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Abstract

To clarify the e�ect of a combination treatment consisting of a recombinant adenovirus carrying a wild-type TP53 gene
(AxCATP53) and cisplatin (CDDP), we examined p53-dependent apoptosis in ovarian cancer xenografts with and without the
wild-type TP53 gene. Severe combined immunode®ciency (SCID) mice were implanted with ovarian cancer cell lines consisting of

SK-OV-3 cells without the TP53 gene and KF cells with the TP53 gene. In SK-OV-3 and KF tumours, the inhibitory e�ect of the
combination treatment on tumour growth was signi®cant, compared with a single treatment with CDDP alone or AxCATP53
alone. The apoptotic index increased signi®cantly after combination treatment in the SK-OV-3 tumours. The expression of Bax

protein in SK-OV-3 tumours was weak, but strengthened after TP53 gene transfection. In contrast, AxCATP53 transfection did
not a�ect CDDP-induced apoptosis in the KF tumours. Therefore, combination treatment of AxCATP53 and CDDP may be a
new strategy for treating ovarian cancer with or without the TP53 gene. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Epithelial ovarian cancer, one of the major causes of
cancer death in women, is usually not diagnosed until it
is an advanced stage [1,2]. Cytoreductive surgery fol-
lowed by platinum-based combination chemotherapy is
currently the standard treatment of ovarian cancer.
Cisplatin (CDDP), a key drug in chemotherapy for
ovarian cancer, has achieved a high response rate.
However, the development of resistance to CDDP limits
treatment success [3,4]. As a result, the survival rate for
patients with epithelial ovarian cancer has not improved
over the past 20 years [5]. Therefore, a new treatment
approach is needed to improve the prognosis of patients
with ovarian cancer.
Recently, several studies showed TP53 gene transfer

may be potentially useful in cancer gene therapy [6±9].
We also developed a new recombinant adenovirus carry-
ing a wild-type TP53 gene (AxCATP53) and demon-

strated that AxCATP53 transfection increased the
sensitivity of SK-OV-3 cells to CDDP. These cells har-
bour a deletion of the TP53 gene [10]. The combination
of TP53 gene transfection and CDDP may be an e�ec-
tive strategy for treating CDDP-resistant ovarian can-
cer. However, the mechanism of synergy in tumour
suppression with this combination therapy has not been
de®ned. Although a study of lung cancer cells indicated
that the sequence of CDDP administration and TP53
gene transfer is critical for a combination e�ect [11], the
e�ectiveness of di�ering sequential administrations of
the TP53 gene and CDDP is presently unclear for in
vivo ovarian cancer.
p53 is a transcriptional regulator of the cellular

response to DNA damage [12]. Nuclear accumulation of
p53 is enhanced by DNA-damaging agents such as
CDDP [13,14]. p53 can function not only in the induc-
tion of apoptosis, but also in DNA repair. However,
whether and how TP53 gene transfection a�ects the
sensitivity of cells to CDDP with wild-type TP53 is
unknown.
The present study was conducted to determine a use-

ful sequential combination therapy of AxCATP53 and
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CDDP and to examine p53-dependent apoptosis in
ovarian cancer xenografts with and without wild-type
TP53.

2. Materials and methods

This study was performed at the Laboratory Animal
Research Center, under the control of the animal
research committee in accordance with the Guidelines
for Animal Experimentation in the Faculty of Medicine,
Tottori University, Yonago, Japan.
A human ovarian adenocarcinoma cell line with a

homozygous deletion of the TP53 gene, SK-OV-3, was
obtained from the American Type Culture Collection
and a human ovarian adenocarcinoma cell line with
wild-type TP53, KF, was kindly provided by Dr Kikuchi,
National Defense Medical College (Tokorozawa, Japan).
SK-OV-3 cells were maintained in minimum essential
medium (Nissui, Tokyo, Japan) with 10% fetal calf
serum (FCS) in a humidi®ed atmosphere containing 5%
CO2 at 37�C. KF tumours were maintained in Roswell
Park Memorial Institute (RPMI) 1640 medium (Nissui,
Tokyo, Japan) with 10% FCS also in 5% CO2 at 37

�C.
For TP53 gene transfection, we used a recombinant

adenovirus carrying wild-type TP53 (AxCATP53). A
recombinant adenovirus AxCALacZ, encoding for the
bacterial LacZ gene, was used as a reporter gene. These
recombinant adenoviruses can replicate only in the 293
cells including the Ad5 E1 region in chromosomal
DNA. The recombinant adenoviruses were grown and
propagated in the 293 cells, and maintained in Dulbec-
co's modi®ed Eagle's medium (Nissui) with 10% FCS in
a humidi®ed atmosphere containing 5% CO2 at 37�C.
The recombinant adenoviruses were puri®ed and con-
centrated by sequential centrifugation in CsCl step gra-
dients, according to the method described by Miyake
and colleagues [15]. The infectious titres were deter-
mined by a modi®ed endpoint cytopathic e�ect assay.
Cells were adjusted with medium to a concentration

of 2�107 cells/0.2 ml. The cell suspension was injected
into the thighs of severe combined immunode®ciency
(SCID) mice (average body weight: 30 g). In a pre-
liminary experiment, 6 weeks after the implantation, the
tumour size, which was determined by the product of
the maximum diameter and the length perpendicular to
the maximum diameter, reached approximately 1 cm2.
The following experiments were performed using SCID
mice 6 weeks after implantation of the cells.
To determine the e�ciency of the recombinant ade-

novirus to transduce cells, 0.5�109, 1�109 and 2�109
plaque-forming units (PFU)/0.2 ml AxCALacZ were
injected intratumorally and the transduced cells were
detected by b-galactosidase staining. The SCID mice
were sacri®ced 48 h after injection, and the tumours
were removed. Each tumour specimen was divided into

®ve pieces for each tumour because they were large. The
specimens were rinsed with phosphate-bu�ered saline
(PBS) and ®xed with 2% formaldehyde and 0.2% glu-
taraldehyde in PBS at 4�C, then frozen with liquid
nitrogen and cut into 4 mm sections. Each sample was
incubated for 1 h at 37�C with X-Gal solution consist-
ing of 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 2 mM MgCl2 and 1 mg/ml X-Gal in PBS.
The magnitude of staining was quantitated by counting
the percentage of blue cells, and the results were con-
sistent with all pieces in depth. The e�ciency of the
recombinant adenovirus to transduce both SK-OV-3
cells and KF cells was 100% for over 1�109 PFU/0.2
ml. The following experimental dose of AxCATP53 was
then determined at 1�109 PFU/0.2 ml.
Four groups containing ®ve SCID mice each were

assigned evenly according to treatment: no treatment,
CDDP alone, AxCATP53 alone and combination
treatment of AxCATP53 and CDDP. AxCATP53 was
injected intratumorally and CDDP of 1.5 mg/kg was
injected intraperitoneally. The dose of CDDP, which
was approximately 20% of the maximum tolerated dose
[16], matched the standard clinical dose (50±75 mg/m2).
The mice receiving the combination treatment were
injected simultaneously with AxCATP53 and CDDP.
To examine the e�ect of the administration sequence of
AxCATP53 and CDDP, we also added two groups each
with ®ve mice that received the following treatments:
AxCA TP53 given 24 h after CDDP and CDDP given
24 h after AxCATP53 in mice with SK-OV-3 tumours.
Additionally, to evaluate a non-speci®c adenoviral

e�ect, 1�109 PFU/0.2 ml AxCALacZ was injected into
both tumours with and without 1.5 mg/kg CDDP.
We used the following formula to determine relative

tumour size and to eliminate the variance in tumour
size: relative tumour size=tumour size on day of exam-
ination/tumour size on day when treatment was started.
To evaluate the e�ect of tumour suppression, we also
calculated the T/C ratio as a percentage, where T was
the actual tumour size of the treated groups and C was
the actual tumour size of the controls.
Because previous studies indicated that p53 protein is

expressed at 24 h and disappears 14 days after infection
of SK-OV-3 cells with AxCATP53 [10], we sacri®ced the
SCID mice 14 days after treatment and performed the
following histological analyses.
Apoptotic cells were detected by the terminal deoxy-

nucleotidyl transferase-mediated deoxyuridine triphos-
phate biotin nick-end labelling (TUNEL) method using
the in situ apoptosis detection kit (Oncor, Gaithersburg,
MD, USA). Specimens were depara�nised in xylene
and hydrated in various percentages of alcohol. Each
tissue section was treated with 40 mg/ml proteinase K
for 30 min at 37�C and soaked for 30 min in 2% H2O2

to block endogenous peroxidase at room temperature.
The slides were incubated with a labelling-reaction
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mixture containing ¯uorescein-labelled nucleotides and
terminal deoxynucleotidyl transferase (TdT) for 2 h at
37�C, and treated with 1:2 diluted anti¯uorescein anti-
body conjugated with peroxidase for 30 min at 37�C.
Then peroxidase was visualised by the diaminobenzi-
dine method. Counterstaining was performed with
methyl green. The total cell count was 1000 cells in each
specimen. The labelled and unlabelled cells were counted
in ®ve hyper views (�400 views). The apoptotic index
(AI) was de®ned as follows: AI (%)=100�apoptotic
cells/1000 cells.
To detect proliferating cell nuclear antigen (PCNA)

and Bax protein, immunohistochemical staining by the
streptavidin±biotin±peroxidase complex method was
done using para�n-embedded tissues. Samples were
heated in a microwave oven for 20 min at 94�C. The
anti-PCNA monoclonal antibody and the anti-Bax
polyclonal antibody were PC10 (Novocastra Lab,
Newcastle, UK) and N-20 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), respectively. The antibodies
were used at a 1/50 dilution (PCNA) and 1/100 dilution
(Bax) in deionised water. The labelled and unlabelled
cells on PCNA staining slides were counted in ®ve hyper
views. The total cell count was 500 cells in each speci-
men. The PCNA labelling index (LI) was determined by
the following formula: LI (%)=100�labelled cell/label-
led and unlabelled cells. Omission of the primary anti-
body resulted in negative staining.
All experiments were performed in duplicate. Values

are expressed as mean�standard deviation (S.D.). All
data were compared by two-way analysis of variance
with the Mann±Whitney test for quantitative data. A
value of P<0.05 was considered statistically signi®cant.

3. Results

Post-treatment relative tumour size of SK-OV-3
tumours implanted in SCID mice are shown in Fig. 1.
The maximum suppression of relative tumour size was
observed 9 days after treatment in each group (1.06�0.08
for AxCATP53 alone, 0.95�0.07 for CDDP alone and
0.77�0.05 for combination treatment). The T/C ratios
(%) of the SK-OV-3 tumours on day 9 were 62.4% for
the tumours treated with AxCATP53 alone, 54.1% for
the tumours treated with CDDP alone and 42.4% for
the tumours treated with combination treatment.
Thereafter, tumours grew gradually in each group, and
the mean values of the tumour size on day 14 were
2.30�0.06 cm2 for no treatment, 1.93�0.08 cm2 for
AxCATP53 alone, 1.86�0.31 cm2 for CDDP alone and
1.22�0.04 cm2 for the combination treatment. Each
treatment signi®cantly suppressed tumour growth.
Notably, the inhibitory e�ect of the combination treat-
ment on tumour growth was signi®cant, compared with
a single treatment of either CDDP or AxCATP53 (Fig.

1). Di�erences in the sequence of administration of
AxCATP53 and CDDP did not a�ect the growth rate of
the tumour on day 14 (1.10�0.06 for AxCATP53 24 h
after CDDP and 0.83�0.08 for CDDP 24 h after
AxCATP53) (Fig. 2).
KF tumours grew gradually in each group and the

growth rates of KF tumours on day 14 were 2.32�0.08
for no treatment, 2.05�0.07 for AxCATP53 alone,
1.72�0.06 for CDDP alone and 1.21�0.06 for combi-
nation treatment (Fig. 3). Mean values of tumour sizes
on day 14 were 2.71�0.09, 2.34�0.09, 2.03�0.07 and
1.36�0.07 cm2, respectively. The inhibitory e�ect of
combination treatment on the growth of KF tumours
was signi®cant, but merely additive rather than syner-
gistic. We also observed that, although AxCATP53
alone also suppressed tumour growth, that suppression
was not signi®cantly greater than in untreated tumours.
The relative sizes of SK-OV-3 tumours after treat-

ment with AxCALacZ are shown in Fig. 4. AxCALacZ
did not signi®cantly a�ect the relative tumour size in
both the SK-OV-3 tumours with and without CDDP.
The same was observed in the KF tumours. No mice in

Fig. 1. Relative tumour size of SK-OV-3 tumour after treatment. a

versus b, c, d: P<0.01, d versus b, c: P<0.01.

Fig. 2. Relative tumour size of SK-OV-3 tumour after di�erent

sequences of treatment administration.
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this study died of toxicity from the treatment. Body
weight loss (%), determined by the following formula:
100�(body weight before treatmentÿbody weight 14
days after treatment)/body weight before treatment, was
0% in mice treated with AxCATP53 alone, and 6±10%
in those treated with CDDP alone or with a combina-
tion of AxCATP53 and CDDP.
Fig. 5 shows a representative case of staining for

TUNEL and PCNA in a SK-OV-3 tumours 14 days
after combination treatment. AI signi®cantly increased
after each treatment reaching a maximum 9 days after
treatment (data not shown), and this increase was most
prominent in the combination treatment in the SK-OV-3
tumours. There were no signi®cant di�erences in AI
between days 9 and 14 (data not shown). In contrast, AI
after transfection of AxCATP53 did not di�er from that
before treatment in the KF tumours, although the
combination treatment showed the highest AI (Table 1).
LI slightly decreased after each treatment in both cells

(Table 2).
The expression of Bax protein in the tumours, as

estimated by immunohistochemical staining, was weak
in the SK-OV-3 tumours with no treatment, and we
observed that CDDP alone did not change the expres-
sion (data not shown). However, the expression of Bax
protein strengthened after TP53 gene transfection (Fig.
6). In KF tumours, the expression of Bax protein was
the same before and after TP53 gene transfection.

4. Discussion

Recent studies on the combination e�ect of TP53
gene transfection and DNA-damaging agents have been
reported [17±20]. TP53 gene transfection increased the
cytotoxity of CDDP in glioblastoma cells with mutated
TP53 and in lung cancer cells with mutations or
deletions of the gene [19,20]. We also found that
combination treatment with AxCATP53 and CDDP
signi®cantly suppressed tumour growth of SK-OV-3,
compared with a single treatment of either AxCATP53
or CDDP. The maximum suppression of relative
tumour size was observed 9 days after treatment,
followed by a gradual tumour growth in each group. In
particular, rapid growth of SK-OV-3 tumours was
observed between days 12 and 14 after a single treat-
ment of either AxCATP53 or CDDP. As a result,
tumour sizes did not di�er between any treatments and
no treatment 21±25 days after treatment. This phe-
nomenon may be explained by the degree of p53
expression and CDDP accumulation in the tumour
cells.
Examining tumour suppression after administering

3.0 mg/kg CDDP, we found that suppression did not
di�er signi®cantly from that of tumours treated with 1.5
mg/kg CDDP (data not shown). Additionally, AxCA-
LacZ did not a�ect growth suppression in both tumours
with and without CDDP. These results support our

Fig. 3. Relative tumour size of KF tumour after treatment. a versus b:

P<0.01.
Fig. 4. Relative tumour size of SK-OV-3 tumours after treatment with

AxCALacZ.

Table 1

Apoptotic index (%) after each treatment

Treatment SK-OV-3 cells KF cells

No treatment 0.6�0.4a 0.9�0.4a
AxCATP53 alone 1.6�0.3b 1.2�0.3a
CDDP alone 2.4�0.2b 7.1�3.2b
Combination treatment 3.9�0.8c 8.4�0.5b

CDDP, cisplatin. a versus b, c: P<0.05; b versus c: P<0.05.

Table 2

Proliferating cell nuclear antigen (PCNA) labelling index (%) after

each treatment

Treatment SK-OV-3 cells KF cells

No treatment 50.6�22.0 46.3�19.6
CDDP alone 47.8�21.3 43.3�18.6
AxCATP53 alone 48.7�20.6 39.8�18.6
Combination treatment 46.7�22.8 35.8�20.3
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previous in vitro ®ndings showing synergistic interaction
of TP53 and CDDP [10].
It is not clear why TP53 transfection enhances the

e�cacy of DNA damaging agents such as CDDP. p53
protein is a transcriptional regulator of the cellular
response to DNA damage [21]. Several studies have

shown the induction of p53 by DNA-damaging agents
[13,22±24]. An accumulation of p53 by cytotoxic agents
including radiation delays cell growth to allow repair
processes [25]. It is important in understanding TP53
gene therapy to clarify whether and how the transfec-
tion of TP53 enhances apoptosis or DNA repair. To

Fig. 5. A representative case of immunohistochemical staining for terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate biotin

nick-end labelling (TUNEL) and PCNA in tumours 14 days after treatment. (a) proliferating cell nuclear antigen (PCNA) in tumour without

treatment; (b) TUNEL in tumour without treatment; (c) PCNA in tumour with combination treatment of AxCATP53 and CDDP; and (d) TUNEL

in tumour with combination treatment of AxCATP53 and cisplatin (CDDP).

Fig. 6. Immunohistochemical staining of Bax protein in SK-OV-3 tumours 14 days after treatment. No treatment (a) and combination treatment of

AxCATP53 and cisplatin (CDDP) (b).
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our knowledge, this is the ®rst report to demonstrate
p53-dependent apoptosis in an ovarian cancer xenograft
following transfection of TP53.
To examine p53-dependent apoptosis, we used the

TUNEL assay and immunohistochemical staining for
the PCNA and Bax proteins. Although the TUNEL
assay is commonly used to detect apoptotic cells, one
must be aware of possible false positive results. In this
study, we also examined PCNA staining, a marker of
cell proliferation, which is negative in TUNEL-positive
cells. AI gradually increased, reached a maximum 9
days after each treatment, and then decreased slightly.
AI was signi®cantly high and LI was relatively low in an
ovarian cancer xenograft with a deletion of the TP53
gene receiving combination treatment, compared with a
single treatment of either CDDP or AxCATP53.
PCNA, an auxiliary protein of DNA polymerase, is
expressed in association with DNA repair rather than
with proliferation [26,27]. These ®ndings indicated that
transfection of a wild-type TP53 gene induces apopto-
sis, but does not enhance the DNA repair system in
ovarian cancer cells harbouring a deletion of TP53.
Interestingly, AI continued to be signi®cantly higher in
tumours following combination treatment compared
with single treatments 14 days after treatment when p53
was not detectable. This ®nding may support the pre-
vious evidence that a transiently high level of wt-p53
expression was su�cient to initiate the cytotoxic pro-
gramme in cancer cells [11].
p53 is a direct transcriptional activator of the Bax

gene. Bax plays a role in the regulation of apoptosis
[28,29]. Administration of CDDP alone increased AI,
but did not change the expression of Bax in the SK-OV-3
tumours. This ®nding indicates that the SK-OV-3 cell
has a p53-independent pathway for apoptosis. The
expression of Bax increased following transfection of
AxCATP53. Thus, the appearance of apoptosis through
a p53-dependent pathway may be a mechanism of the
synergistic interaction of TP53 and CDDP in SK-OV-3
tumours, whereas the expression of Bax protein did not
di�er before and after TP53 gene transfection in KF
tumours, indicating that the mechanism of tumour sup-
pression in tumour cells with and without wild-type
TP53 may di�er.
Furthermore, the present study showed that the

inhibitory e�ect of combination treatment on tumour
growth was signi®cant in KF tumours which have a
wild-type TP53. In KF tumours, AI after transfection
of AxCATP53 did not di�er from that before treat-
ment, and the expression of Bax protein was the same
before and after TP53 gene transfection. This further
supports the theory that the mechanism of tumour sup-
pression in tumour cells with and without the wild-type
TP53 gene di�ers. In the literature, the increase in p53
levels in cells enhances their sensitivity to DNA-damaging
agents, although the mechanism is not clear [13,30].

This ®nding suggests that the combination of TP53 gene
transfection and CDDP may be more e�ective than
CDDP alone in tumours with the wild-type TP53 and
may be a potential strategy for the treatment of CDDP-
resistant ovarian cancer.
The e�ective sequence of CDDP administration and

TP53 gene transfer has been controversial. A lung can-
cer study showed that the most e�ective regimen was
CDDP given 2 days before the transfection of TP53,
because CDDP enhanced the expression of TP53 [20].
In contrast, another study involving lung cancer cells
indicated that TP53 gene transfection before CDDP
was more e�ective than simultaneous exposure to
adenovirus-vector with TP53 and CDDP [11]. We also
investigated the e�ect of sequence of administration of
the two agents in a tumour xenograft. The trend of our
data suggested a possible slight bene®t when the virus
was given before CDDP, although no statistical sig-
ni®cance was claimed. If the appearance of apoptosis
through a p53-dependent pathway is a mechanism of
the synergistic interaction of TP53 and CDDP, CDDP
administration after TP53 gene transfection may be
rational in tumours with a deletion of TP53. Determin-
ing an e�ective sequence of anticancer drug and TP53
gene transfer in a tumour xenograft is di�cult, because
of several factors, such as the delivery system and vari-
ations in the accumulation of CDDP and p53 protein
among tumour cells, a�ects the combination e�ect.
However, the sequence of administration of CDDP and
TP53 gene transfer is attractive and clinically applicable.
Whilst further study is needed to determine a more

e�ective strategy for TP53 gene therapy for ovarian
cancer using sequential CDDP administration and
TP53 gene transfer, the present study suggests that
combination therapy of AxCATP53 and CDDP may be
a new strategy for treating chemoresistant ovarian can-
cer with and without wild-type TP53.
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