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Increase of BCNU sensitivity by wt-p53 gene therapy
in glioblastoma lines depends on the administration

schedule
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In this article, we investigated the effect induced by the
reintroduction of wild-type p53 (wt-p53) protein on BCNU
sensitivity in the ADF glioblastoma line. Using a wt-p53 re-
combinant adenovirus (Ad-p53), we demonstrated that
exogenous wt-p53 expression was able to increase the
sensitivity to BCNU in ADF cells. Interestingly, this effect
was more evident when Ad-p53 infection was performed
after BCNU treatment compared with the opposite
sequence. To understand the biological basis of these dif-
ferent behaviors, we analyzed the cell cycle of the differ-
ently treated cells. We found that Ad-p53 infection induced
a persistent accumulation of cells in the GO/G1 phase
while, as expected, BCNU induced a block in the G2-M
phase. Ad-p53—BCNU sequence did not significantly mod-
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Introduction

Malignant glioblastomas are the most aggressive brain
tumors and are considered incurable.? The most
important limitations of the chemotherapy are the intrin-
sic or acquired resistance of tumor cells to anti-cancer
drugs and the toxicity of high doses of drug to normal
tissues.® In addition, only few chemotherapeutic agents,
such as nitrosureas, are lipid-soluble and can penetrate
into the central nervous system.* For these reasons, the
necessity of developing new approaches for the treatment
of brain tumors is particularly urgent. Considering that
glioblastoma is a disease generated through a process of
genetic alterations, including inactivation of tumor sup-
pressor genes,® molecular therapy represents a potential
novel approach for the treatment of these neoplasms.
The p53 tumor suppressor gene is the most commonly
altered genetic locus detected in many different types of
human malignancy, including brain cancers.>® Inacti-
vation of p53 is an early event in brain tumors, suggest-
ing that p53 is involved in glial tumorigenesis.®*! Fur-
thermore, studies of patients with recurrent tumors have
demonstrated that progression of brain cancers from low
to high grade is associated with p53 mutations, revealing
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ify the cell cycle profile in respect of Ad-p53 infected cells.
In contrast, BCNU— Ad-p53 sequence provoked G2-M
arrest similar to that observed after treatment with BCNU
alone, but prevented the later recovery of the cells through
the cell cycle, by driving the cells to apoptotic death. These
results demonstrate that the administration sequence is
important to increase drug sensitivity. To generalize the
phenomenon observed on ADF line, the antiproliferative
effect of the two different schedules was analyzed on other
glioblastoma lines (A172, CRS-A2, U373MG) with different
BCNU sensitivity and p53 status. The data obtained
confirm that the wt-p53 gene transfer enhances BCNU
sensitivity in glioblastoma cells depending on the
administration sequence.

a strong correlation between a selective growth advan-
tage of tumor and p53 mutations.*?*® Restoration of wt-
p53 function in different tumor types has been demon-
strated to suppress the transformed phenotype by
inducing growth arrest, apoptosis or cell differen-
tiation.***5> Studies on glioblastomas have shown that
overexpression of wt-p53 suppress cell growth, and
induces apoptotic cell death in vitro and in vivo.'° These
findings have rendered p53 a potentially helpful target
for gene therapy of brain tumors. However, one of the
main obstacles of gene therapy is the lack of efficient vec-
tors for gene transduction to express high levels of the
protein of interest in the large majority of the tumor cells.
To overcome this problem, two approaches have been
suggested: the use of genes able to induce by-stander
effect or the combination of low efficiency gene therapy
with conventional treatments. It has been shown that the
p53 gene is involved in cellular response to antineoplastic
drugs,?2! and that DNA damage can trigger apoptosis
through activation of p53.222% Conversely, the absence of
functional p53 can be associated with the inability of cells
to undergo apoptosis in response to DNA damage?+?®
with consequent development of drug resistance. These
findings have convinced researchers to develop strategies
aimed at the restoration of wt-p53 followed by antineo-
plastic drugs.?® However, the influence of a de novo
expressed exogenous p53 on cellular sensitivity toward
irradiation and DNA-damaging agents is still not clear.
In some tumors, inactivation of p53 correlates with an



increased resistance to radiation and several antineoplas-
tic drugs (ie cisplatin, adriamycin and mitomicin C) and
transduction of the wt-p53 gene increases the sensi-
tivity.2#27=%0 |n contrast, in other tumors, the expression
of exogenous wt-p53 reduces sensitivity,** as well as the
disruption of p53 function increases sensitivity.333

The goal of the present study was to determine
whether the reintroduction of wt-p53 protein into gliobla-
stoma cells by an adenoviral vector could increase the
sensitivity to BCNU, the standard cytotoxic drug for gli-
omas using low doses of both drug and Ad-p53 infection.
In addition, in order to clarify the role of an exogenous
wt-p53 protein on drug sensitivity, the effects of different
sequences of drug administration and virus infection
were also evaluated. We found that expression of exogen-
ous wt-p53 resulted in an increased sensitivity to BCNU.
Interestingly, this effect was much more evident when
exogenous wt-p53 was provided after the cytotoxic dam-
age indicating, for the first time, that the sequence of
drug and gene transfer administration is crucial in
improving the treatment efficacy.

Results

Effect of BCNU treatment

To use an experimental tumor line suitable for the evalu-
ation of gene- and chemo-therapy combination, the ADF
glioblastoma line, the most resistant to BCNU, was selec-
ted from a panel of seven glioblastoma lines (LI, ADF,
DF, CRS-A2, US7TMG, U373MG, A172) tested for the sen-
sitivity to BCNU. Figure 1 shows the survival curve of
ADF cells exposed for 24 h to different doses of BCNU
ranging from 5 to 100 wm. The analysis of the shape of
the elicited survival curve indicates that the survival
response is characterized by an initial threshold, where
at doses ranging from 5 to 20 wm BCNU no decrease of
survival is observed. The initial threshold is followed by
an exponential decrease in cell survival until the dose of
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Figure 1 Survival curve of ADF cells exposed for 24 h to different doses
of BCNU ranging from 5 to 100 wm. To evaluate cell colony-forming
ability, cell suspensions from different samples were seeded into Petri dis-
hes for 10 days and then colonies were stained and counted. Surviving
fractions were calculated as the ratio of absolute survival of the treated
sample/survival of control sample. Data are representative of four experi-
ments with similar results. Values are means (bars, s.e.) of triplicate
samples.
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75 wm. Survival reaches a plateau when all sensitive cells
are sterilized and subsequent increments in drug concen-
tration fail to augment the killing effect. Thus, about 20%
of cells are unaffected even by high concentrations of
BCNU, suggesting the presence of resistant cells.

For the combination experiments the dose of 30 um of
BCNU, which reduces cell survival of about 20%, was
chosen.

p53 status

Since drug resistance is frequently associated with inacti-
vation of p53 protein through mutations or interactions
with viral or cellular proteins, the p53 status in ADF cell
line in terms of protein configuration, gene sequence and
transcriptional activity was examined. To evaluate the
protein configuration, immunoprecipitation analysis was
performed. Cells were immunoprecipitated with mAbs
PAb 1620 and PAb 240 which, by this assay, selectively
recognize the wild-type and the mutant forms of p53 pro-
tein, respectively.®* Figure 2a shows the Western blot
analysis of immunoprecipitated p53 protein with mAbs
PAb 1620 (a) and PAb 240 (b) in ADF and HL60 cells.
HL60 cells, lacking in the endogenous p53 protein,*® were
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Figure 2 (a) Western blot analysis of immunoprecipitated p53 protein
from ADF and HL60 cells. p53 protein was immunoprecipitated from cell
lysates with mAbs PAb 1620 (lane a), which recognizes only the wild-
type conformation of p53 and PAb 240 (lane b), which recognizes only
the mutant form. p53 was immune-reacted with anti-p53 mAb Pab 1801.
HL60 cells were used as negative control. (b) Activities of the PG,;-CAT
and MG,5s-CAT reporters in ADF cells with or without adriamycin treat-
ment, or after Ad-p53 infection at MOI 10.
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used as negative control. It is evident that only PAb 1620
immunoprecipitated p53 protein from ADF cells, demon-
strating that p53 protein is expressed in wild-type confor-
mation. To analyze if the wt-p53 protein configuration
was associated with a wild-type gene, sequence analysis
of exons 4-9 was performed. The data obtained show that
the p53 gene is wild-type (data not shown). Since a wild-
type configuration and sequence do not guarantee an
intact p53 pathway, the p53 transcriptional activity over a
p53-specific promoter was evaluated by CAT assay after
genotoxic damage using two different adriamycin doses.
Figure 2b shows that the activity of the PG3-CAT
reporter gene is undetectable both in control and adria-
mycin-treated cells, while transcription activity is evident
after overexpression of an exogenous wt-p53 protein.
These data clearly demonstrate that endogenous p53 was
devoid of transcriptional activity in spite of the wild-type
configuration and sequence.

Effects of Ad-p53 infection

In order to establish the concentration of Ad-p53 to use
for combination experiments, three different MOI of Ad-
p53 were used and their effect evaluated in terms of inhi-
bition of cell proliferation. Figure 3a shows the inhibition
of cell proliferation of ADF cells exposed to different con-
centrations of Ad-p53 ranging from MOI 10 to 50. Ad-
p53 infection causes a MOI-dependent inhibition of cell
proliferation, being the reduction about 30, 50 and 90%
at the MOI of 10, 20 and 50, respectively. The cells
infected with the control dI70.3 vector at MOI 50 show a
growth behavior comparable to that of uninfected cells.
Ad-p53 MOls that reduce cell proliferation less than 50%
were also assessed in terms of cell survival. Figure 3b
shows the survival curve of ADF cells exposed to increas-
ing concentrations of Ad-p53 ranging from MOI 5 to 20.
The curve reveals a surviving fraction of about 100% until
MOI 10, whereas Ad-p53 at MOI 20 shows a decrease in
cell survival of about 35%. The cells infected with dI70.3
vector result in a survival fraction similar to that
observed in uninfected cells (data not shown). The MOI
10, able to affect cellular proliferation but lacking in cyto-
toxicity, was chosen for the combination experiments.
Since, after infection adenoviral DNA remains in an epi-
somal form, the expression of exogenous gene by aden-
oviral gene transfer is restricted to a limited period of
time. Therefore, the levels of p53 expression were evalu-
ated at different days after infection with MOI 10 of Ad-
p53 by Western blot analysis. Figure 4a shows that the
expression of p53 protein increases 1 day after the infec-
tion with the highest value at day 4 after infection. The
densitometric analysis reveals that the amount of the
newly expressed p53 protein is seven- and five-fold
higher than the expression of the endogenous wt-p53
protein at day 4 and 7 after infection, respectively. The
level of p53 protein expression after infection with di70.3
was superimposable to that of uninfected ADF cells (data
not shown).

To assess whether the exogenous p53 was located in
the nucleus and to evaluate if Ad-p53 was able to infect
a large number of cells, indirect immunofluorescence of
p53 protein was performed. Figure 4b shows that Ad-p53
infection induces high levels of p53 nuclear expression as
compared with cells infected with control vector in which
the endogenous p53 is not detectable. Furthermore, after
Ad-p53 infection more than 90% of cells are positive for
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Figure 3 (a) Inhibition of cell proliferation of ADF cells infected with dif-
ferent concentrations of Ad-p53 ranging from MOI 10 to 50 or dI70.3 at
MOI 50. Analysis was performed 4 (white bars) and 6 (gray bars) days
after infection. (b) Survival curve of ADF cells infected with different con-
centrations of Ad-p53 ranging from MOI 5 to 20. To evaluate cell colony-
forming ability, cell suspensions from different samples were seeded into
Petri dishes for 10 days and then colonies were stained and counted. Sur-
viving fractions were calculated as the ratio of absolute survival of the
treated sample/survival of control sample. Data are representative of four
experiments with similar results. Values are means (bars, s.e.) of
triplicate samples.

p53 expression (data not shown). Finally, the transcrip-
tional activity of the exogenous wt-p53 protein was
evaluated on the PG;-CAT construct. As shown in Fig-
ure 2b, MOI 10 of Ad-p53 are sufficient to restore p53
transcriptional activity, being the CAT activity of infected
cells 50-fold higher than the activity of a similar reporter
containing the mutated p53 DNA binding site.

Effect of BCNU before and after Ad-p53 infection

To investigate whether the reintroduction of exogenous
wt-p53 protein can enhance the effect of BCNU on ADF
cell line, cell proliferation of uninfected and infected cells
was evaluated after BCNU treatment. The dose of 30 um
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Figure 4 (a) Expression kinetics of exogenous wt-p53 protein in ADF
cells. Cell proteins were extracted at the indicated days after Ad-p53 infec-
tion. (b) Indirect immunofluorescence of wt-p53 protein in ADF cells
infected with dI70.3 (left panel) or Ad-p53 (right panel).

of BCNU and MOI 10 of Ad-p53 previously analyzed,
were chosen for combination studies. ADF cells were
exposed to BCNU before or after Ad-p53 infection as
indicated in Figure 5a and described in Materials and
methods. As reported in Figure 5b, Ad-p53 infected cells
show a decrease in cell proliferation of about 25%, while
BCNU at the dose of 30 wm causes a 30% inhibition of
cell proliferation. The decrease of cell proliferation
observed after these treatments is evident at day 2 after
the end of treatment, but is not significant at day 6. Ad-
p53 infected cells are more sensitive to BCNU exposure
with respect to uninfected cells and this sensitization is
closely related to the sequence of administration. Cells
treated with Ad-p53—BCNU sequence show an inhi-
bition of cell proliferation of about 50%. On the contrary,
the BCNU—Ad-p53 sequence inhibits cell proliferation of
about 80%. The marked difference in growth inhibition
elicited by the two administration sequences is evident 1
day after the end of treatment and is also maintained to
the same extent until day 6 of culture, thus suggesting
that the tumor cell population is unable to recover the
damage induced by BCNU and that the restored p53
function potentiates the BCNU effect. The efficacy of
BCNU—Ad-p53 sequence is confirmed by the analysis of
the surviving cells. BCNU treated and Ad-p53-infected
cells showed cell survival of about 80% and 95%, respect-
ively, while ADF cells treated with BCNU—Ad-p53
sequence showed a surviving fraction of about 38%.

The behavior of dI70.3-infected cells was superimpos-
able with that of control cells, while cells infected with
di70.3 vector exposed to BCNU show a superimposable
cell growth and survival to that observed in uninfected
cells treated with BCNU (data not shown).

Cell cycle perturbations and apoptosis
In an effort to elucidate the mechanism by which the two
administration sequences cause different effects on ADF
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Figure 5 Scheme of BCNU treatment performed on ADF cells after (Ad-
p53—BCNU) or before (BCNU—Ad-p53) Ad-p53 infection. (b) Effect of
BCNU treatment on cell proliferation of Ad-p53 infected and uninfected
ADF cells. The following schedules were used: control (¢); Ad-p53 infec-
tion (¥); BCNU treatment (m); Ad-p53—BCNU treatment (x);
BCNU—Ad-p53 treatment (®). Data are representative of three experi-
ments with similar results; values are means (bars, s.e.) of triplicate
samples. When not shown, the s.e. is smaller than the symbols.

cells, the cell cycle distribution was analyzed. Figure 6
reveals that infection with Ad-p53 infection induces
accumulation of cells in the G0/G1 phase, evident at days
2 and 3 after infection. This accumulation was concomi-
tant with a decrease in the percentage of cells in the S
phase. As expected, BCNU treatment induces G2-M
phase accumulation already detectable 1 day after treat-
ment and recovered 3 days after treatment. The cells
treated with Ad-p53—BCNU sequence show a cell cycle
distribution similar to that observed after Ad-p53 infec-
tion alone, but the block in the GO/GL1 phase is less con-
sistent. In addition, the G2-M block elicited by BCNU is
not evident. On the contrary, the BCNU—Ad-p53
sequence causes G2-M phase accumulation, with an
increased depletion of the S phase, at the same time and
with a similar extent to those observed after BCNU treat-
ment. Daily analysis to evaluate progression through cell
cycle demonstrated that the most effective sequence pre-
vents the cells from progressing through the cell cycle.
Indeed, the simultaneous analysis of the apoptosis dem-
onstrated that a large fraction of cell population (35%)
belongs to a sub-G1 peak at day 3 after the end of treat-
ment. In contrast, the cells treated with BCNU or infected
with Ad-p53, or treated with the Ad-p53—BCNU
sequence, did not show any relevant sub-G1 peak. Apop-
totic death was confirmed by morphological analysis of
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Figure 6 Percentage of ADF cells in the different phases of cell cycle and in the sub-G1 peak measured by flow cytometry. Cell cycle distribution and
sub-G1 peak were analyzed at days 1, 2 and 3 after the end of treatment. The following schedules were employed: Ad-p53 infection, BCNU treatment,

Ad-p53—BCNU and BCNU—Ad-p53.

cytocentrifuge preparations performed 2 days after the
end of treatment. As shown in Figure 7, no apoptotic cells
are observed in control- and BCNU-treated cells, while
the morphological feature characteristic of apoptosis is
evident when treating the cells with BCNU—Ad-p53
sequence. The cell cycle distribution of dI70.3 infected
cells was superimposable with that of control cells, while
cells infected with dI70.3 vector exposed to BCNU show
a cell cycle distribution superimposable with that of
uninfected cells treated with BCNU (data not shown).

Effect of BCNU before and after Ad-p53 infection in
glioblastoma lines

In order to confirm whether the BCNU—Ad-p53
sequence is more effective than the opposite sequence in
other glioblastoma lines, A172, CRS-A2 and U373MG
with different sensitivity to BCNU with respect to the
ADF line, were employed. Moreover, as also reported by
other authors,*® the U373MG line displays a mutation at
the hot spot codon 273, while A172 and the CRS-A2 line
showed a p53 wt (data not shown). All three lines
exposed at doses ranging from 5 to 100 wm BCNU
showed a greater sensitivity than the ADF line. In parti-
cular, the ICg, value was 25 um for Al72 and CRS-A2
lines and 30 pm for U373MG line. Moreover, at a dose
of 100 pm BCNU, all U373MG and CRS-A2 cells died.

The same Kkilling effect was observed at the dose of 75
pm for A172 cells.

The dose of 20 .m BCNU and MOI 10 of Ad-p53 were
employed for combination experiments. Figure 8 shows
the inhibition of cell proliferation of the three lines not
infected or Ad-p53 infected exposed to BCNU. 10 MOI
Ad-p53 infection decreases cell proliferation of the A172
and the CRS-A2 lines by about 15-20% (Figure 8a and b),
while 10 MOI Ad-p53 infection reduces cell proliferation
of U373MG by about 25-35% (Figure 8c). BCNU adminis-
tered as a single agent reduces cell proliferation of A172
and CRS-A2 (Figure 8a and b) to a similar extent, the
maximum effect was observed at day 6 of growth with
a decrease of about 45%. The U373MG line is less sensi-
tive to BCNU, in fact the reduction of cell proliferation,
at nadir, is about 30% (Figure 8c).

The combination experiments were performed accord-
ing to the schedules reported in Figure 5a. The efficacy
of the combination is strictly sequence-dependent for all
three lines. In fact, Ad-p53—BCNU sequence decreases
cell proliferation to the same extent that BCNU does, on
the contrary, as already observed for the ADF line, the
opposite sequence (BCNU—Ad-p53) reduces cell prolifer-
ation by about 80% for A172 and CRS-A2 and about 90%
for U373MG cells. Cells infected with dl 70.3 vector show
a growth curve similar to that of the control cells, while
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Figure 7 Phase-contrast and Hoechst staining microphotographs of ADF
control cells (a), BCNU treated cells (b), and BCNU—Ad-p53 treated
cells (c). Two days after the end of treatment cells were fixed in 4% formal-
dehyde and stained with Hoechst dye. Note chromatin condensation and
chromatin granules in BCNU—Ad-p53 sequence (c).

cells infected with dI70.3 vector exposed to BCNU show
a growth curve superimposable with that of uninfected
cells treated with BCNU (data not shown).

Discussion

A number of previous studies have shown that the resto-
ration of wt-p53 may increase or decrease drug sensi-
tivity,2-% indicating that p53 status may influence the
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response of human cancers to chemotherapy in cell- and
drug-specific manners. It has also been demonstrated that
p53 might have a dual function including either its classi-
cal role as ‘guardian of the genome’ where the induction
of cell cycle arrest tends to protect genomic integrity, or
alternatively, a much more destructive role in which p53
drives the cells to apoptotic death.16-18

In order to clarify the role played by an exogenous wt-
p53 protein on drug sensitivity of glioblastoma cells, we
evaluated the efficacy of different sequences of drug
administration and p53 gene therapy. The possibility that
Ad-p53 infection can differently affect drug sensitivity of
glioblastoma depending on the sequence of infection and
drug administration is related to the fact that the prolifer-
ative status of cells is an important factor in the response
to antineoplastic agents.*® Indeed, non-proliferating cells
are generally more resistant to those drugs that require
DNA synthesis to provoke DNA damage. Thus, it would
be possible that p53-induced G0/G1 arrest rather than
restoring drug sensitivity might prevent the damage pro-
voked by a subsequent drug administration because a
reduced percentage of the cells synthesizes DNA.

The choice of glioblastoma was related to the poor
response to conventional therapy and to frequent alter-
ation of the p53 gene in this tumor histotype. The ADF
glioblastoma line, showing resistance to BCNU and loss
of wt-p53 function was a good candidate for our chemo-
and gene-therapy approaches. BCNU was chosen
because it is the standard cytotoxic drug for gliomas and
the effect of p53 status on the response of these tumors
to BCNU, surprisingly, has not yet been studied. Since
high concentrations of p53 are difficult to reach in
patients by the vectors available so far, and high doses
of BCNU cannot be used in vivo for their side-effects, we
evaluated the efficacy of low concentration of p53 infec-
tion and low doses of BCNU. The effects of the different
treatments alone or in combination were evaluated by
assessing the inhibition of cell proliferation, cell cycle per-
turbation and apoptosis. We have used several glioblas-
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Figure 8 Effect of BCNU treatment on cell proliferation of Ad-p53 infected and uninfected A172 (a), CRS-A2 (b) and U373MG (c) cells. The following
schedules were used: control (#); Ad-p53 infection (A); BCNU treatment (m); Ad-p53—BCNU treatment (X); BCNU—Ad-p53 treatment (®). Data
are representative of three experiments with similar results; values are means (bars, s.e.) of triplicate samples. When not shown, the s.e. is smaller than

the symbols.
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toma lines with different sensitivity to BCNU and p53
status to define a favorable sequence of treatment for
glioblastoma cells. Ad-p53 infection and BCNU treatment
per se, at the concentration and time employed, induced
a slight inhibition of cell proliferation and survival and
differently modified cell cycle distribution. In particular,
Ad-p53-infected cells showed a persistent S phase
depletion and G0/G1 accumulation without induction of
apoptosis, thus suggesting that the reduced cell prolifer-
ation observed after Ad-p53 infection might be attributed
simply to an overall increase in the duplication time of
cell population. This result is in agreement with those of
other authors showing that the levels of p53 expression
that inhibit proliferation may not be sufficient by them-
selves to induce cell death.’” BCNU treatment triggered
a low level of apoptosis but, more relevant, induced the
characteristic block in the G2-M phase of the cell cycle
that was recovered during the days following the treat-
ment as shown by the cell cycle repopulation. This
behavior is frequently observed after treatment with
drugs that induce DNA damage and it is generally
accepted that the chemoresistance resides in the ability of
the cells to overcome G2-M block repopulating cell cycle
phases.®*® The Ad-p53—BCNU sequence produced a
greater inhibitory effect on cell proliferation than did Ad-
p53 or BCNU alone but did not induce apoptosis. The
percentage of cells in the different phases of the cell cycle
was similar to that observed after Ad-p53 infection alone
and the block in the G0O/G1 phase was less consistent.
Moreover, the BCNU-induced block in the G2-M phase
was not evident, suggesting that the arrest in the G0/G1
phase of the cell cycle elicited by Ad-p53 infection might
prevent the block in G2-M induced by BCNU and might
reduce apoptosis. Since, from a clinical point of view
apoptotic death is the final outcome that can define the
success of therapy, data still do not support the hypoth-
esis that previous expression of an exogenous wt-p53
protein can sensitize glioblastoma cells to BCNU. Inter-
estingly, the sequence BCNU—Ad-p53 was able to sig-
nificantly increase the number of apoptotic cells. The
analyses of proliferation and survival clearly indicated
that the tumor cells, which can recover from the cytotoxic
effect induced by BCNU treatment alone, are impaired in
this activity when Ad-p53 infection is performed at the
time when BCNU has already induced a DNA damage.
Thus, diversely from what is commonly believed, these
results suggest that it is not only the restoration of wt-
p53 function per se which modulates drug sensitivity, but
rather that p53 activity can be pharmacologically used
together with conventional chemotherapy to modulate
drug resistance. Indeed, together with the effects on cell
proliferation and survival, the BCNU— Ad-p53 sequence
induced a complex cellular response comprising pertur-
bation of the cell cycle and programmed cell death. In
particular, we observed arrest in the G2-M phase and
prevention of the cells from progression through the cell
cycle. In addition, a fraction of cells unable to repopulate
the cell cycle died by apoptosis. Our results might be
interpreted according to previous studies showing that
wt-p53 can induce apoptosis by forcing exit from the G2
checkpoint induced by treatment with y-ray®” or etopo-
side.®® These results indicate that wt-p53 can override the
drug-induced G2 block, resulting in an important
increase in the lethal effect of the drug. In this view we
think that it might be relevant to consider the p53-based

gene therapy as a pharmacological approach. It is,
indeed, possible that the apoptotic action determined by
p53 in the BCNU—Ad-p53 sequence is not due to a
physiological function of wt-p53 protein, but rather
depends on the fact that the G2 checkpoint is targeted by
a double hit (ie BCNU-induced damage plus inappropri-
ate p53 activation). Interestingly, this is the first evidence
indicating that the sequence of BCNU treatment and wt-
p53 gene therapy is an important factor for the success
of the treatment. The importance of the administration
sequence is also confirmed by the results obtained
employing three other glioblastoma lines (A172, CRS-A2
and U373MG) which show an increased sensitivity to
BCNU in respect of the ADF line. In addition the effect
of the administration sequence is independent of p53
status. In fact U373MG cells, with mutated p53, exposed
to BCNU—Adp53 sequence show a significant decrease
in cell proliferation with respect to the cell inhibition
observed when treating the population with the
opposite sequence.

The data reported here suggest that in situations in
which sustained expression of wt-p53 cannot be achieved
or in which the levels of expression are insufficient to
induce apoptosis significantly, wt-p53 can be used as a
therapeutic agent in combination with conventional anti-
neoplastic drug, showing a much more destructive role
than the single treatments by driving significant numbers
of cells to apoptosis. Our results identify a new way of
using the p53 gene, which can have several important
implications aiming at expressing an exogenous wt-p53
as a pharmacological treatment to force the block of the
G2-M checkpoint. These findings might open the way of
developing new approaches to glioblastoma tumor treat-
ments that combine chemotherapy followed by wt-p53
gene therapy.

Materials and methods

Glioblastoma cells and culture conditions

The ADF line was established in our laboratory from sur-
gical specimens of a glioblastoma multiform.*® The cell
line A172 was obtained from the American Type Culture
Collection (Rockville, MD, USA). The cell lines CRS-A2
was provided generously by Dr M Paggi (Regina Elena
Cancer Institute, Rome, Italy)* while the cell line
U373MG was kindly provided by Dr D Saggioro
(Institute of Oncology, University of Padova, Italy). The
glioblastoma cell lines were maintained in RPMI-1640
medium supplemented with 10% fetal calf serum, I-
glutamine and antibiotics, in humidified atmosphere
with 5% CO, at 37°C.

p53 infection conditions

El-deleted, replication-deficient recombinant adenovirus
(AdJL16) carrying human wild-type p53 under control of
the human cytomegalovirus promoter (Ad-p53) and the
correlated empty adenovirus (dI70.3) kindly provided by
S Bacchetti and F Graham (MacMaster University, Onta-
rio, Canada), respectively, were used.** Viral titers were
determined by plaque formation assay following infec-
tion of 293 cells. Experimental infection of the cells was
carried out by diluting viral stock to certain concen-
trations, adding viral solutions to cell suspension and
incubating at 37°C for 1 h with brief agitation every 10



min. The cells were then plated on culture dishes. The
multiplicity of infection (MOI) was defined as the ratio of
total number of plaque forming units used in a particular
infection per total number of cancer cells to be infected.

Analysis of p53 protein

The p53 configuration was determined by performing
immunoprecipitation experiments as previously reported
with minor modifications.*> Briefly, cell lysates were
incubated with anti-p53 monoclonal antibody (mAb) PAb
1620, (Ab-5; Oncogene Science, Uniondale, NY, USA) or
PAb 240 (Ab-3; Oncogene Science). Immunocomplexes
were precipitated with Immunopure Plus protein A,
when using PAb 1620 (Pierce Europe, Oud Beijerland,
The Netherlands), or Immunopure Plus protein G, when
using PAb 240 (Pierce Europe), washed four times with
lysis buffer and analyzed on SDS-PAGE. Immonublotting
for p53 expression was performed using the mouse anti-
p53 mAb PAb 1801. p53 protein was detected by both
Western blot and indirect immunofluorescence. For
Western blot, exponentially growing cells were infected
with Ad-p53 at MOI 10. At different time-points after
tumor cell infection, equal amounts of total cellular pro-
teins were electrophoresed through 12% SDS-PAGE and
analyzed as described above. Indirect immunofluoresc-
ence was performed 2 days after infection with Ad-p53
or dI70.3 at MOI 10, as previously described.*?

CAT assay

The plasmids PG,;-CAT and MG,s-CAT,*® were generous
gifts from B Vogelstein (John Hopkins Oncology Center,
Baltimore, MD, USA). CAT assay was performed on cells
12 h after adriamycin (ADR) treatment (1 or 3 um) or 24 h
after Ad-p53 infection. Transfection of cells was carried
out by electroporation in the presence of 15 ng of CAT
reporter genes and 4 pg of B-galactosidase expression
vector PEQ176 to measure transfection efficiency. Protein
was extract for B-galactosidase (B-gal) and CAT assays
48 h after transfection by three cycles of rapid freezing
and thawing and the protein concentration was quant-
ified using the bicinchoninic acid protein assay reagent
(BCA, Pierce Chemical, Rockford, IL, USA). The B-gal
assay was carried out according to the published pro-
cedure.®®* Duplicate B-gal assays were normalized based
on protein amount loaded at each point. CAT activity in
equal numbers of B-gal units from different transfection
was measured by using *C- chloramphenicol and acetyl
coenzima A.* Acetylated chloramphenicol was separated
from non-acetylated chloramphenicol by thin-layer chro-
matography and quantified after autoradiography by
means of slide scanner (Bio-Rad, Milano, Italy).

BCNU treatment of infected and uninfected cells

1,3-Bis-nitrosurea (BCNU, Bristol-Myers, Syracuse, NY,
USA) supplied for clinical use was dissolved in 10% etha-
nol at a concentration of 25 mm. The drug was stored at
—80°C and adjusted with culture media to the final con-
centrations at the time of cell treatment. BCNU was
administered for 24 h. Ad-p53 infection on ADF, Al72,
CRS-A2, U373MG cells was performed 24 h before (Ad-
p53—BCNU) or after (BCNU—Ad-p53) BCNU treatment
as reported in the scheme of Figure 5a. In particular, for
Ad-p53—BCNU sequence, cells in suspension were
infected for 1 h with Ad-p53, plated on dishes (day —2),
and 24 h later exposed to BCNU (day —-1). At the end of
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treatment (day 0) the cells were harvested, counted and
replated. For BCNU—Ad-p53 sequence, cells were
seeded (day —2) and 24 h later treated with BCNU (day
-1), then harvested, infected for 1 h with Ad-p53 and
replated (day 0). Experiments using dI70.3 empty vector
instead of Ad-p53 were also performed as control. The
antiproliferative effect was evaluated daily, based on cell
number, as assessed by a Coulter counter (model ZM;
Kontron Instruments, Luton, UK), and viability by trypan
blue exclusion, starting from the end of treatment (day
0). To evaluate cell colony-forming ability, cell suspen-
sions from different samples were seeded into 60-mm
Petri dishes for 10 days. Colonies were stained with 2%
methylene blue in 95% ethanol and counted (one colony
>50 cells). Surviving fractions were calculated as the
ratio of absolute survival of the treated sample per sur-
vival of control sample. All experiments were repeated
four times in triplicate.

Cell cycle analysis and apoptosis
Cell percentages in the different phases of the cell cycle
were estimated as previously described.*?

Apoptosis was detected by flow cytometry and by
morphological examination. Flow cytometric analysis of
permeabilized Pl-stained cells was performed as pre-
viously reported.*? Cytocentrifuge preparations were
stained with Hoechst 33258 dye (Sigma, Milan, Italy) and
cover-slipped. Cell morphology was evaluated by fluor-
escence microscopy.
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