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A new recombinant adenovirus carrying a wild-type p53 gene (AxCAp53) was developed and the
combination effect of p53 gene transfer and cis-diamminedichloroplatinum (II) (CDDP) was exam-
ined in an ovarian cancer cell line, SK-OV-3, with deletion of the p53 gene. AxCAp53 showed a high
efficiency of gene transduction and increased sensitivity to CDDP in the SK-OV-3 cells. It was found
that the sensitivity of the cells to CDDP correlated with the amount of infectious units of virus per cell
of AxCApS53 which correlated with p53 protein expression. The results suggest that the combination of
CDDP and AxCApS53 may be a potential strategy for the therapy of CDDP-resistant ovarian cancer.
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INTRODUCTION

CYTOREDUCTIVE SURGERY followed by platinum-based com-
bination chemotherapy is currently the standard treatment
for patients with ovarian cancer. Cis-diamminedi-
chloroplatinum (II) (CDDP) is a key drug in chemotherapy
for ovarian cancer. However, the success of treatment is lim-
ited by the development of resistance to CDDP [1,2]. A new
approach for treatment is necessary to improve the prognosis
of patients with ovarian cancer.

The p53 gene encodes a cell cycle checkpoint protein that
functions in the G1 phase of the cell cycle and has a pivotal
role in inducing apoptosis [3]. The p53 protein is a tran-
scriptional regulator of cellular response to DNA damage [4].
Several studies have shown the critical role of the p53 gene in
triggering cell death in response to cytotoxic drugs, and that
mutations in the p53 gene have been associated with the lack
of response to these agents [5, 6]. The p53 gene mutation has
been found in more than 50% of advanced ovarian cancer [7]
and survival was poor in patients with the p53 gene mutation

8].
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Although several studies have shown the potential of p53
gene transfer in cancer gene therapy, the combined treatment
of p53 gene transfer and CDDP has not been examined in
ovarian cancer cells. We developed a new adenovirus vector
carrying the wild-type p53 gene and examined the combina-
tion effect of p53 gene transfer and CDDP in ovarian cancer
cells with deletion of the p53 gene.

MATERIALS AND METHODS

Development of P53 expression adenovirus vector

The procedure to construct a recombinant adenovirus
carrying the wild-type p53 gene (AxCAp53) is summarised in
Figure 1. Briefly, a 1.95kb, BamH I-EcORI fragment con-
taining the full-length cDNA for human wild-type p53 was
isolated from a plasmid pProSp53 (Health Science Research
Resources Bank, Tokyo, Japan). The p53 coding sequence
was inserted into a cassette cosmid pAxCAwt. This cassette
cosmid contains human adenovirus type 5 (Ad5) genomic
DNA lacking the E1A, E1B and E3 regions and the CAG
promoter. The promoter consists of the cytomegalovirus
immediate early enhancer, the chicken B-actin promoter, and
the rabbit B-globin polyadenylation signal [9]. According to
the method described by Miyake and colleagues [10], the
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Figure 1. The procedure to construct a recombinant adeno-
virus carrying the wild-type p53 gene (AxCAp53), the reverse
inserted p53 gene (AxCAp53R) or the bacterial LacZ gene
(AxCALacZ). CAG, CAG promoter; pA, polyadenylation sig-
nal; A, deletion; rp53, reverse inserted p53 gene; ApR, ampi-
cillin-resistance gene; COS, cos site of A phage.

pS53-bearing cassette cosmid and EcoT22 I-digested DNA-
terminal protein complex (TPC) of Ad5-dIX were co-trans-
fected into the 293 cell line (American Type Culture Collec-
tion, Rockville, Maryland, U.S.A.) which was a human
embryonal kidney cell line transformed by Ad5 E1A and E1B
genes. AXCAp53 was generated by homologous recombina-
tion between the cosmid and EcoT22 I-digested Ad5-dIX
DNA-TPC in the 293 cells. As a control, a recombinant
adenovirus which had a reverse inserted p53 gene
(AxCAp53R) was also developed. The procedure for gen-
erating AXCAp53R was the same as mentioned above.

A recombinant adenovirus AxCALacZ, encoding for the
bacterial LacZ gene under the control of the CAG promoter,
was used to assess the efficiency of adenovirus-mediated gene
transfer.

These three recombinant adenoviruses can replicate only
in the 293 cells including the Ad5 El1 region in chromosomal
DNA. They were grown and propagated in the 293 cells,
maintained in Dulbecco’s modified Eagle’s medium (Nissui,
Tokyo, Japan) with 10% fetal bovine serum (FBS) in a
humidified atmosphere containing 5% CO, at 37°C.

Recombinant adenoviruses were purified and concentrated
by sequential centrifugation in CsCl step gradients, according
to the method described by Kanegae and associates [11]. The
infectious titres were determined by a modified endpoint
cytopathic effect assay [11].
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Assessment of adenovirus-mediated gene transfer

Cell line. A human ovarian adenocarcinoma cell line, SK-
OV-3, with homozygous deletion of the p53 gene, was
obtained from the American Type Culture Collection. The
cells were maintained in minimum essential medium (Nissui)
with 10% FBS in a humidified atmosphere containing 5%
CO, at 37°C.

Examination of transduction. To determine the efficiency
of the recombinant adenovirus to transduce SK-OV-3 cells,
the cells were infected with AxCAlLacZ and the transduced
cells detected by P-galactosidase staining. Briefly, SK-OV-3
cells were seeded in an 8-well chamber slide (Nunc, Roskilde,
Denmark). The number of seeding cells was 30 000 cells/well
and the pre-incubation time was 4h. The cells were then
infected with AxCALacZ at 6.25, 12.5, 25, 50, 100, and 200
multiplicities of infection (MOI). After 48 h, the cells were
rinsed with phosphate-buffered saline (PBS), fixed with 2%
formaldehyde and 0.2% glutaraldehyde in PBS. The sample
was incubated with X-Gal solution consisting of 5mM
potassium ferrocyanide, 5 mM potassium ferrocyanide, 2 mM
MgCl,, and 1 mg/ml X-Gal in PBS for 1h at 37°C. The
magnitude of staining was quantitated by counting the per-
centage of blue cells.

Expression of p53 protein in SK-OV-3 cells. Cells were
infected at 25, 50, and 100 MOI of AxCAp53. The expres-
sion of the p53 protein was monitored by Western blot
analysis at various time points up to 14 days after infection.
The cells were washed twice with PBS on ice and lysed in a
cell lysis buffer consisting of 50mM TrissHCl pH 7.4,
125mM NaCl, 0.1% Nonidet P-40, 0.1% sodium dodecyl
sulphate, 5 mM ethylene diamine tetra-acetic acid (EDTA),
50mM NaF, 0.3mM phenylmethylsulphonyl fluoride
(Sigma Chemical Co., St Louis, Missouri, U.S.A.), and pro-
teinase inhibitors. The cell lysate was sonicated and cen-
trifuged (15000g for 5min at 4°C). The total protein
concentration in the supernatant was measured using Brad-
ford’s method [12].

The samples of 20 ug protein/well were separated by elec-
trophoresis on a 12.5% polyacrylamide gel. The separated
proteins were then transferred to a polyvinylidence difluoride
membrane (Millipore Co., Bedford, Massachusetts, U.S.A.).
The membrane was incubated for 2h with a primary anti-
body, mouse anti-human p53 monoclonal antibody DO-7
(Dako Co., Carpinteria, California, U.S.A.), and exposed to
a biotinylated rabbit anti-mouse immunoglobulin G (Nichirei
Co., Tokyo, Japan) as a secondary antibody for 30 min and
then exposed to a horseradish peroxidase-conjugated strep-
tavidin (Nichirei) as a third antibody for 30 min. The mem-
brane was exposed to enhanced chemiluminescence detection
reagent (Amersham International, Buckinghamshire, U.K.)
for 1 min.

Effect of AxCApS53 on the growth of SK-OV-3 cells. The
growth of SK-OV-3 cells after infection with AxCAp53 or
AxCAp53R was examined using the 3-(4,5-dimethylthiazol-
2yl)-2, 5-dphenyltetrazolium bromide (MTT) assay accord-
ing to the procedure described by Mosmann [13]. Briefly,
SK-OV-3 cells (2,500 cells/well) were seeded in 96-well tissue
culture plates (Corning, New York, New York, U.S.A.) and
pre-incubated at 37°C for 4h. The cells were then infected
with either AxCAp53 or AxCAp53R and incubated for 20,
44, 68, 92 and 116 h. Infectious units of each virus per cell
were 25, 50 and 100 MOI. Twenty microlitres of MTT
solution (2.5 mg/ml in PBS) was added to each well and the
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Figure 2. Western blot analysis for the p53 protein in SK-OV-
3 cells 48 h after infection with AxCApS53 or AXCAp53R. Lane
1, no infection control; lane 2, cells infected with AxCAp53R;
lane 3, positive control of p53 protein; lane 4, cells infected
with AxCApS53, 25MOI; lane 5, 50 MOI and lane 6 100 MOI.
The cells infected with AXCAp53R did not express the p53
protein. The expression of p53 protein correlated with the level
of infectious units of virus per cell of AxCAp53. We used KF
cells, the ovarian cancer cell line with a wild-type p53 gene,
exposed to VP-16 to induce p53 protein as a positive control of
P53 protein expression.

plates were further incubated for 4h. One hundred micro-
litres of dimethyl sulphoxide were added and the plates were
vigorously shaken on a plate-shaker to solubilise the MTT—
formazan product. The absorbance at 570 nm was measured
with a microplate reader Model 450 (Bio-Rad, Richmond,
California, U.S.A.). Absorbance results were expressed as the
mean of cell numbers by comparing each absorbance of six
replicate wells with the absorbance of a standard curve pre-
pared from a known number of cells.

Combination effect of AxCAp53 and CDDP

The combination effect of AxCAp53 and CDDP was eval-
uated using the MTT assay. SK-OV-3 cells (10000 cells/
well) were seeded in 96-well plates and pre-incubated for 4 h.
The cells were then infected with either AxCAp53 or
AxCAp53R. Infectious units of each virus per cell were 25,
50, or 100 MOI for each virus. CDDP was added 1h after
infection with the virus and the cells incubated for 68h.
Concentrations of CDDP ranged from 0.9 to 22.2 uM. The
dose-response curve was plotted on a semi-log scale as a per-
centage of the control cell number obtained from the sample
without exposure to CDDP in each MOI for each virus.
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To assess apoptosis, SK-OV-3 cells (100000 cells/well)
were seeded in 28 cm? dishes and pre-incubated for 4 h. The
cells were then infected with 25 MOI AxCAp53. CDDP was
added 1h after infection with the virus and the cells incu-
bated for 68 h. Apoptotic cells were assessed morphologically
by staining with Hoechst 33258 (Calbiochem-Novabiochem
San Diego, California, U.S.A.) using cells fixed with Clarke
fixative (ethanol:acetic acid 3:1). The apoptotic index (AI)
was defined as: Al (%) =100 xapoptotic cells/200 cells.

Statistical analysis

All assays were performed in triplicate. Means for all data
were compared by Fisher’s one-way post hoc test (Microsoft
Excel software on a Power Macintosh 7,500/100). P<0.05
was considered statistically significant. To distinguish
between a synergistic effect and an additive effect due to the
combination of p53 gene transfection and the administration
of CDDP, the mathematical models employed were according
to Finney [14]. For linearisation of curves of cell suppression,
the value of the CDDP concentration was derived from the
following formula: —In[1/(1 +exp (CDDP concentration)]
and then a comparison of two regression slopes was performed.

RESULTS

The efficiency of the recombinant adenovirus to transduce
SK-OV-3 cells was 89% for 6.25 MOI, 94% for 12.5 MOI,
and 100% for 25-200 MOI. p53 protein was expressed at
24h and disappeared 14 days after infection with AxCAp53.
The peak of expression was 48 h after infection in each MOL.
The expression of p53 protein correlated with the level of
infectious units of virus per cell of AxCAp53 (Figure 2). The
cells infected with AXCAp53R did not express p53 protein.

Figure 3 shows changes in the growth curve of SK-OV-3
cells after infection with either AxCAp53 or AXCAp53R. The
suppression rate was calculated as: suppression rate
(%) =100 — 100x the number of infected cells (the number
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Figure 3. Changes in the cell growth curve of SK-OV-3 cells after infection with AxCAp53 or AxCApS53R. (a) shows the growth
curve at 25 MOI, (b) at 50 MOI, and (c) at 100 MOI. AxCApS53 significantly suppressed cell growth at each MOI. Cell growth was
not affected by less than 100 MOI of AxCAp53R. Mean*S.D. *P<0.05.



P53 and Sensitivity to CDDP in Ovarian Cancer

No infection

100 MOI AxCAp53R
25 MOI AxCAp53
50 MOI AxCAp53

100 MOI AxCAp53

50
A
) °
10 T T T T ]
5 10 15 20 25

CDDP (uM)

Om» [ O

Cell growth (% control)
1

Figure 4. Dose-response curves of cis-diamminedichloro-

platinum (II) (CDDP) in combination with AxCApS53. Infec-

tion with AxCAp53 increased sensitivity to CDDP in the SK-
OV-3 cell.

of non-infected control cells). AxCAp53 significantly sup-
pressed cell growth at each MOI. 5 days after infection
with AxCAp53, the ratio suppression rate was 6.8% for
25 MOI, 14.6% for 50 MOI, and 23.4% for 100 MOL.

Cell growth was not affected by less than 100 MOI of
AxCAp53R, but was significantly suppressed by 100 MOI of
AxCAp53R (the ratio was 10.0%).

Dose-response curves of CDDP in combination with
AxCAp53 are shown in Figure 4. The 1¢59 to CDDP was
12.9uM for non-infected SK-OV-3 cells, 9.3puM for
AxCAp53 infected cells at 25 MOI, 7.3 uM for 50 MOI, and
5.2uM for 100 MOI. The mathematical models showed a
synergistic effect for the combination of p53 gene transfection
and the administration of CDDP (Table 1). AxCAp53R did
not affect the inhibition of cell growth by CDDP.

The apoptotic cells revealed fragmentated nuclei by
Hoechst 33258 staining (Figure 5). The apoptotic index
correlated with the suppression rate in each group. The
apoptotic index was 3.0% for non-infected SK-OV-3 cells,
13.9% for AxCAp53 infected cells at 25 MOI, 33.4% in
9.3uM CDDP exposed non-infected cells, and 48.8% in
CDDP exposed p53 transfected cells.

Table 1. Comparison of regression slopes berween p53 transfected
cells and non-transfected SK-OV-3 cells

MOI Regression slope  SEM ¢ value* P value*
200 7.720 0.598 21.029 <0.05
100 7.998 0.691 23.104 <0.05
50 7.982 0.730 22.376 <0.05
25 6.829 0.647 9.818 <0.05
12.5 6.702 0.717  7.959 <0.05
Non-transfected 6.004 0.808 - -

*Compared with controls. MOI, multiplicities of infection; SEM,
standard error of the mean.
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Figure 5. The apoptotic cells revealed fragmentated nuclei by

Hoechst 33258 staining (x1,000). (a) Non-infected SK-OV-3

cells; (b) AxCApS53 infected cells at 25MOI; (c) cis-

diamminedichloroplatinum (II) (CDDP) exposed non-infec-
ted cells; (d) CDDP exposed p53 transfected cells.

DISCUSSION

A new recombinant adenovirus carrying a wild-type p53
gene, AxCAp53, which has a relatively high efficiency of gene
transduction was developed. This recombinant adenovirus
showed 100% transduction efficiency to SK-OV-3 cells at
25 MOIL. It has been shown that 100 MOI of the ACN53, a
different type of recombinant adenovirus carrying the wild-
type p53 gene, was necessary to achieve more than 98%
transduction efficiency to SK-OV-3 cells [15]. Our adeno-
virus vector also showed superior transduction efficiency to
HeLa cells. AxCAp53 at 50 MOI had a 100% transduction
efficiency, while 100 MOI of Ad5CMV-p53 was needed to
achieve 100% transduction efficiency [16]. The CAG pro-
moter was used as the expressor of our adenovirus vector.
This promoter seems to be a high expressor, because an
expression plasmid vector containing the CAG promoter has
shown the highest levels of reporter gene expression among
nine vectors containing different promoters such as the cyto-
megalovirus enhancer/promoter and the SO40 enhancer/pro-
moter [17]. It is, therefore, likely that the CAG promoter
induced the higher efficiency of gene transduction for our
adenovirus vector.

Although AxCAp53 significantly suppressed cell growth in
each MOI, the effect of introducing wild-type p53 into p53-
negative cells was relatively poor. The suppression rate was
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only 6.8% at 25 MOL. In another study, p53 gene transfer to
P53 gene-deleted cells did not always induce apoptosis [18].
A further study is necessary to clarify the underlying
mechanism of this phenomenon. Cell growth was not affec-
ted by less than 100 MOI of AxCAp53R, containing an
inserted p53 gene in reverse, and transduced cells did not
express the p53 protein.

The findings suggest that AxCAp53 is useful for examining
the combination effect of p53 gene transfer and CDDP. Loss
of the p53 gene contributes to resistance to CDDP that
causes DNA strand breaks followed by apoptosis [19, 20].
SK-OV-3, a p53-deleted ovarian cancer cell line, showed low
sensitivity to CDDP (1cso 12.9 uM), but infection with
AxCAp53 at 100 MOI increased sensitivity to CDDP in the
cells (1C50 5.2 uM). It has also been shown that a recombinant
adenovirus-mediated transfer of the wild-type p53 gene to a
lung cancer cell line with homozygous deletion of the p53
gene markedly enhanced sensitivity to CDDP [21].

We demonstrated that sensitivity of cells to CDDP corre-
lated with the amount of infectious units of virus per cell of
AxCAp53 and p53 protein expression correlated with the
concentration of AXCAp53. The combination of CDDP and
AxCAp53 may be a potential strategy for the therapy of
CDDP-resistant ovarian cancer. In this study, CDDP was
added 1h after infection with AXCAp53 and a synergistic
effect was observed. Recent literature has indicated that the
timing of CDDP administration and p53 gene transfer is
critical: CDDP administration simultaneous with or sub-
sequent to p53 gene transfer was less effective than CDDP-
first sequential treatment in lung cancer cells [22]. Future
studies are necessary to clarify the most effective gene therapy
strategy for ovarian cancer using sequential CDDP adminis-
tration and p53 gene transfer.
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