, phase after cell transfection with either MVM
DNA clone, while during the S phase, a clear-cut production
of NS-1 proteins was achieved by pMVM but not by the
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FIG. 3. Levels of NS-1 proteins in MVM DNA-transfected A9 cells released
from serum starvation. pMVM (left)- or pMVM-E2F (right)-transfected cells
were harvested at 4, 8, and 24 h after serum induction. Whole-cell protein
extracts were prepared, and the NS-1 polypeptide was detected by Western
blotting, with a polyclonal serum directed against the C-terminal region of the
protein. M, molecular mass protein markers (in kilodaltons).

pMVM-E2F mutant derivative. In the presence of pXNS1, low
and high levels of NS-1 expression were observed in G, and S
phases, respectively, after transfection with either MVM DNA
clone. Thus, the pXNS1 helper plasmid achieved a significant
level of NS-1 production (corresponding to the Gy/G, signals
seen in the bottom panel of Fig. 3), in contrast with the failure
of pMVM-E2F alone to give rise to a detectable NS-1 yield
even in S phase (Fig. 3, upper panel). These observations are
consistent with the above statement that the helper plasmid
compensated for a limitation on NS-1 expression due to the
inactivation of the E2F motif of pMVM promoter P4. In cells
transfected with wild-type pMVM, S phase was associated with
a burst of NS-1 production (Fig. 3) which can in all likelihood
be assigned to the activation of promoter P4 and the onset of
parvovirus DNA amplification at the G,/S transition (see
above). Since NS-1 expression from pXNS1 was not induced in
S phase (data not shown), the NS-1 burst occurring when cells
cotransfected with pXNS1 and pMVM-E2F reached S phase
(Fig. 3, lower panel) can be assumed to arise from the latter
clone. It therefore appeared that the basal NS-1 level brought
about by plasmid pXNS1 was sufficient to allow the S-phase-
dependent amplification of MVM-E2F DNA (Fig. 2B), leading
the genomic clone to increase the overall NS-1 production.

In order to further document the rescue of MVM-E2F rep-
lication by exogenously provided NS-1, microinjection experi-
ments were carried out, allowing the administration of defined
amounts of plasmid DNA into host cells. When pMVM-E2F
was injected alone into A9 cells, no subsequent replication of
the mutant MVM DNA was detected by cell hybridization,
whereas wild-type pMVM gave a positive, ori-dependent signal
under those conditions (Fig. 4, upper row). Yet, coinjection of
pXNS1 with pMVM-EZ2F in a 1:2 ratio restored the ability of
the mutant MVM genome to replicate in an ori-dependent
fashion (Fig. 4, lower row). These results strongly argued for
the failure of clone pMVM-E2F to replicate due to its inca-
pacity to produce enough NS-1 proteins.

An NS-1-producing plasmid complements the pMVM-E2F
DNA clone for the production of progeny viruses. The mutant
pMVM-E2F DNA clone was shown above to be impaired in its
infectivity, i.e., in its ability to give rise to production of prog-
eny particles (Table 1). On the other hand, the data presented
in the above section indicated that an exogenous supply of
NS-1 proteins was sufficient to rescue S-phase-specific replica-
tion and expression of MVM E2F mutant DNA. Altogether,
these data prompted us to determine whether the formation of
mutant virions from transfected pMVM-E2F DNA could be
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restored by providing NS-1 proteins in trans. To this end, A9
cells were transfected with pMVM-E2F DNA with or without
the NS-expressing plasmid pXNS1 and analyzed for the for-
mation of progeny virions. Virus production was quantified by
both single-cell DNA hybridization (Fig. 5A) and plaque assays
(Fig. 5B) with A9 indicator cells. The wild-type pMVM clone
was used as a control and gave rise to a burst of virus particles
that were fully infectious, as shown by their capacity for DNA
replication (Fig. 5A) and propagation (Fig. 5B) in indicator
cells. In agreement with the above data, the pMVM-E2F mo-
lecular clone was deficient in virus production, as measured by
either method. However, this deficiency was partly overcome
in the presence of the NS-1-expressing plasmid, which helped
PMVM-E2F to generate particles capable of transferring the
viral genome to indicator cells. As expected from their mutant
genome, pMVM-E2F-derived virions proved to be defective
since they were not able to propagate on their own (i.e., in the
absence of exogenous NS-1 expression), as demonstrated by
their failure to produce plaques in indicator cell cultures (Fig.
5B).

DISCUSSION

Using reporter gene expression assays, we showed previously
that promoter P4 is activated at the very beginning of S phase
and that this S-specific induction requires a functional E2F-
binding site (10). The generic name E2F designates hetero-
dimeric transcription factors composed of two polypeptides
belonging to the E2F and DP families, respectively (17, 18, 22).
The transcriptional activity of E2F-DP dimers, often referred
to as free E2F, is regulated in the course of the cell cycle by
formation of higher-order complexes. In particular, interaction
with members of the pocket protein family (pRb, p130, and
p107) prevents E2F from activating responsive promoters. Bind-
ing of pocket proteins to E2F heterodimers (and hence the
activity of the E2F transcription factor) is controlled by pocket
protein phosphorylation, which appears to be primarily cata-
lyzed by cell-cycle-regulated cyclin-dependent kinases (cdk’s)
(11, 30). E2F proteins interact with cyclins and cdk’s either
directly or through pocket proteins. After phosphorylation by
cdk’s at the G,/S transition, pocket proteins can no longer bind
to E2F proteins, leading to the release of transcriptionally
active free E2F, which can transactivate target promoters at
the onset of S phase (23). Accordingly, variations in P4 pro-

pPMVM

FIG. 4. MVM DNA replication in cells microinjected with genomic DNA
clones. Approximately 5 X 10> A9 cells from the central part of a coverslip were
microinjected with the wild-type (pMVM) or mutant (pMVM-E2F) genomic
DNA clone, in the absence (upper panel) or presence (lower panel) of the
NS-1-expressing plasmid pXNS1. The ori~ clones were deprived of a functional
right-hand origin of replication. At 24 h postmicroinjection, cells were trans-
ferred onto a nitrocellulose filter and viral DNA amplification was revealed by
hybridization with a radioactive probe corresponding to the VP region of MVMp
DNA. The diameter of the filter is 15 mm.
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FIG. 5. Rescue of virus formation from transfected pMVM-E2F DNA in the presence of exogenous NS-1 proteins. A9 cells were transfected with pMVM or the
mutant derivative pMVM-E2F alone or in combination with the NS-1-expressing plasmid pXNS1, incubated for 7 days, and collected. Progeny viruses were released,
and their titers were determined by single-cell hybridization (A) and plaque assay (B), with A9 indicator cells. While viral DNA transfer is detected by the hybridization

assay, the full infectivity of progeny virions is revealed by the plaque assay.

moter activity throughout the cell cycle correlate with the bind-
ing of different complexes to the E2F recognition site. During
G, phase, this site is occupied by an E2F-p130 protein complex
(10). In agreement with the ability of p130 to prevent E2F from
activating transcription (35), only basal P4 activity is detected
in G,. P4 activation at the G,/S transition is accompanied by
replacement of the E2F-p130 complex by free E2F at the
E2F-binding site, in keeping with the view that the latter are
the transcriptionally active forms of E2F (1). Transient P4 hy-
peractivity during S phase coincides with maintenance of free
E2F at this site and with the appearance of an additional high-
er-order complex containing p107, cyclin A, and cdk2 (10). This
complex is thought to be involved in the later inhibition of
E2F-mediated transactivation (1). All these complexes fade in
late S and G,, when the P4 promoter reverts to its basal activity.

The above data were obtained under artificial conditions,
i.e., after transfection of reporter gene constructs in which
promoter P4 directs the expression of the firefly luciferase
gene. In the present study using full-length MVM DNA clones,
we extended these observations to the context of the whole
parvoviral genome, by showing that promoter P4 is activated
during S phase and that this induction requires a functional
E2F-binding site. In previous reporter gene assays, promoter
P4-directed expression showed a 10-fold activation when cells
released from serum starvation entered S phase (10). Results
obtained in the present work, by means of RNase protection
assays, indicated that under conditions preventing viral DNA
replication, S phase was associated with only a fivefold increase
in the steady-state level of the P4-programmed viral mRNA
R1. This quantitative variation between the S-induction levels
is likely due to differences in the genes analyzed and the end
points measured, knowing that additional modulations may
take place at (post)transcriptional levels besides P4 activity.
While moderate in the absence of concomitant viral DNA
replication, the S-phase induction of MVM gene expression
was much more pronounced when the viral genome was com-
petent for replication, resulting in a 60-fold enrichment of R1
mRNAs in S-phase cells. This further enhancement can in all
likelihood be assigned to the amplification of viral DNA (i.e.,
transcription templates), which indeed took place in S phase.
Even when P4 promoter activity decreased in the middle of S
phase, which was observed in reporter gene assays (10) and
confirmed herein with replication-deficient mutants, the total
amount of R1 mRNA still increased, presumably due to on-
going viral DNA replication. Besides its direct role in P4 in-
duction at the G,/S transition, the E2F element of promoter P4
proved to be also required for the enhancement of MVM gene

expression that is coupled with viral DNA replication in S
phase. Consistently, disruption of the E2F motif prevented
parvovirus DNA from becoming amplified in S cells. This de-
fect could be complemented by an exogenous supply of NS-1
proteins, indicating that the replication incompetence of the
E2F mutant resulted from its failure to produce sufficient
amounts of the replicative NS-1 polypeptides. Thus, E2F ap-
pears to initiate a positive feedback loop in that it stimulates
the production of the viral NS-1 protein (encoded by the P4-
directed R1 transcript), which acts together with cellular fac-
tors to drive parvovirus DNA amplification, thereby increasing
the pool of DNA templates that can be used for transcription.
In this respect, the P4-E2F motif constitutes a key cis deter-
minant of parvovirus multiplication, since its S-phase-coupled
activating effect on promoter P4 is a prerequisite for the onset
of virus DNA replication and the completion of a productive
viral life cycle. Indeed, mutations abolishing the interaction of
the P4-E2F element with cognate proteins were found to in-
activate an infectious MVM DNA clone, yet mutant viruses
could be produced provided that an exogenous source of NS-1
proteins was supplied in trans. Interestingly, an Ets-binding site
mutant clone proved to be fully proficient in both DNA am-
plification and progeny virus production, while this site is known
to take part in the overall activity of promoter P4 (present
work and reference 13). Given that the E2F motif contributes
to about 80% of P4 activity during the S phase (10), it seems
that the Ets-dependent component of P4 activation is not lim-
iting for the production of NS-1 proteins in amounts sufficient
to trigger parvovirus replication.

Altogether, our data indicate that a threshold amount of
NS-1 proteins has to accumulate to trigger virus replication in
conjunction with cellular factors. This critical NS-1 production
is achieved only in S phase since it is regulated at the tran-
scriptional level by the S-controlled E2F motif of promoter P4.
Given that parvoviruses rely on the host cell replication ma-
chinery for their own multiplication (9) and that the viral
replicative protein NS-1 is endowed with cytotoxic activity (36),
it may be advantageous to the virus to delay massive NS-1
production until cells become permissive for viral DNA repli-
cation by entering S phase. This might explain why NS-1 ex-
pression is placed under the control of an S-phase-dependent
regulatory element. Yet, the present data provide no informa-
tion on whether the restriction on parvovirus gene expression
in G, cells is primarily due to the E2F pathway or whether it
would also occur if the E2F motif were replaced by a cell-cycle-
independent, strong enhancer element. The latter possibility is
supported by a recent claim that modified MVM viruses can be
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produced, the genome of which carries a substitution of a
strong activating element for the proximal (E2F motif-contain-
ing) region of promoter P4 (33). The present experiments in-
volved cell transfection with double-stranded full-length MVM
DNA, thereby bypassing the early steps of the viral life cycle
(virus uptake and uncoating and conversion of the ss genome
into duplex replicative forms) which might also be early targets
for limitations to virus gene expression under natural infection
conditions. Whereas virus uptake appears to take place irre-
spective of the cell cycle (19), there is circumstantial evidence
that conversion of the parental ss genome, and consequently
the P4 sequences, to a duplex, and thus transcriptionally active,
form is inefficient in G, cells (39). This places a restriction on
promoter formation prior to activation by transcription factors
and argues for the view that the P4 promoter was selected to be
highly active immediately after its formation, i.e., early in S
phase, by acquiring an E2F site. Accordingly, the E2F-mediat-
ed P4 induction in S phase would be an adaptation to the S
dependence of parvovirus replication rather than a determi-
nant of this dependence. It should be stated, however, that the
restriction of the DNA conversion reaction to S cells is difficult
to demonstrate, given that only a small fraction of input ss
DNA becomes converted to a duplex form in infected cells,
and artifactual annealing of the major negative-strand virion
genome with a minor fraction of encapsidated positive strands
can take place after DNA extraction. In natural animal host
populations, parvovirus infections are often persistent and
asymptomatic, without obvious signs of virus gene expression.
Yet, affected animals harbor infectious parvoviral DNA since
induction of cell proliferation foci, e.g., through tumor forma-
tion or tissue regeneration, leads to the reactivation of viral
DNA expression and replication and to the production of
progeny viruses. At least part of persisting DNA may be in the
ss conformation, accounting for its lack of expression. Further-
more, postconversion limitations to parvovirus gene expression
may be involved. Indeed, it has recently been shown that in-
fection of muscle cells with recombinant parvoviruses belong-
ing to the group of adeno-associated viruses results in a long-
term significant transgene expression (29), which implies that
parvoviral ssDNA conversion to double-stranded forms occurs
at least to some extent in quiescent tissues. It may thus be
speculated that the E2F-element-mediated S-phase depen-
dency of promoter P4 represents an additional safeguard
against parvovirus gene expression (in particular, cytotoxic
protein production) under these conditions. It also appears
from the present work that a major component of the S-phase-
associated increase in MVM gene expression is related to the
amplification of viral DNA templates. The E2F-dependent
activation of promoter P4 was found to be a prerequisite for
MVM DNA amplification, through the involvement of the
replicative NS-1 protein that is encoded by the P4-directed
transcription unit. Yet, in order to amplify their DNA, parvo-
viruses also rely on the cellular replication machinery (includ-
ing DNA polymerase and cofactors [6]), the full availability of
which is likely to represent an additional factor confining virus
multiplication to the S phase.

In conclusion, several limitations at both DNA replication
and transcriptional levels appear to couple parvovirus multi-
plication with the S phase of host cells. While the cellular
replication factors involved remain to be characterized, the
present study led to the identification of E2F as the cellular
transcription factor allowing the essential level of virus gene
expression to be achieved specifically in S cells.
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