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Abstract

AIM: There are conflicting data about p53 function on cellular
sensitivity to the cytotoxic action of 5-fluorouracil (5-FU).
Therefore the objective of this study was to determine the
combined effects of adenovirus-mediated wild-type (wt) p53
gene transfer and 5-FU chemotherapy on pancreatic cancer
cells with different p53 gene status.

METHODS: Human pancreatic cancer cell lines Capan-1p53mut,
Capan-2p53wt, FAMPACp53mut, PANC1p53mut, and rat pancreatic
cancer cell lines ASp53wt and DSL6Ap53null were used for in vitro

studies. Following infection with different ratios of Ad-
p53-particles (MOI) in combination with 5-FU, proliferation
of tumor cells and apoptosis were quantified by cell
proliferation assay (WST-1) and FACS (PI-staining). In
addition, DSL6A syngeneic pancreatic tumor cells were
inoculated subcutaneously in to Lewis rats for in vivo studies.
Tumor size, apoptosis (TUNEL) and survival were determined.

RESULTS: Ad-p53 gene transfer combined with 5-FU
significantly inhibited tumor cell proliferation and
substantially enhanced apoptosis in all four cell lines with
an alteration in the p53 gene compared to those two cell
lines containing wt-p53. In vivo experiments showed the
most effective tumor regression in animals treated with
Ad-p53 plus 5-FU. Both in vitro and in vivo analyses revealed
that a sublethal dose of Ad-p53 augmented the apoptotic
response induced by 5-FU.

CONCLUSION: Our results suggest that Ad-p53 may
synergistically enhance 5-FU-chemosensitivity most strikingly
in pancreatic cancer cells lacking p53 function. These findings
illustrate that the anticancer efficacy of this combination
treatment is dependent on the p53 gene status of the target
tumor cells.
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INTRODUCTION
Pancreatic cancer is a very aggressive tumor with a poor prognosis.
Unfortunately, the majority of the patients are diagnosed at an
advanced disease status and are not suitable for potentially
curative resection. Intrinsic limitations of chemotherapy are
the endogenous or acquired resistance of tumor cells to anti-
cancer drugs and their toxicity to normal tissues, the latter being
responsible for the occurrence of severe side effects. For these
reasons, new approaches for the treatment of pancreatic cancer
patients have to be developed.
      The p53 tumor suppressor gene is functionally inactivated
in about 50% of all human malignancies including up to 60% of
pancreatic cancers[1]. The tumor suppressor activity of p53 is
mainly mediated through its ability to induce cell growth arrest
or apoptosis in response to a variety of stress signals, whereas
a lack of functional p53 usually leads to increased genomic
instability, deregulated cell proliferation, accelerated tumor
progression, and elevated cellular resistance to anticancer
therapy[2]. Expression of wt- p53 has been shown to be required
for 5-FU- induced apoptosis and to greatly potentiate 5-FU-
cytotoxicity[3,4]. Several reports have suggested that the p53
status of the tumor cells may be an important response determinant
to 5-FU- based chemotherapy[5,6]. In contrast, other studies
have failed to demonstrate any relationship between p53 expression
and 5-FU chemotherapy[7,8]. Gene therapy by adenovirus mediated
introduction of the wild-type human p53 gene into tumors
that are deficient in functional p53 has shown a significant
tumor suppressing effect in preclinical studies and in clinical
trials[9-13]. Furthermore, these tumor suppressing activities of
p53 reintroduction have been reported to be enhanced by
combination with many chemotherapeutic drugs or ionizing
radiation in various human tumors[14,15]. However, the influence
of the de novo expressed exogenous p53 on cellular sensitivity
toward DNA-damaging agents is still not clear[16-19].
       The goal of the present study was to determine in vitro and
in vivo, whether reintroduction of wt-p53 protein into pancreatic
cancer cells could increase the sensitivity to 5-FU chemotherapy.
Therefore, we tested pancreatic cancer cells with different p53
status. Our results demonstrate that wt-p53 gene transfer in
pancreatic cancer cells with loss of p53 function has a significant
impact on 5-FU-chemosensitivity leading to potential tumor
regression both in vitro and in a pancreatic cancer model of
immunocompetent rats.

MATERIALS AND METHODS
Cell lines and culture conditions
The human pancreatic cancer cell lines, Capan-1, Capan-2,
PANC1 were provided by the Tumorbank, DKFZ, Heidelberg,
Germany. FAMPAC was established in our laboratory from a
43 year old female with familial pancreatic cancer[20]. The rodent
pancreatic cancer cell lines, AS (BSp73AS) and DSL6A, were
originally derived from a spontaneous pancreatic adenocarcinoma
of a BDX rat[21] and from a primary pancreatic carcinoma of an
azaserine-treated Lewis rat[22] respectively. All cells were grown



in Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL)
supplemented with 100 mL/L heat inactivated fetal calf serum
(FCS, Gibco BRL), 100 units/mL penicillin, 100 µg/mL streptomycin
(Gibco BRL) and incubated at 37 in a humidified atmosphere
with 50 mL/L CO2.

Adenoviral vectors
The AdEasy system[23] was used for construction and propagation
of the human wt- p53 (Ad-p53) adenoviruses. The shuttle vector
pAdTrack-CMV and the adenoviral backbone plasmid
pAdEasy-1 were kindly provided by Bert Vogelstein (Howard
Hughes Medical Institute and Kimmel Cancer Center at Johns
Hopkins University, Baltimore, MD 21 231). The cDNA coding
for human p53 was a gift from Martin Scheffner (ATV, DKFZ,
69120 Heidelberg, Germany). The control adenoviral vector
expressing cytosine deaminase (Ad-CD) was kindly provided
by Zhuangwu Li (NIH/NCI Bldg.10/Rm. 12N226, 9000
Rockville Pike, Bethesda, MD 20 892) and the AdlacZ vector
was a gift from Petra Klein-Bauerschmitt (ATV, DKFZ, 69120
Heidelberg, Germany). Recombinant adenoviruses were
propagated in 293 cells, harvested, aliquoted and stored as
described[24]. Adenovirus titer in plaque-forming units (p.f.u.)
was determined by plaque formation assays on 293 cells. The
multiplicity of infection (MOI) was defined as the ratio of p.f.u.
per total number of cancer cells to be infected. Adenoviruses
were administered in phosphate buffer (20 mmol/L NaH2PO4,
pH 8.0, 130 mmol/L NaCl, 2 mmol/L MgCl2, 20 g/L sucrose).

βββββ-galactosidase expression
Pancreatic cancer cells were infected with AdlacZ in a variety
of MOI ranging from 1 to 100, in 1 mL of medium in 25-cm3 tissue
culture flasks under routine conditions. After 24 h infected cells
were fixed in 960 mL/L ethanol and stained with X-gal solution.
The percentage of positively blue stained cells was determined
by scoring five random high power fields per 25-cm3 flask.

Western blotting
The expression of p53 protein was assayed in all six pancreatic
cancer cell lines before and after Ad-p53- infection. Cells were
transduced with 102 MOI Ad-p53 and harvested at 24h. The
protein lysates were separated by electrophoresis on a 100 g/L
SDS/acrylamide gel and transferred to a PVDF membrane. The
membrane was blocked in 200 mL TTBS, 50 g/L skimmed milk,
1 g/L Tween-20 for 1 h, incubated with primary p53 DO7
antibody (DAKO, Cambridgeshire, UK) for 1 h. After washing
in TTBS the membrane was incubated with horseradish
peroxidase (HRP) conjugated anti-mouse IgG for 45 min. Signals
were detected using the enhanced chemiluminescence system
(ECL, Amersham Life Science Ltd, Bucks, UK).

WST-1 cell viability assay
Cells were seeded at a concentration of 5-10×103 cells/well in
100 µL culture medium into 96-well microtiter plates. After a 12 h
incubation period, cells were infected either with Ad-p53 in a
variety of MOIs (10-2-102) or treated as controls with Ad-CD.
After 24 h cells were washed with PBS and treatment with 5-
fluorouracil (5-FU, Medac, Hamburg, Germany) at the concentration
of 5µL/mL was started for a period of 48 h. All dilutions were
performed in culture medium. Cells were washed with PBS and
10 µL/well of the cell proliferation reagent WST-1 (Boehringer
Mannheim, Germany) was added in 100 µL cell culture medium
for 4 h. Absorbance of the samples was analysed using a
bichromatic ELISA reader at 450 nm and 690 nm. Relative
proliferation (A/Ao) was defined as the ratio of absorption
measured in Ad-p53- infected and/or 5-FU treated cells or Ad-
CD- infected cells (A) compared with the absorption measured
in untreated control cells (Ao). All experiments were performed
in triplicate.

FACS analysis
Cells were plated at a density of 105 per 25-cm3 flask and infected
with viral vectors at an MOI of 1 for 24 h. After 24 h cells were
washed with PBS and treatment with 5-fluorouracil (5-FU,
Medac, Hamburg, Germany) at the concentration of 5 µL/mL
was started for a period of 48 h. The cells were harvested and
washed with PBS. The apoptotic fraction of treated or untreated
cells was determined by FACS analysis (FACSCalibur, Becton
Dickinson) following permeabilisation and propidium iodide
(PI) staining of the cells. Briefly, 250 µL of PI staining solution
(1 g/L TritonX-100, 50 µg/mL PI in PBS, pH 7.4) was added to
5×105 cells and analysed within 1 h using the CellQuest software.
The proportion of apoptotic cells was calculated for each group:
mock infected, Ad-CD, 5-FU, Ad-p53 and Ad-p53+ 5FU. Cell
debris and fixation artefacts were excluded by appropriate gating.
All experiments were performed in triplicate.

Animal experiments
Male Lewis rats, purchased from Charles River WIGA Laboratories
(Sulzfeld, Germany), were kept in isolators and received food
and water ad libitum. Animal experiments were performed under
NIH and institutional guidelines established for the Animal
Care Facility at the University of Heidelberg. A total of 106 DSL6A
tumor cells were injected in 100 µL of PBS/animal subcutaneously
(sc.) into the abdominal wall of 4 wk-old rats. Eight weeks after
tumor cell inoculation, when the tumor nodules had an average
size of 8 mm×8 mm, the treatment as indicated was started and
repeated twice a week for 1 mo. 5-FU (5 mg/kg bm) was given intra-
peritoneally (ip.) and Ad-p53 or Ad-CD infections (108 infective
units) were injected intratumorly (it.). The animals were separated
by randomisation into 5 groups of 8 rats each namely mock
infected, Ad-CD (1×108 infectious particles it.), 5-fluorouracil
(5 mg/kg bm ip.), Ad-p53 (1×108 infectious particles it.) and Ad-
p53+5-FU. Tumor size (mm2) was determined by measuring the
largest and smallest diameter as tumor length (mm)×tumor width
(mm). When the tumor size reached >600 mm2, animals were
sacrificed. Tumor size and survival rate were documented weekly.

TUNEL assay
Tumor tissues were fixed in 40 g/L neutral formaldehyde or
snap frozen in liquid nitrogen and stored at -80 . Sections (5µm)
were stained with hematoxylin and eosin using standard
procedures. At least 6 representative tumors of each group of
treated or untreated animals were analysed for apoptosis.
Immunohistochemical detection and quantification of apoptosis
in formalin fixed tumor tissue sections were performed using
the ‘In situ cell death detection kit, AP’ (Roche Diagnostics,
Mannheim, Germany). The sections were stained and analysed
microscopically according to the manufacturer’s instructions.

Reverse transcriptase- PCR analysis
From snap frozen tumor tissue total RNA was extracted using
RNAzol (Cinna/Biotech, Friendswood, TX). cDNA was then
generated using the cDNA cycle kit for RT-PCR (Invitrogen, San
Diego, CA, USA). To assay expression of the p53 transgene from
Ad-p53 in infected tumors, the following primers were generated
to amplify a 294 bp product which is specific for Ad-p53: forward
primer: 5’ GGTGCATTGGAACGCGGA TT 3’, reverse primer: 5’
GGGGACAGAACGTTGTTTTC 3’. PCR was performed by an initial
heating step at 95  for 5 min, followed by 35 cycles at 95  for
1 min, at 58  for 1 min and at 72  for 1 min and a final extention
step at 72  for 5 min. The PCR products were separated on 1%
agarose gels and visualized by ethidium bromide staining and
UV light.

Statistical analysis
Statistical analysis was performed using SPSS software (Release
11.0.1, SPSS Inc.). The rate of cell viability and the rate of
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apoptotic cells were expressed as mean±SE and 95% confidence
interval. The 95% confidence intervals of the means were used
to analyse the rate of cell viability and the rate of apoptotic cells
between two groups of each cell line. Differences between means
without overlap of the confidence intervals were described as
statistically significant. Tumor size in rats was given as mean±SD.
Normal distribution of tumor size in different groups was judged
by the Shapiro-Wilk test. ANOVA was performed to analyse the
therapeutic effects after 4 cycles and at study end between the
groups with respect to tumor size. Two-sided P-values were
reported and an effect was considered statistically significant at
P< 0.05.

RESULTS
Adenovirus mediated gene transfer efficacy in pancreatic cancer
cells
The efficacy of Ad-p53 gene transfer into pancreatic cancer
cell lines was assessed as the percentage of X-gal stained positive
cells 24 h after infection with AdlacZ. There was a variation in
transduction efficacy as summarised in Table 1. An MOI of 50
resulted in 73-95% of cells stained blue in the tested cell lines.

Table 1  p53 status, transduction efficacy and IC50 value of 5-FU
in pancreatic cancer cell lines; mean±SD

      Cell line    p53 status      β-gal1%        5-FU-IC50

         value1 µg/mL

Human

     Capan-1     159 GCC GTC     92 (4.5)  8.25 (0.45)

     Capan-2      wild type      95 (7.2)  5.75 (0.55)

     FAMPAC   175 CGC CAT     82 (7.8)  8.00 (0.45)

     PANCL      273 CGT CAT     82 (7.8)  9.50 (0.75)

Murine rat

     AS      wild type      73 (5.3)  6.55 (0.45)

     DSL6A        Null      83 (6.2)  7.75 (0.55)

1β-gal was the percentage of X-gal positive cells 24 h after
AdlacZ infection at a multiplicity of infection of 50. 2IC50 val-
ues were defined for each cell line as the 5-FU concentration
leading to 50% growth inhibtion. Results are expressed as
mean±SD from three independent experiments.

p53 status and p53 protein expression after Ad-p53 infection in vitro
To determine the p53 status of the tested cell lines, we reviewed
the literature (Capan-125, Capan-225, PANC126) or analysed cell
samples (FAMPAC27) for mutations in exons 5-8 of p53. For the
rat pancreatic cancer cell lines, DSL6A and AS, the p53 status
was determined by PCR-SSCP analysis followed by direct
sequencing[28]. Despite repeated attempts, the DSL6A cell line
failed to give rise to amplified products for tested exons 5-8 of
p53, suggesting a homozygous deletion of the loci. All exons could
be amplified from normal control DNA of AS cells. The mutation
status of the pancreatic cancer cell lines is outlined in Table 1.
      The expression of p53 protein was confirmed by Western
blot analysis. The antibody used reacted with both wild type
and mutant p53. This was done to confirm the expression after
Ad-p53 infection and to establish the baseline protein
expression patterns. These in vitro experiments demonstrated
for all cell lines detectable amounts of p53 protein 24 h after
infection with Ad-p53 indicating an efficient translation. As
indicated in Figure 1  the quantity of p53 was increased following
infection with Adp53, with the exception of Capan-1 and
FAMPAC cell lines showing a strong baseline overexpression
of mutated p53.

Figure 1  Expression of p53 protein before (-) and after infec-
tion with Ad-p53 (+) in pancreatic cancer cell lines.

Effect of p53 gene transduction on in vitro pancreatic tumor
cell proliferation
To establish defined conditions for the in vitro experiments, all
six pancreatic cancer cell lines were transduced with different
multiplicity of infection (MOI = p.f.u./cell) of the Ad-p53 vector
in the range from 10-2 to 102. To test the effect of the p53 recombinant
adenoviruses on tumor cell growth, we assayed the cell viability
using a colorimetric cell proliferation test. Infection with the
control vector Ad-CD had no significant effect on cell growth
(data not shown). In contrast, we observed that Ad-p53 infection
dose dependently resulted in significantly decreased cell
viability. A significant inhibitory effect on tumor cell growth
was achieved at MOI ³ 1 in all tested cell lines with an alteration
of p53, whereas lower levels of Ad-p53 virus particles had no
effect. Capan-2 cells containing wt-p53, were less sensitive
and a similar inhibitory effect was only achieved with a higher
MOI of 10. The rat pancreatic cancer cell line, AS containing
wt-p53, revealed only a small effect on tumor growth (Figure 2).

Figure 2  Decreased in vitro growth rate in pancreatic cancer
cell lines 24 h after infection with Ad-p53. Data points repre-
sent means from 9 samples of viable cells in three indepen-
dent experiments; bars, SD.

Efficacy of combined Ad-p53 and 5-FU therapy on tumor cell
growth in vitro
To investigate whether the reintroduction of wt-p53 protein
could enhance the tumor inhibitory effect of 5-FU treatment, all
six pancreatic cancer cell lines were infected with Ad-p53 at
MOI 1, which revealed an intrinsic antiproliferative activity by
itself. 5-FU at the concentration of 5 µg/mL was chosen for the
combination experiments and was given 24 h after Ad-p53
infection. In preliminary dose escalation studies, the IC50 values
of each cell line were determined and listed in Table 1. Low
dose FU (5 µg/mL) given alone reduced cell viability most
significantly to wt-p53 containing Capan-2 cells and AS cells
compared to the other tested cell lines. The antiproliferative
effects of the combination of Ad-p53 and 5-FU were next
evaluated and non-functional p53 pancreatic cancer cell lines
were most sensitive to the cytotoxic action of the combined
treatment. This growth inhibitory effect was highly significant
compared to either administration of p53 gene transduction or
5-FU treatment alone. For Capan-2 cells containing wt-p53, the
combined antiproliferative effect of the two drugs was only 9%
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more than with 5-FU chemotherapy alone. In wt-p53 containing
AS cells, Ad-p53 infection could not enhance the 5-FU
antiproliferative action to a significant level (Table 2).

Effect of Ad-p53 gene transduction and 5-FU treatment on
apoptotic cell death in vitro
To determine whether Ad-p53 mediated increase of 5-FU
cytotoxic action was due to enhanced apoptosis, we analyzed
DNA-fragmentation by fluorometric analysis of propidium
iodide stained pancreatic cells. Cells treated with 5-FU (5 µg/mL)
showed a percentage of dead cells between 8% and 16%, which
was slightly above that of native cells or cells infected with the
Ad-CD control vector. In cells transduced with the p53 gene
(MOI 1), the percentage increased up to 25%. p53 gene
transduction followed by 5-FU chemotherapy, caused a marked
increase of apoptotic cell death. These findings were consistent
showing the highest apoptotic rate for the pancreatic cancer cell
lines with an altered p53 (47-58%), and the lowest apoptotic rate
in wt-p53 containing cell lines (18-20%) as indicated in Figure 3.

Figure 3  Percentage of apoptotic cells of human and rat pan-
creatic carcinoma cell lines either infected with Ad-CD con-
trol vector or Ad-p53 (MOI 1) 24 h prior±5-FU chemotherapy
(5 µg/mL) given for 48 h. Points represent means from 9
samples in three independent experiments; bars, 95% CI.

In vivo effects of combined treatment on tumor growth in rat
pancreatic cancer
Subcutaneous DSL6A tumors generated in 4-wk-old male Lewis
rats were treated by intratumoral injection with adenoviral
vectors and/or 5-FU chemotherapy given intraperitoneally twice
a week for 1 mo. Details of the onset and cessation of treatment
were indicated in the methods section. To determine if p53
recombinant adenoviruses could induce p53 mRNA expression,
RT-PCR analysis was performed in the generated DSL6A
tumors. Non- infected and Ad-p53 infected tumors were
removed and p53 transgene expression was confirmed 24 h

after the last injection. As shown in Figure 4, a 294 bp band was
detected only in Ad-p53 infected tumors.
      Tumor growth was measured regularly during the 4 wk
following treatment. Animals in both control groups showed an
extensive tumor proliferation, and after 6 cycles of therapy tumor
size was above 600 mm2, so that treatment was stopped and animals
were killed according to the protocol. During the first four cycles
of treatment, in animals with 5-FU monotherapy tumor growth
was significantly reduced compared to the controls (157±54 mm2

vs 410±65 mm2, P<0.0001). Ad-p53 treatment alone (72±19 mm2,
P<0.0001) or the combination Ad-p53 plus 5-FU (61±8 mm2,
P<0.0001) demonstrated local tumor growth control. However, within
the following four cycles of therapy we observed an increasing
tumor size in animals treated only with 5-FU (580±58 mm2) or
Ad-p53 (347±52 mm2) alone compared to the combination of
Ad-p53 plus 5-FU (67±14 mm2, P<0.0001). As shown in Figure 5,
the combination of Ad-p53 and 5-FU demonstrated the most
potent inhibitory effect on tumor growth, but none out of the 8
animals was tumor free at the end of the treatment.

Figure 4  Gel electrophoresis for PCR products from DSL6A
tumors removed from Lewis rats 24 h following the last
treatment. (P) positive control, vector DNA; (N) negative con-
trol (RT minus control); (C) Ad-CD control virus treated tu-
mor (Ad-CD); (T) Ad-p53 infected tumor.

Figure 5  Efficacy of Ad-p53 infection and 5-FU as single agents
vs the combination of both on tumor growth of Lewis rats
challenged with DSL6A tumor cells. Arrowheads indicate treat-
ment application. 1All animals were killed after 6 cycles of
therapy because the tumor size was above 600 mm2.
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Table 2  In vitro growth of different pancreatic cancer cell lines after indicated treatment 1measured by WST-1 cell viability assay2; %
mean (95% CI)

Cell line        Control Ad-CD-control       Ad-p53         5-FU  Ad-p53+5-FU

Human
Capan-1 97.8 (96.0-99.5) 91.9 (86.6-97.6) 55.0 (51.3-58.6) 72.9 (70.4-74.4) 30.7 (28.9-32.4)
Capan-2 97.9 (95.7-100.0) 91.3 (88.2-94.5) 75.0 (71.3-78.6) 55.6 (53.1-58.0) 51.2 (48.0-54.4)
FAMPAC 98.0 (95.9-100.1) 93.3 (90.5-96.2) 48.6 (44.7-52.4) 70.6 (68.0-73.1) 31.7 (29.6-33.8)
PANCL 98.4 (97.1-99.8) 95.0 (92.2-97.8) 64.7 (59.8-69.5) 73.9 (71.6-76.2) 33.8 (31.5-36.0)

Murine rat
AS 99.0 (97.6-100.4) 97.9 (95.7-100.0) 92.3 (88.9-95.8) 56.8 (52.2-61.3) 53.1 (48.2-58.0)
DSL6A 98.8 (97.5-100.0) 94.0 (90.8-97.2) 64.2 (60.5-67.9) 69.4 (66.0-72.9) 32.8 (29.3-36.2)

1Cells were either infected with Ad-CD control or Ad-p53 (MOI 1) 24 h prior±5FU chemotherapy (5 µg/mL) given for 48 h. 2The
data represents the ratio of the colorimetric values of viable cells treated as indicated (A) compared with the untreated control cells
(Ao). Results are expressed as mean with 95% confidence interval (CI) from more than 9 samples in three independent experiments.
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Detection of apoptosis in tumor tissues after treatment
Since our in vitro data indicated that the tumor- inhibitory
effects of the combined treatment of Ad-p53 plus 5-FU were
significantly mediated by induction of apoptosis, we assessed
the tumor tissue sections for DNA degradation using the
TUNEL assay. Analyses of tumor sections of each group
revealed a slight increase of apoptotic cells in rats treated with
5-FU compared to both control groups, mock or Ad-CD infected.
Adenoviral p53 gene transduction significantly increased the
number of apoptotic cells in comparison to single 5-FU
chemotherapy. As shown in Figure 6, in situ quantification
revealed the highest number of cells undergoing apoptosis in
tumors treated with Ad-p53 plus 5-FU.

Figure 6  Ad-p53 mediated sensitisation of tumors to apoptosis
in response to 5-FU in vivo. Formalin-fixed tissue sections were
analyzed by TUNEL labelling. Original magnification ×200.

DISCUSSION
A number of previous studies have shown that the restoration
of wt-p53 may increase or decrease drug sensitivity, indicating
that p53 status may influence the response of human cancers
to chemotherapy in a cell- and drug specific manner[3,16,17,29].
However, what is currently lacking is critical information on the
cytotoxicity and target response to such a combined modality
therapy. In this study we investigated a panel of human pancreatic
cancer cell lines with well characterised defects in the p53 gene
to identify differences following treatment with Ad-p53 vector
and 5-FU chemotherapy. Because high concentrations of p53
were difficult to reach in patients by vectors available so far,
and high doses of 5-FU could not be used in vivo due to their
side effects, we evaluated the efficacy of low concentrations of
p53 infection and low doses of 5-FU.
       In our in vitro study infection with Ad-p53 alone produced
tumor growth suppression in all pancreatic cancer cell lines
ranging from highly significant to almost absent. The most
prominent growth inhibitory effect was observed in the
pancreatic cancer cell lines with an alteration of the p53 function.
These findings may not only relate to the endogenous p53
status, but also to differences in transduction efficiency of cell
lines to the expression of β3 integrins and coxsackie virus and
adenovirus receptors (CAR) on tumor cells[30]. Ad-p53 infection
at a low concentration (MOI 1) induced only a small number of
apoptotic cells in the tested pancreatic cancer cell lines. These
results are in agreement with those of other authors showing
that levels of p53 expression that inhibited proliferation may

not be sufficient by themselves to induce cell death[10,31-33].
The reduced cell proliferation observed after Ad-p53 infection
might be rather attributed to a persistent S phase depletion and
G0/G1 accumulation without induction of apoptosis.
       However, the key question in our study was to correlate the
exogenous p53 expression with the response to 5-FU based
chemotherapy. Like a number of other studies the p53
replacement into tumor cell lines with altered p53, revealed the
most effective tumor growth inhibition[9-12]. Our data clearly
support other in vitro studies, which have reported that loss of
p53 function could reduce cellular sensitivity to 5-FU[3,4,34].
These synergistic effects are less conclusive in cases of p53
transgene overexpression in wt-p53 tumors. Only a small, but
not significant advantage of the combination regimen was
achieved in the human Capan-2p53wt cells, whereas the murine
ASp53wt cells failed to such a treatment. Since from the clinical
point of view apoptotic death is the final outcome that can
define the success of therapy, we screened for the induction of
apoptosis in relation to the different treatment schedules. Our
data demonstrated, that the combination regimen of Ad-p53
plus 5-FU was able to significantly increase the number of
apoptotic cells in the pancreatic tumor cell lines with an altered
p53 gene. Likewise to our findings some reports have shown,
that high level expression of p53 could cause some cancer cells
to undergo apoptosis, whereas others simply undergo prolonged
cell cycle arrest[10,31]. To overcome the resistance to p53 mediated
apoptosis several reports have shown a significant advantage
of Ad-p53 gene therapy in combination with DNA damaging
agents[10,14,15,32].
       A foremost concern with such a strategy is whether sufficient
chemosensitisation can be accomplished with relatively few
supplemental gene therapy treatments during 5-FU based
chemotherapy. Experimental studies reported a rate of gene
transduction between 5% and 15% using immunohistochemical
analysis[9]. Therefore we used a subcutaneous pancreatic tumor
model to allow assessment of the efficacy of this approach. In
immunocompetent Lewis rats, combination of intratumoral Ad-
p53 infection of implanted pancreatic DSL6Ap53null tumors with
additional systemic 5-FU chemotherapy resulted in a significant
retardation of tumor growth. These combined effects clearly
exceeded those achieved by administration of either agent alone.
In contrast to all other treatment modalities, the combination
regimen Ad-p53 plus 5-FU revealed no further in vivo tumor
growth during the time of treatment. The reason for incomplete
tumor regression may be related to the low p53 transduction
rate and limited spread within the tumor. Our in vivo data point
to an enhancement of 5-FU mediated apoptosis in DSL6A tumors
as a result of adenoviral mediated p53 gene transfer. This is in
line with our in vitro findings, which strongly suggest that the
sensitisation is mediated by enhancing the apoptotic response
of neoplastic cells to 5-FU treatment. Similar anticancer therapy
approaches using combined administration of adenovirus
mediated p53 gene therapy and chemotherapeutic drugs have
been evaluated. In some tumors, inactivation of p53 correlated
with an increased resistance to radiation and several antineoplastic
drugs and transduction of the wt-p53 gene increased the
sensitivity[3,16,17,32]. In contrast, in other tumors the expression of
exogenous wt-p53 reduced sensitivity, while the disruption of
p53 function increased sensitivity[35-37]. A number of clinical studies
have found that p53 overexpression, a surrogate marker for p53
mutations, correlated with resistance to 5-FU[5,6,38,39], but other
studies found no correlation[40,41]. Such conflicting findings might
in part, be due to the wide variation in immunohistochemical
protocols, and the use of different antibodies to detect p53.
Other techniques, such as DNA sequencing, might provide a
more objective assessment of the p53 status. At present, despite
the in vitro evidence for p53 involvement in downstream
signalling in response to 5-FU, the clinical value of p53 as a
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predictive marker for 5-FU based chemotherapy remains a matter
for debate.
      In conclusion, our results confirm the feasibility of sensitising
pancreatic cancer cells to 5-FU chemotherapy in vivo using
adenovirus mediated p53 gene therapy. In tumors, where
sustained expression of wt-p53 cannot be achieved or the levels
of expression are insufficient to significantly induce apoptosis,
wt-p53 can be used as a therapeutic agent in combination with
conventional antineoplastic drugs. Our results have confirmed
that this enhanced cytotoxicity is mostly provided by driving
significant numbers of neoplastic cells into apoptosis. Therefore,
the assessment of endogenous p53 status by DNA sequencing,
which may correlate with the response to 5-FU chemotherapy
may have an important role in defining patients who are most
likely to benefit from 5-FU chemotherapy or combination
treatment in the future[42].
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