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Abstract

Background Expression of exogenous wild-type p53 (wt-p53) protein
in tumor cells can suppress the transformed phenotype whereas it does
not apparently induce detrimental effects in non-transformed cells. This
observation may provide a molecular basis for p53-mediated gene therapy of
p53-sensitive cancers without the need for tumor targeting.

Methods To understand the molecular mechanisms responsible for this
different behavior in tumor versus normal cells, biochemical and functional
analyses of exogenous wt-p53 protein were performed on non-transformed
C2C12 myoblasts and their transformed counterparts, the C2-ras cells.

Results The exogenous wt-p53 protein, which induced persistent growth
arrest only in transformed C2-ras cells, was shown to be signi®cantly more
stable in transformed than in non-transformed cells. This different stability
was due to different p53 proteolytic degradation. Moreover, constitutively,
exogenous wt-p53 protein was found to be transcriptionally active only in
C2-ras cells but it could also be activated in C2C12 cells by genotoxic damage.

Conclusions Non-transformed C2C12 cells present regulatory system(s)
which control the expression and the activity of exogenously expressed
wt-p53 protein probably through degradation and maintenance in a latent
form. This regulatory system is lost/inactivated upon transformation.
Copyright # 2000 John Wiley & Sons, Ltd.
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Introduction

One of the main obstacles in tumor gene therapy with tumor suppressor
agents (e.g., toxins, pro-drugs, tumor suppressor genes) is the targeting of
cancer cells. Several strategies have been proposed to overcome this problem,
including methods for tissue-speci®c transduction or tissue-speci®c expres-
sion [1,2]. An alternative approach to these strategies might be offered by the
TP53 tumor suppressor gene whose expression seems to be detrimental for
tumor cells while it is not harmful to normal ones. In early studies
demonstrating the tumor suppressor function of the TP53 gene, rather than
its oncogenic properties, it was observed that expression of exogenous wt-p53
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protein in normal cells, such as rat embryo ®broblasts

[3,4], or in non-malignant cells, such as colon adenoma

cells [5], caused no detectable phenotypic changes. More

recently, it was shown that expression of exogenous

wt-p53 causes no observable changes in normal human

bronchial epithelial cells [6], and primary bone marrow

cells [7]. These results were also con®rmed in vivo by

adenovirus-mediated expression of exogenous wt-p53 in

the lung [6]. We previously observed that non-

transformed 32D myeloid progenitors can be forced to

stably express an exogenous wt-p53 protein without

affecting morphology, viability, proliferation, and differ-

entiation capacity [8]. However, when these wt-p53-

expressing 32D cells were transformed by different

activated oncogenes, they became sensitive to wt-p53

suppressing activity and directly responded to exogenous

wt-p53 expression with growth arrest or differentiation

[9]. These observations suggest that in non-transformed

cells the apparatus necessary to control the activity of the

endogenous p53 protein, activation of the latent form and

inactivation/degradation of the active form, can also

control the exogenous protein. In contrast, tumor cells

might lack this type of regulation and, therefore,

exogenous wt-p53 protein is active and can suppress

the transformed phenotype. On the basis of these

observations, we have recently proposed that bone

marrow purging of leukemia cells might be achieved

ex vivo by transduction of the TP53 gene in all marrow

cells, normal and leukemic, with the functional inactiva-

tion only of the latter ones [7±10]. This gene therapy

approach would overcome the requirement for tumor

targeting.
Here, we investigate the mechanisms responsible for

the divergent responses of normal and tumor cells to

exogenous wt-p53 expression. For this purpose, we

developed an experimental model based on a single cell

type, the non-transformed C2C12 murine myoblasts, and

their transformed counterparts, the C2-ras cells, obtained

by expression of the v-Ha-ras oncogene. As observed in

other reports, exogenous wt-p53 expression exerted

strong suppressing activity only in v-Ha-ras-transformed

cells. To evaluate the basis of this different behavior,

expression and transcriptional activity of exogenous p53

were analyzed. We found that exogenous wt-p53 protein

had a shorter half-life in C2C12 than in the transformed

counterparts due to different proteolytic degradation.

Comparable results were obtained in normal and human-

derived cells. Moreover, the p53 protein was transcrip-

tionally active only in transformed C2-ras cells. However,

the absence of exogenous wt-p53 activity in non-

transformed C2C12 cells was not constitutive since it

could be activated by genotoxic damage. Taken together,

these results show that the precise and multiple mechan-

isms of p53-regulation present in normal cells are able, at

least within a certain range, to control expression and

activity of an exogenous wt-p53 protein. These ®ndings

may explain the tolerance of normal cells to exogenous

wt-p53 transduction and strongly support the possibility

of TP53-mediated gene therapy without the need for
tumor targeting.

Materials and methods

Cells and culture conditions

C2C12 murine myoblasts [11], C2-ras, C2-myc [12], C2-src
transformed cells [13] (kindly provided by M.C. Gauzzi,
University of L'Aquila, Italy), LI human glioblastoma cells
[14], WI38, and MC5 human normal ®broblasts (kindly
provided by S. Bacchetti, Mc Master University, Ontario,
Canada) were cultured in DMEM (GIBCO-BRL, Life
Technology, Grand Island, NY, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS;
GIBCO-BRL), and penicillin/streptomycin (GIBCO-BRL).
C2-ras transformed cells were obtained either by infection
with the replication-defective ras-zip recombinant eco-
tropic retrovirus, coding for v-Ha-ras oncogene and
neomycin resistance gene [15], or by infection with
the replication-competent, v-Ha-ras expressing murine
sarcoma virus (MSV). Ras-zip-expressing cells were
selected in the presence of G418 and cloned (clone #9
was chosen for the experiments because differentiation
capacity was completely abolished). C2-ras-zip#9 cells
were used for in vivo experiments to avoid retroviral
infection of mice. MSV-expressing cells were maintained
as a polyclonal population and were used for in vitro

experiments to avoid clone-dependent artefacts. Both
v-Ha-ras-carrying retroviruses were kindly provided by
F. TatoÁ (`La Sapienza' University, Rome, Italy).

Tumorigenicity

The tumor-inducing capacity of C2C12 and C2-ras cells
was determined by injecting 1r103, 1r104, or 1r105

cells subcutaneously, between the scapulae, in syngeneic
C3H/HeJ adult mice. Three mice were injected for each
cell group. The appearance of palpable tumors was
assessed weekly for 6 months.

Recombinant adenoviruses and
adenoviral infection

The following adenoviruses were used: the recombinant
adenovirus Ad-wt-p53 and Ad-mutp53, which carries the
human TP53 or the human p53Ser135 mutant cDNAs,
respectively, under the control of the CMV promoter
[16], the recombinant adenovirus AdCMV-LacZ, which
carries the b-galactosidase gene under the control of CMV
promoter [16]. These viruses were kindly provided
by S. Bacchetti, and F. Graham (McMaster University,
Hamilton, Ontario, Canada). The deletion-mutants
dl520, which lacks E1A 13S, and the dl312, which lacks
the entire E1A region were kindly provided by A. M. Lewis
Jr. (FDA, Bethesda, MD, USA) [17]. All these adeno-
viruses are defective for replication.

Virus stocks were ampli®ed on a large scale in 293 cells
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and viral titers were determined as plaque forming
units/ml (pfu/ml) by a plaque test assay as previously
described [18]. Adenoviral infections were carried out on
cell monolayers, at the indicated multiplicity of infections
(MOIs), by 1 h incubation at 37uC in the presence of a
thin layer of medium. Fresh culture medium was then
added for the indicated periods of time. To verify whether
the Ad-wt-p53 behaved as reported by others, we infected
the human rhabdomyosarcoma cell line RD to test the
effect of Ad-wt-p53 on proliferation [19].

Proliferation curves and cell cycle
analysis

Exponentially proliferating cells were infected by Ad-wt-
p53, or dl312 at different MOIs; medium alone was used
for mock infection. Twenty-four hours post-infection
4r104 cells were seeded on 60 mm Petri dishes. Cell
numbers were determined in duplicate, at daily intervals,
by direct counting with a hemocytometer. Cell viability
was determined by trypan blue exclusion. Numbers are
means of three different experiments.

For cell cycle analysis cells were infected as above and,
48 h later, incubated in the presence of 10 mM BrdU
(Sigma, St. Louis, MO, USA) for 3 h, washed with cold
PBS, ®xed, and stained with anti-BrdU moAb (DAKO,
A/S, Denmark) as previously described [20]. DNA was
counter-stained with PI (Sigma, St. Louis, MO, USA).
FITC-positivity and DNA content were analyzed by an
Epics XL analyzer (Coulter Corporation, Miami, FL, USA).

b-galactosidase assay

Adenoviral infections with AdCMV-LacZ were carried out
on cell monolayers at 100 pfu/cell, by 1 h incubation at
37uC as described above. Forty-eight, 72, and 96 h after
infection cells were collected in 0.25 M Tris-HCl-pH 7.8
and lysed by three cycles of freezing and thawing. For
b-gal assay, cell lysates containing equal amounts of
protein were incubated at 37uC with 2 mg/ml ONPG
(o-nitrophenyl b-D-galactopyranoside) (Sigma), 10 mM
KCl, 1 mM MgCl2, 50 mM b-mercaptoethanol until
reactions turned yellow. Optical density (OD) values
were subsequently obtained at a wavelength of 420 nm.
Numbers are means of three independent experiments.

Metabolic labeling and
immunoprecipitation

Cells were infected with Ad-wt-p53 in 25 cm2 ¯asks. After
48 h the cells were labeled in the presence of 100 mCi/ml
of [35S]-methionine (Dupont/New England Nuclear
Italian s.p.a. Milano, Italy), and chased as previously
described [13]. For immunoprecipitation analysis, cell
lysates containing equal amounts of proteins were
incubated with anti-p53 PAb1801 (Ab2, Oncogene
Science, Uniondale, NY, USA). Immunocomplexes were
analyzed on 10% SDS-PAGE, and subjected to ¯uoro-
graphy. Gels scan was performed on a ScanJet IIc

(Hewlett Packard) and analyzed by a Molecular
Dynamics, Image Quant.

Western blot analysis

Total cell lysates were prepared and equal amounts of
proteins were electrophoresed on SDS-and blotted onto
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA).
Filters were reacted with sheep anti-p53 polyclonal
antibody (Ab7 Oncogene Science), or anti-E1A M73
moAb (kindly provided by A. Giordano, Jefferson
University, Philadelphia, PA, USA) as previously des-
cribed [7]. Immunoreactivity was detected by the ECL
chemo-luminescence reaction kit (Amersham Corp.,
Arlington Heights, IL, USA), following the manufacturer's
instructions.

Chloramphenicol acetyltransferase
CAT assay analysis

PG-cat#6 cells [20] are C2C12 cells stably transfected with
the PG13CAT vector, carrying the CAT reporter gene
driven by polyoma virus minimal promoter and 13 copies
of the p53-consensus sequence [21], kindly provided by
B. Vogelstein, (Johns Hopkins Oncology Centre, Balti-
more, MD, USA). These cells were transformed by MSV
infection (PG-cat#6-ras) as reported above. C2C12 cells,
stably transfected with the p(mdm2)NA-CAT vector,
which carries the p53-dependent intronic promoter of
the murine mdm2 gene [29] and subsequently trans-
formed by MSV infection, are referred to as mdm2-cat
and mdm2-cat.ras, respectively. CAT activity was deter-
mined using the two-phase ¯uor diffusion assay as
described [22]; counts per minute (cpm) were normal-
ized to protein quantity. For wt-p53 activation, cells were
treated with 0.5 mg/ml doxorubicin (Adriamycin-ADR)
for 7 h before CAT assay. Data shown are representative
results of three independent experiments.

Results

Transformation of murine C2C12

myoblasts by the v-Ha-ras oncogene

To study the mechanisms involved in the different
response to exogenous wt-p53 expression of non-
transformed versus transformed cells, we developed an
experimental model based on a single cell type. We used
the non-transformed C2C12 murine myoblasts and their
transformed counterparts, the C2-ras cells, obtained by
expression of the v-Ha-ras oncogene. C2C12 cells are
immortal myoblasts [11] with endogenous TP53 gene
[20]. We used either the replication-defective zip-ras
[15], or the replication-competent MSV retroviruses to
infect C2C12 cells (for details, see Materials and methods).
As expected, v-Ha-ras expression suppressed differentia-
tion (data not shown) and induced in vivo tumorigenicity
as assessed by subcutaneous injection of serial dilutions
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of C2-ras-zip#9 and parental C2C12 cells into C3H/
HeJ syngeneic mice (Table 1). These results indicate
that C2C12 myoblasts underwent full tumor transforma-
tion upon v-Ha-ras transduction.

Infection with wt-p53-recombinant
adenovirus induces strong functional
effects only in C2-ras transformed cells

To evaluate the response to the exogenous TP53 gene
transduction, parental C2C12 and C2-ras transformed cells
were infected at two different MOIs, 20 and 90 pfu/cell,
with a recombinant adenovirus carrying the human TP53

cDNA under the control of the CMV promoter (Ad-wt-
p53) [16]. Ad-wt-p53 infection signi®cantly inhibited
proliferation of C2-ras cells at both MOIs, whereas it
slightly reduced C2C12 proliferation only at the highest
MOI (Figure 1A). Inhibition of C2-ras proliferation was
due to cell accumulation in both G1 and G2/M phases of
the cell cycle (see below). Viability was not signi®cantly
affected in either cell type at these MOIs (Figure 1B).
However, at higher MOIs (200 and 300) C2-ras cells
underwent apoptosis while C2C12 cells were only
temporarily slowed down in their cell cycle and recovered
their normal rate of proliferation within 48 h (data not
shown). These results show that C2-ras transformed cells
are much more sensitive to exogenous wt-p53 suppres-
sing activity than parental C2C12 cells. Thus, these cells
are a suitable model for studying the different responses
of non-transformed and transformed cells to exogenous
wt-p53 expression.

Exogenous wt-p53 protein is more
stable in C2-ras than in C2C12 cells

To verify the expression levels of exogenous p53 protein
in the C2-cell model, C2C12 and C2-ras cells were infected
with Ad-wt-p53 at MOIs 20 or 90 and analyzed at
different times post-infection. As shown in Figure 2A, the
time-course analysis revealed high and persistent p53
expression in C2-ras cells at both MOIs, with peak
expression 72 h post-infection. Conversely, exogenous
wt-p53 protein was mostly present in C2C12 cells 48 h
post-infection at the highest MOI and dramatically
decreased during the following 2 days. Moreover, by
infecting with the same MOI of Ad-wt-p53 the expression
level of exogenous p53 was higher in C2-ras than in C2C12

cells (Figure 2A). The differences in protein levels and
expression kinetics might be due to different regulation
of exogenous wt-p53 protein by the two cell types.
Alternatively, these differences might be determined by

the experimental procedures and depend on differences
in sensitivity to adenovirus infection, different activity of
the CMV promoter driving the TP53 gene, or dilution
effects in proliferating cells. To evaluate these possibi-
lities, the cells were ®rst infected at the same MOI (90 pfu/
cell) by E1A-expressing dl520 adenovirus (see Materials
and methods). As shown by Western blotting, 48 h post-
infection C2C12 and C2-ras cells expressed similar levels of
E1A protein (Figure 2B), indicating that these cells can be
infected by adenovirus and express a viral protein driven
by its own promoter at comparable levels.

To evaluate the second possibility, CMV promoter
activity was analyzed by infection with the adenoviral
vector AdCMV-LacZ carrying the b-gal gene under the
control of the CMV promoter [16]. Figure 2C shows that,
at a similar MOI ± 100 pfu/cell ± AdCMV-LacZ induced
similar kinetics of b-gal activity in both cell types even
though the absolute values were different, being fourfold
higher in C2-ras than C2C12 cells 48 h post-infection,

Table 1. In vivo tumorigenesis of C2-ras cells

Cell lines 1r103a 1r104 1r105

C2C12 0/3b 0/3 0/3
C2-ras-zip#9 2/3 2/3 3/3

aNumber of cells injected in mice.
bNumber of mice with tumour/number of total mice injected.

Figure 1. Analyses of proliferation rate and cell viability after
Ad-wt-p53 and dl312 infection. (A) C2C12 myoblasts and C2-
ras cells were infected at MOIs 20 and 90 with Ad-wt-p53 or
at MOI 90 with dl312. Twenty-four hours after infection,
4r104 cells were plated in 60 mm dishes and harvested at
the indicated times. Cell numbers were determined daily in
duplicate. White symbols represent C2C12 myoblasts, black
symbols represent C2-ras cells. (B) Cell viability was deter-
mined at daily intervals by the trypan blue exclusion test on
the same cells used for the proliferation experiments. Cells
infected at MOI 90 with the dl312 adenovirus were used as
controls in each experiment (see Materials and methods)
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suggesting a different CMV promoter activity in the two
cell types. To compensate for this different CMV promoter
activity, we took advantage of the possibility of obtaining
similar levels of exogenous protein expression by infect-
ing C2-ras and C2C12 cells at different MOIs: 20 and
90 pfu/cell, respectively (Figure 2D). We refer to this type
of infection as `differential infection', and all the following
experiments were performed with this type of infection.

To ascertain that infectability was also similar at the
single cell level, an indirect immuno¯uorescence for p53
and b-gal activity were performed after differential in-
fection. A comparable number of positive cells were found
in both cell types in both experiments (data not shown).

Taken together, the results indicate that C2C12 and
C2-ras cells can be equally infected by adenovirus but

the CMV promoter has fourfold higher activity in the
transformed cells, which, however, does not justify the
different kinetics of b-gal and p53 expression (compare
Figure 2A and 2C). To exclude the third possibility (i.e.
the dilution of non integrated viral DNA in proliferating
cells), the stability of exogenous wt-p53 protein was
evaluated by pulse-chase experiments. Forty-eight hours
after Ad-wt-p53 differential infection the cells were
metabolically labeled, chased, and harvested at the
indicated times. As shown in Figure 3A, exogenous
wt-p53 protein was more rapidly degraded in C2C12

than in C2-ras cells. The half-life of the exogenous wt-p53
was as short as 20 min in C2C12 cells, which is comparable
to the physiological half-life of wt-p53 protein [23],
whereas it was about 110 min in C2-ras cells (Figure 3B).
To ascertain whether this behavior is general, rather than
ras or mouse cell-speci®c, the pulse-chase experiment
was also performed on C2C12 cells transformed by v-myc
[12] and v-src [13], on the LI human glioblastoma cell
line [14] and on the WI38 and MC5 normal human
®broblasts. The half-lives of wt-p53 increased in the
transformed cell lines, being 90 min in C2-myc, 60 min in
C2-src, and 210 min in LI cells, indicating that stability of
the exogenous wt-p53 in not directly dependent on ras

oncogene. In contrast, the half-lives of wt-p53 in the
normal human ®broblasts was 20 min in WI38 and
25 min in MC5.

To verify whether this different protein stability was
speci®c of the p53 protein in wild-type con®guration,
C2C12 and C2-ras cells were infected with a recombinant
adenovirus carrying the p53Ser135 mutant gene (Ad-
mutp53) [16]. Both cell types were differentially infected
with Ad-mutp53. A time-course analysis of protein
expression showed a comparable amount of this mutant
p53 in the two cell types (Figure 3C).

Taken together, these results show that exogenous wt-
p53 protein is maintained in non-transformed cells with a

Figure 2. (A) Western blot analysis of p53 protein in C2C12 (C2)
and C2-ras (ras) cells after infection at MOIs 90 and 20 with
Ad-wt-p53. Cells were lysed 48, 72, and 96 h post-infection.
Control samples are cells infected at an MOI of 90 with dl312
and lysed 48 h post infection. Equal amounts (20 mg) of pro-
teins were separated on a denaturing 12% SDS-PAGE. Western
blot analysis was performed with polyclonal antibody Ab-7. The
position of p53 is indicated. (B) Western blot analysis of E1A
protein in the indicated cells, after dl520 infection. A similar
MOI (90 pfu/cell) of dl520 was used to infect each cell type.
Multiple bands of E1A are indicated. The control sample (ct) is
represented by C2-ras cells infected with Ad-wt-p53. (C) Time-
course analysis of b-gal activity induced by AdCMV-LacZ infec-
tion. C2C12 and C2-ras cell lysates containing equal amounts of
proteins were analyzed 48, 72, and 96 h after AdCMV-LacZ
infection at the same MOI (100 pfu/cell). The relative stability
of b-gal expression in C2C12 cells at 96 h, compared to 72 h, is
probably due to longer persistence of adenoviral genomes
determined by the reduction of proliferation induced by cell
contact only in these non-transformed cells. (D) Western blot
analysis of p53 expression in C2C12 and C2-ras cells after infec-
tion by Ad-wt-p53 at MOIs of 90 and 20, respectively. These dif-
ferential infections induce expression of comparable levels of
exogenous p53 48 h post-infection. Infection with dl312 was
used as a negative control
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half-life similar to that of the endogenous wt-p53, while it
acquires a longer half-life in the transformed cells,
independently of the transforming oncogene and the
cell type. In addition, the half-life regulation is speci®c of

exogenous p53 protein in wild-type con®guration since
an exogenous mutant p53 is comparably stable in both
cell types. The latter result is in apparent contradiction to
the recent observation that the stability of mutant p53 is
not intrinsic to the protein but depends on the tumor cell
environment [25]. The different behavior of our mutant
p53 could be due either to the fact that we compared non-
transformed and transformed cells rather than different
transformed cell lines with diverse stability of the
endogenous p53 protein. Another explanation might be
linked to the type of mutant. We used the p53Ser135

which has not been tested for stability in different tumor
contexts [25].

Different proteolytic degradation is
responsible for the different stability
of p53 in C2C12 and C2-ras cells

It has been shown recently that the normal turnover of
wt-p53 can occur in vitro and in vivo through ubiquitin-
proteasome pathway [26]. To determine whether the
different stability of exogenous wt-p53 in C2C12 and
C2-ras cells was due to a different involvement of the
proteasome in p53 degradation, we examined p53 levels
in C2C12 and C2-ras cells exposed to the speci®c
proteasome inhibitor MG132 [26]. Both cell types were
`differentially infected' with Ad-wt-p53 and, 48 h post-
infection, treated for 4 h with MG132. As shown in
Figure 4A, Western blot analysis revealed a substantial
increase of p53 steady-state levels in C2C12 cells after
proteasome inhibition (25-fold by densitometric analy-
sis); in contrast, p53 level did not change as much in
C2-ras cells (threefold). These data demonstrate that
exogenous p53 is degraded through the proteasome
pathway much more ef®ciently in C2C12 than in C2-ras
cells. To determine whether the stabilization of exogen-
ous p53 in transformed versus non-transformed cells is
due to a reduced p53 ubiquitination, we performed p53
immunoprecipitation of both cell lysates after proteasome
inhibition. A subsequent Western blot analysis revealed a
ladder of p53 speci®c bands ranging from 60 to 90 Kd
preferentially in C2C12 cells (Figure 4B). The band size
corresponds to species of p53 conjugated with two/®ve
ubiquitin molecules, as previously reported [26]. The
ladder of ubiquitin-p53 conjugates was less evident in
C2-ras cells suggesting that tumor transformation might
act on exogenous p53 stabilization through either a
reduction of p53 ubiquitination or an increase of p53
deubiquitination.

Similar levels of exogenous wt-p53
protein still have suppressing activity
only in C2-ras cells

The experiments described above indicate that C2C12 and
C2-ras cells regulate the stability of exogenous wt-p53
protein in a different fashion. To evaluate whether this
mechanism is the only one responsible for the different
functional activity of exogenous wt-p53 in non-

Figure 3. (A) Half-life of exogenous wt-p53 in C2C12 and C2-ras
cells infected with Ad-wt-p53 at MOIs of 90 and 20, respec-
tively. Forty-eight hours post-infection cells were starved for
60 min in methionine-free media and then pulse-labeled for 1 h
with [35S]-methionine. The cells were then chased and har-
vested at the indicated times. Immuneprecipitation of human
p53 was performed on cell lysates containing equal amounts of
proteins by anti-p53 moAb PAb1801. Cells infected with 90
pfu/cell of dl312 were used as control. (B) p53 levels from
panel B were quantitated by densitometry and plotted. The
half-life of p53 was about 20 min in C2C12 cells (circle symbols)
and about 110 min in C2-ras cells (square symbols). The half-
lives are indicated by dotted lines. (C) Analysis of mutant p53
expression. C2C12 and C2-ras cells were infected with Ad-
mutp53 at MOIs of 90 and 20, respectively, and protein lysates
were obtained at the indicated times post-infection
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transformed versus transformed cells, we veri®ed that
similar levels of exogenous wt-p53 expression, obtained
48 h post differential infection (Figure 2D), are still able
to induce a different response in C2C12 cells versus C2-ras
cells. For this purpose, cell cycle analyses were performed
by bromo-deoxyuridine (BrdU) incorporation and propi-
dium iodide (PI) staining. Exogenous wt-p53 only mildly
reduced the percentage of C2C12 cells in the S phase of the
cell cycle, whereas it induced a strong inhibition of DNA
synthesis and an accumulation in the G1 and G2/M phases
in C2-ras cells (Figure 5A and 5B). These results show that
exogenous wt-p53, even when expressed at similar levels
in C2C12 and C2-ras cells, is still preferentially active in the
latter, fully transformed cells. Moreover, lack of exogen-
ous p53 activity in non-transformed C2C12 cells does not
depend only on its expression levels.

Exogenous wt-p53 is transcriptionally
active only in C2-ras cells, but it can be
activated in C2C12 cells upon DNA
damage

Several studies have con®rmed that p53 transcriptional
activity is important for its suppressor functions [27,28].
We thus investigated whether the presence of different
wt-p53 transcriptional activity between C2C12 and C2-ras

cells might contribute to the different functionality
observed in these two cell types. To this end, C2C12

cells stably transduced with the PG13CAT construct,
which carries 13 wt-p53 DNA-consensus binding sites
upstream to a CAT reporter gene [21] were used. These
cells, which we indicate as PG-cat#6 [20], were trans-
formed with Ha-MSV to obtain the PG-cat#6-ras cells (see
Materials and methods). The v-Ha-ras-induced transfor-
mation of PG-cat#6 cells was con®rmed by determining
the inhibition of muscle differentiation as described above
(data not shown). Subsequently, PG-cat#6 and PG-
cat#6-ras cells were infected with Ad-wt-p53 at MOIs
of 90 and 20, respectively, and 48 h later processed to
assess CAT activity. Similar expression of exogenous p53

was assessed by Western blotting and immuno¯uor-
escence (data not shown). Mock- or dl312-infected cells

Figure 4. (A) Western blot analysis of p53 expression in C2C12

and C2ras cells after proteasome inhibition. Cells were either
mock-treated (DMSO) or exposed to 0.01 mM concentration
of MG132 proteasome inhibitor. Cell extracts were resolved
on 9% SDS-and p53 levels were determined by Western blot-
ting using the Ab7 antibody. (B) Cells were treated as in A,
lysed, and subjected to immuneprecipitation with moAb1801.
Western blot analysis with Ab7 was performed to detect ubi-
quitin-p53 forms as a ladder between 60 and 90 Kd Figure 5. (A) Cell cycle analyses of C2C12 and C2-ras cells

(Mock-, dl312-, and Ad-wt-p53-infected) measured by BrdU
incorporation and DNA-content analyses with ¯ow cytometry.
Cells were pulsed for 3 h with 10 mM BrdU 48 h after differen-
tial infection and analyzed simultaneously for DNA synthesis,
with a FITC-conjugated anti-BrdU antibody (vertical axis), and
for DNA content, with propidium iodide (horizontal axis). The
arrows indicate the two G1 subpopulations present in C2C12

cells [41]. The absence of dead cells was evaluated by trypan
blue exclusion just before ®xation and immunostaining (not
shown). (B) Quantitation of the S phase as a percentage of
BrdU-FITC positivity analyzed in panel A
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were used as controls. As shown in Figure 6A, exogenous
wt-p53 protein was transcriptionally active only in
PG-cat#6-ras cells. To evaluate whether the exogenous
wt-p53 protein is constitutively inactive in non-
transformed C2C12 cells, or whether it can be activated
by stress conditions able to activate the endogenous p53
protein, DNA damage was induced in these cells by
Adriamycin (ADR) treatment 48 h after Ad-wt-p53
infection. In these conditions, wt-p53 transcriptional
activity was present in mock- dl312- and Ad-wt-p53-
infected C2C12 cells (PG-cat#6) (Figure 6B). However,
CAT activity of Ad-wt-p53-infected cells was increased by
about 35% over mock-infected cells and 92% over dl312-
infected cells, indicating that the exogenous p53 protein
can also be activated by ADR-treatment. Interestingly, in
the ras-transformed cells the endogenous wt-p53 protein
(mock columns in Figure 6A) had twice as much activity
on the PG13CAT construct as that observed in C2C12 cells,
suggesting that the endogenous protein is also, at least
partially, in a transcriptionally active form. Similar results
were obtained with PG13CAT-transduced C2C12 cells
maintained as a polyclonal population and with their
MSV-transformed counterparts (data not shown).

Since the PG13CAT vector carries an arti®cial promoter,
we asked whether the differences in p53 transcriptional
activity between C2C12 and C2-ras cells were also present
in a more `physiological' context. To address this question,
C2C12 cells were stably transfected with the p(mdm2)NA -
CAT vector, which carries the p53-dependent intronic
promoter of the mdm2 gene [29]. These cells were
maintained as a polyclonal population and subsequently
transformed by MSV infection. As shown in Figure 6C,
Ad-wt-p53 infection induced CAT activity only in the ras-
transformed cells (compare column 5 with 11). However,
in parental C2C12 cells, ADR treatment was able to
activate both endogenous and exogenous p53 proteins as
measured on the PG13CAT vector (compare column 1
with 2, and 5 with 6). Also consistent with the experi-
ments performed with the PG13CAT vector, the endo-
genous p53 protein of ras-transformed cells was
spontaneously transcriptionally active, the CAT activity
being 16-fold higher than in parental C2C12 cells
(compare columns 1 and 7). Nevertheless, ADR treatment
of ras-transformed cells was able to increase the CAT
activity mediated by endogenous and exogenous wt-p53
proteins (compare columns 7 with 8 and 11 with 12).

To further con®rm the transcriptional activity of
exogenous wt-p53 protein in our C2-cell model, the
expression of endogenous mdm2 mRNA was analysed by
Northern blot assay. Consistent with the results obtained
with the mdm2 promoter, in the CAT assay, exogenous
p53 expression increased the mdm2 mRNA levels in
C2-ras cells but not in C2C12 cells (Figure 7A and 7B).

Taken together, these results show that the different
responses to exogenous wt-p53 expression in non-
transformed and transformed cells also depend on
differences in transcriptional activity. Moreover, they
suggest that the exogenous wt-p53 protein, as well as the
endogenous one, is maintained in a latent form in

Figure 6. (A) Induction of CAT activity by exogenous wt-p53
in stably transfected PG-cat#6 and PG-cat#6-ras cells. Cells
were tested for CAT activity 48 h after infection with Ad-wt-
p53 (90 and 20 pfu/cell, respectively) or dl312 (90 pfu/cell).
Means and standard deviations from three different experi-
ments are indicated. (B) Induction of CAT activity by exogen-
ous wt-p53 after genotoxic damage in PG-cat#6 cells. Cells
were infected with 100 pfu/cell of Ad-wt-p53 and 48 h post-
infection treated with ADR for 7 h, then harvested for CAT
analyses. The data presented are representative results of
three independent experiments. (C) Induction of CAT activity
by exogenous wt-p53 in stably transfected C2-mdm2-cat
(mdm2-cat) and C2-mdm2-cat-ras (mdm2-cat-ras) cells with
and without ADR treatment. Experimental conditions are as
in panel A
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non-transformed C2C12 cells, as long as its function is
not requested. However, it can be activated by stress
conditions. In contrast, transformed C2-ras cells are no
longer able to keep wt-p53 protein in an inactive state,
and it can be further activated by ADR-induced DNA
damage.

Discussion

Several reports have indicated that forced expression of
exogenous wt-p53 protein has suppressing activity in
tumor cells, while it does not apparently induce detri-
mental effects in non-fully transformed cells [3±8]. These
observations have provided a rationale for the develop-
ment of tumor gene therapy approaches with the TP53

gene without the need to target tumor cells [7,10], which
is one of the most critical steps in tumor gene therapy
with suppressing agents [1,2]. Therefore, the study of the
molecular mechanisms responsible for the divergent
activities of exogenous wt-p53 protein expression
between transformed and non-transformed cells can
provide useful insights for practical as well as biological
issues. To minimize the differences between the cellular
environments, we developed a model based on non-
transformed C2C12 murine myoblasts and their trans-
formed counterparts obtained by v-Ha-ras oncogene
expression. In keeping with other studies, infection with

wt-p53-recombinant adenovirus induced growth arrest in
the transformed C2-ras cells while it only mildly and
transiently reduced the proliferation rate of non-
transformed C2C12 cells indicating that tolerance to
exogenous wt-p53 expression is signi®cantly different in
these two cell types. In this report, we demonstrate that
these divergent effects are due to different expression
levels and different transacting activity of the exogenous
p53 protein in the two cell types. In particular, we found
that the exogenous p53 protein has a half-life similar to
wt-p53 ± about 20 min ± in C2C12 cells, whereas its half-
life is strongly increased ± about 110 min ± in C2-ras cells.
This different protein stability is due to a distinct
ubiquitination and proteolytic degradation of p53 in the
two cell types. Moreover, it is not related only to v-Ha-ras-
mediated transformation or speci®cally to mouse cells,
since in v-myc and v-src transformed C2C12 cells, as well
as in LI human glioblastoma cells exogenous wt-p53
protein is stabilized. In contrast, short half-lives were
found in normal human ®broblasts. In addition, we found
that exogenous wt-p53 protein is transcriptionally active
only in transformed C2-ras cells, as assessed by the
activity on the PG13 and mdm2 promoters, and by the
increased levels of endogenous mdm2 mRNA.

These results provide direct biochemical evidence that
the exogenous wt-p53 protein exerts its tumor suppressor
functions mainly in transformed cells. The mechanisms by
which exogenous p53 protein is kept inactive in non-
transformed cells remains unclear. Recently, several
reports have shown how p53 can be regulated through
MDM2-p53 protein±protein interaction with subsequent
inhibition of p53 transcriptional activity and degradation
of p53 protein [30±33]. Moreover, p53 activation by
phosphorylation on serines at the amino terminus was
shown to alleviate inhibition by MDM2 [34,35] while the
p19ARF protein of the Ink4a tumor suppressor locus was
found to promote degradation of MDM2 with consequent
stabilization of p53 [36,37]. All these data strongly
indicate that MDM2 is a potent regulator of p53 after its
activation by genotoxic agents and oncogene expression
in primary ®broblasts, or its overexpression in trans-
formed cells. However, it has not yet been clearly shown
whether MDM2 is also responsible for the short-lived,
inactive form of p53 in normal cells, although the early
embryonic lethality of the mdm2x/x mice and the rescue
of this phenotype by the TP53 knock-out genotype
strongly support this hypothesis [38,39]. On the basis
of these observations, it can be hypothesized that in non-
transformed C2C12 cells MDM2 might regulate endogen-
ous as well as exogenous p53 levels and activities. We did
not observe, after exogenous wt-p53 protein expression
in C2C12 cells, any increment of the mdm2 promoter
activity, mdm2 mRNA and protein levels (data not
shown), con®rming similar reports by others [40], and
suggesting two different interpretations. MDM2 is not
responsible for the inhibition/degradation of the exogen-
ous p53 in non-transformed cells; alternatively, it is not
necessary to increase mdm2 transcription for inhibiting/
degrading exogenous wt-p53 protein. Although other

Figure 7. (A) Induction of mdm2 transcripts in C2C12 (C2)
and C2-ras (ras) cells after p53 expression 48 h post differen-
tial infection. Mock-, dl312- and Ad-wt-p53-infected cells are
reported. GAPDH expression is used to normalize RNA load-
ing. (B) mdm2 and GAPDH mRNA expression from panel A
were quantitated by densitometry and plotted
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studies will be required to determine the molecule(s)
responsible for the exogenous p53 degradation/inactiva-
tion in non-transformed cells, this observation is reassur-
ing with regard to the safety of non-neoplastic cells in
p53-mediated gene therapy.

More interestingly, from a therapeutic point of view,
the p53 activity present in C2-ras cells could be further
increased by ADR treatment indicating that both endo-
genous and exogenous p53 proteins are not yet fully
activated in these cells. This result supports the idea of
treating human cancers with combinations of wt-p53
gene therapy and radio/chemotherapy (reviewed in
[10]). Furthermore, the absolute level of p53 activation
after ADR treatment was 5.4-fold higher in C2-ras cells
than in their non-transformed counterparts suggesting
that a p53 gene therapy approach without tumor
targeting might leave normal cells unharmed even in
combination with radio/chemotherapy.
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