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p53 protein was able to block human and bovine papillomavirus DNA amplificational replication while not
interfering with Epstein-Barr virus oriP once-per-cell cycle replication. Oligomerization, intact DNA-binding,
replication protein A-binding, and proline-rich domains of the p53 protein were essential for efficient inhibi-
tion, while the N-terminal transcriptional activation and C-terminal regulatory domains were dispensable for
the suppressor activity of the p53 protein. The inhibition of replication was caused neither by the downregu-
lation of expression of the E1 and E2 proteins nor by cell cycle block or apoptosis. Our data suggest that the
intrinsic activity of p53 to suppress amplificational replication of the papillomavirus origin may have an
important role in the virus life cycle and in virus-cell interactions.

Human papillomaviruses (HPVs) are small DNA viruses
clearly associated with the induction of cancer. The papilloma-
virus life cycle can be divided into three stages (7, 20). First,
following initial entry, the papillomavirus genome is amplified
in the nucleus and viral copy number is increased up to 1,000
per haploid cell genome. During the second, maintenance
stage, the viral DNA replicates in synchrony with the cellular
DNA, at a constant copy number per cell. The third, vegetative
replication stage of the viral genome occurs in the terminally
differentiated cells. Papillomaviruses have developed an effi-
cient system for modulating the activity of cellular tumor sup-
pressor genes. HPV type 16 (HPV-16) and HPV-18 E6 pro-
teins are capable of interacting with p53 and directing its
degradation (50), while the E7 protein forms a complex with
retinoblastoma protein (pRB) (15). These events lead to the
loss of cell control over crucial events—DNA replication, re-
pair and apoptosis—therefore creating favorable conditions
for rapid viral DNA amplification and establishment of infec-
tion. In addition, expression of the E6 and E7 proteins may be
an indication that some stages of papillomavirus replication
during the three-step life cycle are susceptible to the action of
p53 or pRB.

The tumor suppressor protein p53 is believed to be one of
the key players in the control of the genomic stability of the
cells (25, 27, 32). It is structured as a typical eukaryotic tran-
scription activator which contains DNA-binding and transacti-
vation domains and is able to activate or repress the transcrip-
tion of certain genes (for a review, see reference 25). Exposure
of normal cells to different stress conditions induces both an
intracellular increase in the steady-state level of p53 and direct
activation of the protein (23). As a result, the transition of cells
in the cell cycle may be prevented, and apoptotic death of the
cells with damaged DNA may be induced (reviewed in refer-
ence 32).

Several studies found that the mutation or loss of one or
both alleles of p53 was sufficient to allow gene amplification to
occur in the cells (36, 67), thus indicating that the p53 protein
is involved in the control of events leading to the amplification

of genomic sequences. The p53 protein seems to be directly
involved in the control of DNA replication and repair (for
reviews, see references in reference 25). It has been demon-
strated that the p53 protein is capable of interacting with
several proteins and enzymes involved in DNA repair or rep-
lication, such as single-stranded DNA (ssDNA)-binding repli-
cation protein A (RPA) (14, 33), cellular DNA helicases (47),
and homologous recombination factor RAD51/RecA (53).
The p53 protein lacking its C-terminal regulatory part blocks
nuclear DNA replication in the transcription-free Xenopus egg
extracts (13). Immunostaining studies show colocalization of
the p53 protein with proliferating cell nuclear antigen (PCNA),
DNA polymerase a, DNA ligase, and RPA at the sites of DNA
replication in herpes simplex virus-infected cells (62). Repli-
cation of simian virus 40 (SV40) DNA can be prevented by
binding to and inactivating the large T antigen by the p53
protein (52, 60). Replication of the polyomavirus origin is
inhibited by p53 in vitro when up to 16 copies of the p53-
specific binding sites have been inserted into the plasmid (39),
while replication of the polyomavirus origin in vivo is activated
by the same protein in a sequence-dependent manner (22).

We studied the effect of the p53 protein on the replication of
papillomavirus origins in vivo in different cell lines and found
that the p53 protein is a potent repressor of bovine and human
papillomavirus amplificational replication. The repression of
replication was dependent on the p53 protein concentration in
the cells. We show that the intact central DNA-binding domain
and the oligomerization domain of the p53 protein, as well as
a part of the N-terminal domain containing the RPA-binding
and proline-rich sequences, are essential for this activity. In the
same time, the p53 protein and its mutants were unable to
interfere with the once-per-cell cycle replication of Epstein-
Barr virus (EBV) oriP. Repression of papillomavirus DNA
amplification is neither an indirect consequence of the p53-
dependent cell cycle block or apoptosis nor mediated by the
transactivation or transrepression activities of the p53 protein.
Possible implications of the observed phenomena on virus-cell
interactions will be discussed.

MATERIALS AND METHODS

Plasmids. Bovine papillomavirus type 1 (BPV-1) E1 expression vector
pCGEag, E2 expression vector pCGE2, minimal replication origin plasmid
pUCAlu, HPV-11 E1 expression vector pMT2-E1, HPV-11 E2 expression vector
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pMT2-E2, and HPV-11 upstream regulatory region (URR)-containing plasmid
p7072-99 have been described previously (11, 57). pNeoBgl40 contains the BPV-
1-URR from nucleotides 6946 to 63 and has been described previously (44). The
BPV-1 origin constructs pUC12B and pUC18A have been described previously
(55). The HPV-18 E1 and E2 expression vector pCGE1B and origin plasmid
pLCR have been reported earlier (45). Plasmid p994 harboring the EBV latent
oriP is a kind gift of B. Sugden (24). Bcl-2 expression plasmid pcDBCL2 has been
described by Mah et al. (37).

Human p53 cDNAs were cloned into expression vector pCG (54). pCGwtp53
and pCGtrp248 encode wild-type (wt) and Arg248Trp mutant p53 proteins,
respectively. The mutant Arg248Trp p53 cDNA was kindly provided by Bert
Vogelstein. All deletion mutants were created by PCR and expressed from
the pCG vector. pCGDN39 encodes wt p53 protein with deletion of the first
39 amino acids. pCGDC362 and pCGD305 encode truncated proteins with stop
codons at positions 362 and 305, respectively. pCGD324-355 encodes p53 with
deletion of amino acids at residues 324 to 355. pCGDN39DC362 and
pCGDN39DC362trp248 encode wild-type or Arg248Trp mutant p53 starting
from amino acid 40 and containing a stop codon at position 362. DN61DC362 and
DN92DC362 lack the first 61 and 92 N-terminal amino acids, respectively, and
contain a stop codon at position 362. DProDC362 and DN39DProDC362 lack
amino acids 63 to 91 and contain the stop codon at position 362;
DN39DProDC362 lacks also the N-terminal 39 amino acids. The correctness of
the endpoints and all mutated sites of the p53 coding regions were verified by
sequencing.

Cells and transfections. The cell line CHO and its derivatives CHO4.15
(expressing BPV-1 E1 and E2 proteins), CHOBgl40 (in addition containing
latent BPV-1 origin plasmid), and CHO212 (expressing BPV-1 E1) (44) were
maintained in Ham’s F12 medium supplemented with 10% fetal calf serum.
Human osteosarcoma 143 (66), Cos7, and SAOS-2 cells were maintained in
Iscove’s modified Dulbecco’s medium with 10% fetal bovine serum. Electropo-
ration experiments were carried out as described earlier, using an Invitrogen
ElectroPorator at capacitance setting 960 mF. Voltage settings were 230 V for
CHO, CHO4.15, and CHOBgl40 cells, 170 V for human osteosarcoma 143 cells,
180 V for Cos7 cells, and 210 V for SAOS-2 cells. Transfection efficiencies were
determined by in situ staining of the cells transfected in parallel with the b-ga-
lactosidase-expressing plasmid pON260 (56). Transient replication assays were
performed as described previously (56).

Immunoblotting and DNA binding assays. The expression level of p53 mutant
proteins was estimated by Western blot analysis of CHO4.15 cells transfected
with 500 ng of p53 expression plasmid and processed 24 or 48 h after transfection
according to standard methods (48). Equal amounts of total protein were ana-
lyzed in each experiment. Antibodies pAb240, pAb421, and pAb1801 were used
for detection of p53 proteins. The E2 protein level in CHO4.15 cells in the
presence of expressed p53 constructs was analyzed in the same way, using a
mixture of purified monoclonal E2-specific antibodies 1E2, 3F12, 1H10, 1E4, and
3C1 (2). Goat anti-mouse antibody conjugated to alkaline phosphatase was used
as a secondary antibody.

The effect of p53 expression on E2-specific DNA-binding activity in CHO4.15
cells was measured as described earlier (2). Analysis was performed 48 h after
transfection with p53 expression plasmids. p53-specific DNA binding was tested
by an analogous protocol, using the artificial p53-binding double-stranded oli-
gonucleotide 59AGACATGCCTAGACATGCCT39 (21). Monoclonal antibod-
ies pAb421 and 3F12 were added for supershifting the p53-specific and E2-
specific complexes, respectively. Monoclonal antibody HO7.1 was used for p53
deletion mutants lacking the pAb421 epitope.

Northern blotting of E1 mRNA. CHO4.15 cells were transfected with 500 ng of
p53 expression constructs, and 48 h later the total RNA was extracted by using
an RNeasy Total RNA kit supplied by Qiagen. Northern blot analysis of the
extracted RNA was performed according to standard methods (48). E1-specific
radioactive probe was generated by random priming using the 1.8-kb XbaI-
Eco91I BPV-1 E1-encoding fragment from pCGEag (57) as a template. E1-
specific signals were quantitated on a PhosphorImager SI (Molecular Dynamics),
and the results were normalized to S7- and b-actin-specific signals. Human
ribosomal protein S7 (3) and b-actin cDNA plasmids used as a templates to
generate radioactive probes were kind gifts of Tarmo Annilo and Mati Reeben,
respectively.

Analysis of cell cycle distribution and sub-G1 DNA content of p53-transfected
CHO4.15 cells. Both floating and adherent cells were collected 48 h posttrans-
fection, washed once with phosphate-buffered saline (PBS), and fixed in 5 ml of
ice-cold 70% ethanol for flow cytometric analysis. The propidium iodide fluo-
rescent staining of nuclei was analyzed in an ATC3000 flow cytometer (Odam-
Brucker, Wissembourg, France) equipped with a Spectraphysics argon laser.
Cells were pelleted prior to the analysis, washed once in PBS, suspended in 500
ml of PBS with 1 mM MgCl2 and 30 mg of RNase A per ml, and incubated at 37°C
for 1 h to digest cellular RNA. Propidium iodide was added to a final concen-
tration of 10 mg/ml, and samples were incubated on ice for at least 15 min to stain
the nuclear DNA. The signals from 50,000 cells were collected from each sample
and analyzed by the method of Dean and Jett (13a), using the standard software
provided by the manufacturer of the flow cytometer. Cells for the parallel
replication assay were processed as described above. The terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was
performed as described in reference 17.

RESULTS

p53 protein inhibits amplificational replication of papillo-
mavirus origins. We have developed an efficient model system
to study the replication of papillomavirus origins in tissue cul-
ture (11, 44, 45, 56). To determine whether the p53 protein has
any effect on the replication, we performed transient replica-
tion assays in CHO-K1 cells, where BPV-1 and HPV origin-
containing plasmids replicate in the presence of homologous
and heterologous E1 and E2 proteins (11, 57). CHO cells have
been used extensively for DNA amplification studies and have
been shown to carry the defective p53 gene with substitution
Thr211Lys (28). Inspection of these cells with a mixture of
p53-specific antibodies did not reveal any detectable endoge-
nous expression of the p53 protein in our hands (data not
shown).

Cotransfection of the BPV-1 E1 and E2 expression plasmids
with the BPV-1 origin plasmid into CHO cells resulted in
robust replication (Fig. 1A, lane 1). Coexpression of human wt
p53 protein suppressed BPV-1 origin replication almost com-
pletely in this system (Fig. 1A, lane 2). The extent of suppres-
sion was proportional to the amount of introduced p53 expres-
sion plasmid (Fig. 1B) and was detected at 25 ng of the
cotransfected plasmid DNA. The effects of p53 protein expres-
sion on the replication of the HPV-11 (Fig. 1A, lanes 3 and 4)
and HPV-18 (lanes 5 and 6) origin plasmids in the presence of
the homologous E1 and E2 replication proteins were identical.
The replication signal of the HPV origins in CHO cells de-
creased for the third time point (96 h posttransfection), possi-
bly as a result of the less intense replication and the loss of E1
and E2 expression plasmids from the cells upon cell division.
Cotransfection with the vector carrying no p53 sequences did
not affect replication of the papillomavirus origin (Fig. 1A,
lane 7), which indicates that the block of replication is not
caused by promoter competition between the p53, E1, and E2
expression cartridges. Experiments carried out with mouse wt
p53 protein gave identical results (data not shown).

In the next step, we studied the effect of p53 on the repli-
cation of different BPV-1 origin deletion mutants in the cell
line CHO4.15. This cell line exhibits constitutive expression of
BPV-1 E1 and E2 replication proteins from the integrated
expression vectors (44). Figure 1C represents replication of the
BPV-1 full-length origin plasmid pNeoBgl40 and of origin de-
letion variants pUCAlu, pUC12B, and pUC18A in the absence
and presence of overexpressed p53 protein. Our data show that
the replication of plasmids pNeoBgl40, pUCAlu, pUC12B, and
pUC18A (depicted schematically in Fig. 1D) is efficiently
blocked by the overexpressed p53 protein (Fig. 1C, lanes 2, 4,
6, and 8) and suggest that there are no defined p53-specific cis
elements in the BPV-1 origin of replication that could mediate
the effect, unless it is the minimal replication origin itself:
A/T-rich region and E1- and E2-binding sites.

Structural determinants of the p53 protein responsible for
inhibition of amplificational replication of the BPV-1 origin.
To map the domains of the p53 protein responsible for the
inhibition of papillomavirus replication, a set of p53 mutants
was constructed (schematically depicted in Fig. 2A). The sta-
bility, expression level, and activity of the mutant proteins were
tested in CHO4.15, Cos7, and SAOS-2 cell lines by Western
blot and specific DNA band shift analysis. The mutant proteins
with the deleted N-terminal activation domain were expressed
at an approximately fivefold-higher level than proteins with the
intact N terminus, wt p53, DC305, DC362, and DProDC362.
The N-terminal activation domain contains the binding site of
the Mdm2 protein, which has been shown to facilitate degra-
dation of the p53 protein in vivo and therefore reduce the
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half-life and steady-state level of the p53 protein in cells (19,
26). All of the mutants except those with point mutation
Trp248 and deletions DC305 and D324-355, gave a specific
complex with the double-stranded oligonucleotide correspond-

ing to the artificial p53-binding site (21). The intensity of the
band shift correlated with the expression level of the p53 pro-
teins in the extract (data not shown).

The BPV-1 origin plasmid and the different mutant p53
protein expression plasmids were cotransfected into CHO4.15
cells; episomal DNA was harvested and analyzed by Southern
blotting (Fig. 2B). wt p53, the C-terminal regulatory domain-
defective mutant DC362, the N-terminal deletion mutant DN39
lacking the transcription activation domain, and the double-

FIG. 1. Southern blot analyses. p53 suppresses the amplificational replication
of different papillomavirus replication origins. Episomal DNA was extracted
from cells at 48, 72, and 96 h after transfection and digested with restriction
endonucleases PstI and DpnI. Filters were probed with radiolabeled HPV-11
URR containing plasmid p7072-99. M, 200 pg of the linear HPV-11 origin
plasmid marker; carrier, mock-transfected cells. Arrows indicate the bands gen-
erated after digestion of the episomal BPV-1 origin plasmid with PstI. (A) Effect
of wt p53 expression on the transient replication of BPV-1, HPV-11, and HPV-18
full-length origin plasmids in CHO cells. In this assay, 100 ng of BPV-1 origin
pNeoBgl40 (lanes 1 and 2), HPV-11 origin p7072-99 (lanes 3 and 4), or HPV-18
origin pLCR (lanes 5 and 6), with (1) or without (2) 100 ng of wt p53 expression
construct pCGwtp53, was transfected. pCGE5AS, control with plasmid produc-
ing no p53 (lane 7). Amounts of E1 and E2 expression vectors used were 250 ng
for BPV-1 (pCGEag and pCGE2), 500 ng for HPV-11 (pMT2-E1 and pMT2-
E2), and 650 ng for HPV-18 (pCGE1B). (B) The inhibition of replication of the
BPV-1 replication origin is proportional to the amount of introduced p53. The
replication signals of two independent experiments (72 h posttransfection) were
quantified with a PhosphorImager, and signals from cells transfected with origin
plasmid only were used as a control to normalize the results. (C) Effect of wt p53
expression on the transient replication of plasmids containing different BPV-1
origin constructs in CHO4.15 cells. In this assay, 100 ng of wt p53 expression
plasmid and 100 ng of each BPV-1 replication origin construct were transfected
into the cells. Lanes: 1 and 2, replication of full-length BPV-1 origin plasmid
pNeoBgl40; 3 and 4, origin plasmid pUCAlu; 5 and 6, origin plasmid pUC12B;
7 and 8, origin plasmid pUC18A. (D) Schematic representation of the papillo-
mavirus replication origin inserts used. The specific transcription enhancer re-
gion in HPV replication origins (enhancer), the BPV-1 origin A/T-rich region
(A/T), and E1 protein (E1BS; unfilled boxes)- and E2 protein (E2BS9, E2BS11,
and E2BS12; shadowed boxes)-binding sites are indicated. Numbers indicate
positions on the HPV-11, HPV-18, or BPV-1 nucleotide sequence.

FIG. 2. Mapping of the p53 domains necessary for suppression of papillo-
mavirus amplificational replication. (A) Schematic representation of p53 mu-
tants. Numbers indicate positions on the amino acid sequence. (B) Southern blot
analysis of the transient replication of BPV-1 origin plasmid pNeoBgl40 in the
presence of different p53 mutants in the CHO4.15 cell line. Episomal DNA was
extracted from cells at 48, 72, and 96 h after transfection and digested with
restriction endonucleases PstI and DpnI. Filters were probed with radiolabeled
HPV-11 URR containing plasmid p7072-99; 100 ng of pNeoBgl40 together with
250 ng of p53 expression plasmid was transfected into the cells. Lanes 1 to 8
correspond to the transfections with p53 mutants in the same order as depicted
in panel A. Carrier, mock-transfected cells; BPV1 ori, control with no added p53.
(C) Relative inhibition of replication of the BPV-1 replication origin by different
p53 mutants. The replication signals of three independent experiments (72 h
posttransfection) were quantified with a PhosphorImager and signals from the
cells transfected with origin plasmid only were used as a control to normalize the
results. (D) Southern blot analysis of transient replication of the BPV-1 origin
plasmid pUCAlu in the presence of additional N-terminal p53 deletion mutants
in the CHO4.15 cell line. Episomal DNA was extracted from cells at 72 and 96 h
after transfection and digested with restriction endonucleases PstI and DpnI.
Filters were probed with radiolabeled pUCAlu plasmid. Lanes 1, 7, 9, 10, and 11
correspond to transfections with p53 mutants as depicted in panel A.
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deletion mutant DN39DC362 all retained the ability to sup-
press replication (Fig. 2B; compare lanes 1, 2, 4, and 7 with
lane BPV1 ori). The replication signals from three indepen-
dent experiments were measured with a PhosphorImager, and
the data are presented in Fig. 2C. The mutants with a deleted
oligomerization domain (D324-355) or the whole C-terminal
part of the protein up to amino acid 305 (DC305) (Fig. 2B,
lanes 3 and 5; Fig. 2C) had little or no effect on replication. The
point mutation Arg248Trp in the DNA-binding domain of the
p53 protein abolished the suppressor activity of the full-size
p53 protein (Fig. 2B, lane 6) and even seemed to convert the
double-deletion mutant DN39DC362 to an activator of repli-
cation (Fig. 2B, lane 8; Fig. 2C). These data indicate that intact
DNA-binding and oligomerization domains are both necessary
for the p53 protein activity to suppress papillomavirus DNA
amplificational replication, while the N-terminal transcription
activation and C-terminal regulatory domains are dispensable
for this activity.

The active p53 deletion mutant DN39DC362 contains, in
addition to the DNA-binding core region (residues 100 to 300),
flexible linker region (residues 301 to 320), and oligomeriza-
tion domain (residues 320 to 360) (25), also the RPA-binding
domain (residues 40 to 60) (1, 14, 30) and a proline-rich pu-
tative binding site for proteins with the SH3 domain (residues
61 to 91) (59). We constructed four additional p53 deletion
variants and tested their stability and DNA-binding activity.
The constructed mutants were stable in CHO4.15 cells and
bound DNA sequence specifically, as measured by DNA gel
shift assay (data not shown). These mutants were used for the
suppression of replication of the minimal origin plasmid
pUCAlu in CHO4.15 cells (Fig. 2D). None of the newly con-
structed deletion mutants was able to block replication of the
pUCAlu origin plasmid comparably to wt p53 or DN39DC62.
These data indicate that four domains of the p53 protein—
oligomerization (residues 320 to 360), DNA-binding (residues
100 to 300), proline-rich (residues 61 to 92), and RPA-binding
(residues 40 to 61) domains—are necessary for the replication
suppressor activity of the protein.

p53 protein suppresses only amplificational DNA replica-
tion. The action of p53 and its mutants on different replication
modes was studied in human osteosarcoma cell line 143. The
143 cell line expresses constitutively EBNA-1, the only viral
protein necessary for the replication of EBV latent oriP. These
cells are also permissive for the E1- and E2-dependent repli-
cation of the papillomavirus origin. In contrast to papilloma-
viruses, which quickly amplify their genome after viral entry
into the cell, EBV oriP probably makes use of the cellular
control mechanisms that guarantee once-per-cell cycle repli-
cation (65). We cotransfected the plasmids encoding p53 and
HPV-11 E1 and E2 proteins together with the HPV-11 origin
plasmid and EBV oriP plasmid into the 143 cells and studied
their replication by Southern blot analysis. The replication
assay conditions were adjusted so that relative replication sig-
nals of oriP and HPV-11 origin had comparable intensities on
the same Southern blot. Once-per-cell cycle replication of the
oriP-containing plasmid was not suppressed by wt p53, while
amplificational replication of the papillomavirus origin was
abolished in the same cells (Fig. 3; compare lanes 1 and 2). The
mutant p53 proteins affected papillomavirus replication simi-
larly in the 143 cells and CHO cells. Mutants DN39 and DC362,
which suppressed replication of the BPV-1 full-length origin in
CHO4.15 cells, also blocked replication of the HPV-11 origin
in the 143 cell line and at the same time had little effect on the
replication of oriP (lanes 3 and 5). Mutants DC305 and D324-
355 influenced the replication of neither HPV-11 origin nor
oriP (lanes 4 and 6).

p53 inhibits amplificational replication of the BPV-1 origin
in SAOS-2 cells. Replication of the papillomavirus origin was
tested also in human osteosarcoma SAOS-2 cells that lack
endogenous p53 and pRB expression. The expression of exog-
enous wt p53 and several transactivation-competent mutants in
SAOS-2 cells is sufficient to lead the cells to apoptosis (10, 68).
To avoid these side effects, we used p53 mutants deficient in
transcription activation activity. Cotransfection of the BPV-1
E1 and E2 expression plasmids together with the replication
origin and p53 expression plasmids into SAOS-2 cells and
subsequent analysis of the episomal DNA showed that mutants
DN39 and DN39DC362 inhibited replication of the papilloma-
virus origin in SAOS-2 cells (Fig. 4, lanes 3 and 4), while
mutants Trp248, DN39DC362 Trp248, and D324-355 (lanes 2,
5, and 6, respectively) had no effect on replication. These data
are similar to the results of experiments with the cell lines
CHO4.15 (using BPV-1 origin) and 143 (using HPV-11 origin)
and suggest that the suppression of papillomavirus replication
is a direct intrinsic property of the exogenously expressed p53
protein and is neither influenced by the endogenous p53 nor
achieved through the pRB-regulated pathways.

p53 does not cause downregulation of expression of the E1
and E2 proteins. The E1 and E2 proteins are absolutely nec-

FIG. 3. Southern blot analysis of coreplication of oriP and HPV-11 origin
plasmids in human osteosarcoma 143 cells. p53 blocks replication of the papil-
lomavirus origin but not EBV oriP. Episomal DNA was extracted at 48, 72, and
96 h posttransfection, digested with BamHI and DpnI, and probed with radio-
labeled origin plasmid p7072-99. One microgram of oriP plasmid p994 and 250
ng of HPV-11 origin plasmid p7072-99 together with HPV-11 E1 and E2 expres-
sion plasmids pMT-E1 and pMT-E2 (1 mg of each) were transfected into the
cells; 250 ng of wt or mutant p53 expression plasmid was added as indicated
(lanes 2 to 6). Other lanes: oriP and HPV-11 ori, 200 pg of the marker plasmids
linearized with BamHI; carrier, negative control with carrier DNA only; 1,
positive control with no added p53.

FIG. 4. Southern blot analysis of the BPV-1 origin plasmid pUCAlu in
SAOS-2 cells (radiolabeled origin plasmid pUCAlu used as a probe). p53 mutant
proteins inhibit replication of the BPV-1 minimal origin in SAOS-2 cells lacking
endogenous p53 and pRB proteins. BPV-1 minimal origin plasmid pUCAlu (500
ng) together with BPV-1 E1 and E2 expression plasmids pCGEag and pCGE2 (1
mg of each) was transfected into the cells; 500 ng of p53 mutant proteins was
cotransfected as indicated (lanes 2 to 6). Other lanes: M, 200 pg of the pUCAlu
marker linearized with PstI; carrier, control transfection with carrier DNA only;
1, positive control with no p53 construct added.
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essary for papillomavirus replication. The p53 protein has been
shown to possess transcription repressor activity in certain
cases. Therefore, the inhibition of papillomavirus replication
could, in principle, be achieved by downregulation of the ex-
pression level or activity of these proteins. We studied the
expression level and activity of the BPV-1 replication proteins
in CHO4.15 cells in the presence of the overexpressed wt and
mutant p53 proteins. E2 protein expression is directed by the
HSP70 promoter, and E1 protein expression is directed by the
SRa promoter in CHO4.15 cells (44). These cells are very
efficiently transfected by electroporation (about 70%, based on
parallel b-galactosidase expression vector pON260 transfec-
tions), and this fact served as a rationale for the measurements
described below. The transfected CHO4.15 cells were studied
for the expression level of the E2 protein by Western blot
analysis of the cell lysates. Transfection efficiencies were de-
termined in parallel in all experiments. Western blot analysis
did not reveal any reproducible effects of the expression of wt
or mutant p53 proteins on the steady-state level of the E2
protein in CHO4.15 cells (Fig. 5A). A possibility remained that
p53 could modulate the activities of the E2 protein, for exam-
ple, the ability to bind DNA.

We performed a DNA mobility shift assay of CHO4.15 cell
lysates transfected with p53 expression constructs. The lysates
were tested for E2-specific DNA binding with the oligonucle-
otide corresponding to E2-binding site 9 of the BPV-1 genome
(34). To increase the specificity of the assay, we supershifted
the E2-DNA complex with an excess of the E2-specific mono-
clonal antibody 3F12. E2-specific radioactive signals were mea-
sured with a PhosphorImager, and the results were normalized
to the total amount of protein in the lysate, as determined by
the Bradford assay (8). As in the case of measuring the steady-
state level of the E2 protein, we were unable to detect any
significant changes in the levels of active E2 protein in re-
sponse to the expression of wt or mutant p53 proteins in
CHO4.15 cells (Fig. 5C).

The low expression level of the E1 protein in CHO4.15
cells made it impossible to detect E1 by quantitative Western
blot analysis or immunoprecipitation. Instead, we performed
Northern blot analysis and analyzed the steady-state level of
the E1 mRNA in response to p53 expression (Fig. 5B). The
transcription level of the E1 protein coding sequence was de-
termined relative to b-actin and ribosomal protein S7 mRNA
levels on the same blots (Fig. 5B and C), and E1 mRNA-
specific hybridization signals were measured with a Phosphor-
Imager. Quantitation of the E1 mRNA level normalized to
b-actin and S7 mRNA levels showed no downregulation of the
E1 mRNA level in response to wt and mutant p53 expression
in CHO4.15 cells (Fig. 5C).

These data suggest that the effect of p53 on papillomavirus
amplificational replication is not caused by downregulation of
expression of the E1 or E2 proteins, although these experi-
ments do not exclude the possibility that p53 interferes with E1
or E2 (or both) activities at some stage of initiation or elon-
gation of replication.

The inhibition of papillomavirus replication is not the con-
sequence of p53-induced cell cycle block or apoptosis. p53 is a
mediator of cell cycle block and apoptotic cell death. To ex-
amine the possibility that the suppression of papilloma-
virus amplification is an indirect consequence of any (or both)
of these effects, we analyzed the p53-transfected CHO4.15 cells
by flow cytometry. Overexpression of wt p53 protein in
CHO4.15 cells induced detectable apoptosis in the culture, as
shown by the appearance of the sub-G1 DNA-containing frac-
tion in the cell cycle profile 48 h posttransfection (Fig. 6A,
panel 4). To examine the possible connection between p53-

induced apoptosis and the suppression of replication, we made
use of the ability of the Bcl2 protein to prevent the p53-
induced apoptosis of cells (51). Increasing amounts of the Bcl2
expression plasmid were transfected into the cells. The expres-
sion of Bcl2 considerably reduced the amount of cells in the
sub-G1 DNA-containing fraction of the cells transfected with
wt p53 (compare panels 4, 5, and 6). The cells transfected with
p53 deletion mutant DN39DC362 as well as with the same
deletion mutant with the Arg248Trp point mutation had some
small sub-G1 fraction, probably induced by electroporation,
which was not influenced by the expression of Bcl2 in the cells
(panels 7 to 12). The percentage of the apoptotic cells in these
experiments was measured also by the TUNEL assay (Table
1), which gave essentially the same result and showed that Bcl2
expression in CHO4.15 cells reduced considerably the number
of the p53-induced apoptotic cells in the culture. The distribu-
tion of CHO4.15 cells in G1/G0, S, and G2/M stages of the cell

FIG. 5. Expression of p53 does not affect the level of E1 and E2 expression.
A p53 expression construct (500 ng) was electroporated into CHO4.15 cells. In
panels B and C, lanes and columns 1 to 8 represent transfections with different
p53 mutants in the same order as in panel A. carrier, control with carrier DNA
only; CHO, mock-transfected CHO cells (lacking both E1 and E2 expression).
All analyses were performed 48 h posttransfection. (A) Western blot analysis of
the E2 protein levels in p53-transfected CHO4.15 cells, using a mixture of five
different E2-specific monoclonal antibodies (see Materials and Methods). (B)
Northern blot analysis of the endogenous E1 mRNA levels in total RNA prep-
arations from transfected CHO4.15 cells. CHO212, total RNA from E1-express-
ing cell line CHO212. The same filter was probed first with radiolabeled E1- and
b-actin-specific probes and then reprobed with ribosomal protein S7-specific
probe. Approximate lengths for mRNAs are 700 bp for S7, 2.0 kb for b-actin and
2.3 kb for E1. (C) Quantitation of the E1 Northern blots and E2 gel shift assay
with a PhosphorImager. The E1 mRNA-specific signals in the total RNA prep-
arations were normalized to the b-actin (open columns) and ribosomal protein
S7 (shaded columns) mRNA signals in the RNA samples. Black columns rep-
resent the E2 gel shift data. The E2-specific signal in the lysates of the mock-
transfected cells and the normalized E1 mRNA-specific signal from carrier-
transfected control cells were set at 1.0 in each experimental series. Each column
represents the average of two independent experiments.
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cycle was not influenced by the expression of Bcl2 or p53. We
also analyzed if the Bcl2 rescues the replication suppression
induced by p53 or its mutants. Expression of Bcl2 in CHO4.15
cells did not influence the replication of the BPV-1 origin
itself, nor did it abrogate the inhibitory effects of wt p53 and
deletion mutant DN39DC362 on replication of the origin (Fig.

6B, lanes 1 to 9). These data support the conclusion that the
effect of the p53 protein on papillomavirus amplificational
replication is not an indirect consequence of cell cycle block or
apoptotic cell death.

FIG. 6. Suppression of BPV-1 amplificational replication by p53 proteins is not the consequence of the p53-induced apoptosis or cell cycle block. (A) Flow
cytometric analysis of the cell cycle distribution and the sub-G1 DNA-containing apoptotic fraction of the p53-transfected CHO4.15 cells. In this assay, 250 ng of the
p53 expression constructs without Bcl2 or together with 100 or 250 ng of the Bcl2 expression plasmid pcDBCL2 was transfected into the CHO4.15 cells; 100 ng of BPV-1
full-length origin plasmid pNeoBgl40 was used in each transfection. control, cells with no p53 expression constructs added. Cells were fixed 48 h after transfection. The
percentage of apoptotic sub-G1 DNA-containing signals and the calculated percentages of cells in G0/G1, S, and G2/M phases (from total of 50,000 cells) are indicated
on the each graph. y axis, cell number; x axis, DNA content. The sub-G1 DNA fraction was not considered in the cell cycle calculations. Standard software provided
by the manufacturer (Odam-Brucker) was used for the cell cycle calculations. (B) Southern blot analysis of the episomal DNA in the cells cotransfected with p53, Bcl2,
and the BPV-1 origin plasmid pNeoBgl40. Episomal DNA was extracted at 72 and 96 h after transfection, digested with HindIII and DpnI, and probed with radiolabeled
origin plasmid pUCAlu. Lanes: M, 200 pg of the marker plasmid linearized with HindIII; 1 to 12, transfections 1 to 12 in panel A.
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DISCUSSION

p53 as a suppressor of papillomavirus amplificational rep-
lication: possible implications for virus-cell interactions. Am-
plificational replication of papillomavirus DNA is initiated af-
ter entry of the viral genome into the cell nucleus, which leads
to a rapid increase in copy number of the virus genome during
S phase (20). Papillomaviruses rely on cellular replication fac-
tors and enzymes (40) and coordinate the initiation of repli-
cation by two viral origin recognition and initiation proteins,
E1 and E2 (11, 45, 56, 57, 64). The same viral proteins are used
at the following latent replication stage. The mechanism of
switching from amplificational to controlled-maintenance rep-
lication is unknown. Our data show that amplificational repli-
cation of bovine and different human papillomaviruses in the
short-term replication assay can be suppressed by the p53
protein in all cell lines studied. It seems not to require any
response elements in the origin of replication. It also does not
require any activities carried by the C-terminal regulatory and
N-terminal transactivation domains of the p53 protein, includ-
ing the ability to activate transcription. The DNA-binding do-
main of p53 has been shown to be the target for most of the
missense mutations which inactivate the tumor suppressor
function of this protein in cells (12). Incidentally, the very same
mutations inactivated p53 in the replication system studied.

p53 has been shown to block the replication of SV40 by
interacting with large T antigen. The binding of SV40 large T
antigen by the p53 protein downregulates the helicase function
of the T antigen (52); in addition, p53 competes with DNA
polymerase a for the binding of SV40 large T antigen at the
initiation of SV40 DNA synthesis (16). Mouse polyomavirus
replication was shown not to be inhibited by the p53 protein
(22, 39) unless additional (up to 16) p53-specific RGC sites
were included in the plasmid (39). This shows that sensitivity of
the viruses within the papovavirus family to the action of tumor
suppressor protein p53 is variable and obviously reflects the
differences in the viral life cycles and different strategies for the
utilization of cellular control mechanisms by these viruses.
Papillomaviruses must infect basal epithelial cells in order to
establish productive infection of basal and suprabasal epithe-
lial cells. Amplificational replication of the viral genome in
these cells is essential for the establishment of infection. The
oncoproteins encoded by the E5, E6, and E7 open reading
frames of papillomaviruses are essential for providing the cel-
lular environment for the replication of viral DNA. However,
amplificational replication has to be controlled in order to
avoid overreplication and unscheduled death of basal or su-
prabasal cells, because the synthesis of late genes and the
production of infectious particles takes place only in the ter-
minally differentiated epithelial cells. It is tempting to specu-

late that the ability of p53 to block the papillomavirus ampli-
ficational replication characterized in the model system studied
is actually used by the virus to control the productive infection
of basal cells. The E6 proteins of the high-risk (50) and low-
risk (35) HPVs have been shown to interact with p53; however,
only E6 from the high-risk HPVs directs p53 to degradation
(50). It can be speculated that the binding of p53 by the E6
proteins of either high-risk or low-risk human and animal vi-
ruses reduces the replication suppressor activity of p53. Other
important players in this regulatory mechanism are the repli-
cation proteins E1 and E2, which determine the efficiency of
initiation of replication. The expression level of these proteins
would certainly depend on the copy number of the viral ge-
nome, therefore providing the positive feedback for amplifica-
tion. The papillomavirus replication proteins E1 and/or E2
have been shown to repress the promoter which is closest to
the replication origin and directs E6 expression (31, 38, 49, 58).
Therefore, higher levels of the E1 and E2 proteins would
reduce the level of E6, which in turn results in the higher level
of the active p53 protein capable of suppressing replication.
These interrelationships among p53, E6, E1, and/or E2 pro-
teins could provide a regulatory loop which can be used by
some papillomaviruses to keep viral genome amplification in
optimal limits (Fig. 7). The proposed regulatory loop could
further serve as one of the mechanisms for the copy number
control of the replication of papillomavirus genome during the
latent infection of the basal cells. However, the mechanism
may be different with different papillomavirus types, as, for
example, attempts to find any interaction between BPV-1 E6
and p53 have appeared to be unsuccessful. It is still possible
that in this case some other step in the cellular control path-
ways, up- or downstream of p53 itself, may be neutralized by
viral regulatory proteins.

The putative mechanism of action of the p53 protein. The
p53 protein, in principle, could suppress papillomavirus DNA
replication in vivo by a number of different mechanisms, such
as by arresting the cell cycle, inducing apoptotic death of cells,
downregulating the expression or activity of the E1 and E2
proteins, or interfering with viral and cellular replication pro-
teins at the stages of initiation or elongation of DNA replica-
tion.

The induction of apoptosis or cell cycle block is an unlikely
mechanism for the apparent suppression of replication by p53
or its mutants in the cells studied, as shown by the measure-

FIG. 7. A putative p53-controlled regulatory loop in the amplificational rep-
lication step of the papillomavirus life cycle.

TABLE 1. Apoptotic fraction in total population of CHO4.15
cells transfected with p53 and Bcl2 constructs

(as measured by TUNEL assay)

Cells

Apoptotic fraction (%)

No Bcl2
cotransfected

250 ng of Bcl2
cotransfected

Control (no p53 transfected) NDa 2.9

Transfected with p53 construct:
wt p53 19.2 6.0
DN39DC362 2.3 6.7
DN39DC362Trp248 4.8 ND

a ND, not determined.
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ment of apoptosis and distribution of cells in the cell cycle. In
addition, the efficient rescue of CHO4.15 cells from the wt
p53-induced apoptosis by Bcl2 expression did not affect the
suppression of BPV-1 origin replication in the same cells. Mu-
tant DN39DC362 efficiently blocked replication of the papillo-
mavirus origin in all of the studied cells but was unable to
induce any detectable apoptosis. Additional convincing data
come from the coreplication assay of the EBV and HPV-11
origins, which show that in the same cells two origins have
differing sensitivity to the expression of p53 or its mutants.
Replication of EBV oriP (65) and the papillomavirus origin
(18) takes places during the S phase of the cell cycle, and
intensive apoptotic death of the cells or cell cycle block should
have also considerably reduced the replication of EBV oriP.
Therefore, these experiments exclude several indirect and ob-
vious explanations for the observed suppression of papilloma-
virus amplificational replication. It also seems unlikely in the
light of these data that the replication block could have been
achieved through the inactivation of general replication factors
such as RPA, PCNA, and others by the expression of p53 or its
mutants, because those factors are presumably used for the
replication of EBV oriP and chromosomal DNA as well.

Another simple explanation is that the p53-induced suppres-
sion of papillomavirus replication could have been achieved
through negatively modulating the activity of essential viral
replication proteins (similarly to the case of SV40 virus) or
through downregulating the expression of these proteins. How-
ever, we could not detect any significant p53-induced drop of
the expression level and DNA-binding activity of the E2 pro-
tein and transcription level of E1 in CHO4.15 cells. Also, there
are no data in the literature showing the interaction of the p53
protein with the E1 or E2 proteins of any papillomaviruses or
demonstrating the modulation of activities of these proteins by
p53. Therefore, the p53 protein has to act at later stages of
replication initiation process, i.e., loading of the replication
complex on the origin, unwinding of DNA, or elongation of the
replication fork.

Our findings are substantiated by the fact that the C-termi-
nally truncated form of the p53 protein (analogous to our
mutant DC362) is able to block nuclear DNA replication in
vitro in the transcription-free DNA replication extract from
Xenopus laevis activated eggs (13). As for the suppression of
amplificational replication of papillomavirus origin in the so-
matic cells, the DNA-binding activity of p53 was needed for the
block of nuclear DNA replication in the transcription-free
Xenopus extracts. It is possible that these two replication sys-
tems have similar p53-sensitive steps. Mapping of the p53
protein domains necessary for the repression of papillomavirus
amplificational replication demonstrated that the intact DNA-
binding core and oligomerization domains are clearly neces-
sary. Several activities have been mapped to the core domain,
including the sequence-specific DNA-binding (6, 43, 61),
ssDNA-binding (4), and 39-to-59 exonuclease (41) activities of
the p53 protein. All these activities, as well as the ability to
suppress papillomavirus amplificational replication, are inacti-
vated by point mutations which either abolish the direct con-
tact of the protein with DNA or induce inactive conformation
of the protein (12, 41). It is unlikely that the sequence-specific
double-stranded DNA-binding function of p53 could be re-
sponsible for the suppression of amplificational replication,
while sequence-nonspecific ssDNA-binding activity could be
used by the p53 protein in this process.

Full-length p53 protein DNA-binding activity is regulated,
sterically or allosterically, by the C-terminal domain of the
protein (for a review, see reference 25). In addition, the C-
terminal domain binds to DNA bulges resulting from DNA

deletion/insertion mismatches (29) and also to the ends of
short ssDNA molecules (5), promoting the reannealing of
complementary strands (9, 42). Deletion of the last 30 residues,
which has previously been shown to remove the above-men-
tioned activities of the p53 protein, did not affect its ability to
suppress papillomavirus amplification in our assays. However,
it is possible that both the ssDNA-binding and reannealing
functions of the C terminus additionally contribute to the am-
plification suppressor activity of p53 in the case of the full-
length protein.

Core and oligomerization domains, though necessary, are
not sufficient for the replication suppressor activity. An addi-
tional N-terminal sequence that has been shown to contain two
intriguing determinants, RPA-binding (residues 40 to 60) and
proline-rich (residues 61 to 90) domains, is also needed. De-
letion of any or both of these domains crippled the p53 protein
in the replication suppression assay. It is highly likely that p53
coordinates its replication suppressor activity with other pro-
teins bound on the ssDNA, such as through the interaction
with RPA (14). RPA facilitates DNA unwinding and DNA
synthesis in the initiation and elongation stages of DNA rep-
lication (63). The interaction of p53 with RPA could be im-
portant in two respects. First, ssDNA-bound RPA could be the
target for p53 action, and its interaction with p53 could seques-
ter RPA from the ssDNA; second, interaction between RPA
and p53 on the stabilized ssDNA facilitates recognition of the
amplifying DNA by p53. Interaction of p53 and RPA in solu-
tion does not require an intact DNA-binding domain (1, 14,
30), while it is needed for the suppression of replication. This
suggests the possibility that p53-RPA interaction takes place
on the ssDNA. Deletion mapping of p53 activity showed that
also the proline-rich putative signalling domain in the N-ter-
minal part of the protein is required for the suppression of
papillomavirus replication. This domain contains several cop-
ies of the PXXP motif (P represents proline; X represents any
amino acid), which constitute a binding site for the proteins
with the SH3 domain (59). It has been suggested that this
domain plays a critical role in the transmission of transactiva-
tion-independent antiproliferative signals and presumably
links p53 directly to the appropriate signal transduction path-
ways (46, 59).

However, despite the findings provided here pointing to an
attractive putative mechanism, additional experimental data
are needed to determine in detail the mechanism of action of
p53 in the suppression of papillomavirus amplificational repli-
cation.
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