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apoptosis. It seems clear, however, that the induction ofAbstract. The loss of p53-mediated apoptosis (pro-
grammed cell death) has been implicated as an impor- p53 in untransformed cells is more likely to result in

cell-cycle arrest, whereas the expression of p53 in theirtant event in tumour progression in a number of
systems. p53 can induce or potentiate apoptosis through transformed counterparts is more likely to result in the

induction of apoptosis, and this may, in part, reflect theseveral mechanisms, both by regulating the expression
of genes which can participate in the apoptotic response deregulated expression of E2F-1 in tumour cells. The

synergistic action of p53 and E2F-1 in the induction ofand through transcriptionally independent means.
There appears to be cell type variability in both the apoptosis has raised the possibility that the reactivation

of p53 in transformed cells can be an effective tumourresponse to p53 expression and in the requirement for
p53 transcriptional transactivation for the induction of therapy.
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Introduction

A role for the p53 protein has been implicated in many
and varied cellular processes, including DNA repair,
recombination, differentiation and senescence. Our fas-
cination with p53 stems, however, from its frequent loss
or mutation in human cancers and the dramatic demon-
stration in knockout mice of the importance of p53 and
its tumour suppressor function.
Many of the p53 functions described so far could play
important roles in monitoring, preventing or eliminat-
ing tumour cells. It seems clear, however, that the
ability of p53 to prevent cell growth is pivotal to its
tumour suppressor functions. A large body of data now
suggests that p53 suppresses growth through two mech-
anisms, namely, cell-cycle arrest and apoptosis. While
cell cycle arrest can function to inhibit the growth of
normal cells, it seems that cells that have attained
oncogenic activation are less susceptible [1, 2]. The
ability of p53 to induce apoptosis, by contrast, appears

to correlate well with its ability to suppress transforma-
tion, and there is evidence that the apoptotic activity of
p53 is of central importance to its tumour suppressive
activity [3]. The suggestion that p53 will preferentially
kill tumour cells, while inducing a reversible growth
arrest in normal cells, presents many tantalizing thera-
peutic possibilities.

Mechanisms of apoptosis

Apoptosis is a programmed cell death pathway that is
essential in the development of multicellular organisms
and functions in the maintenance of tissue homoeosta-
sis. The apoptotic pathway is characterized by the acti-
vation of a family of cell death proteases called the
caspases, which are themselves activated by catalytic
cleavage, thereby setting up a cascade of proteolytic
cleavage that disrupts the function of essential regula-
tory proteins and commit the cell to the suicide pathway
[4]. Caspase activation is followed by nuclear condensa-
tion, and the activation of an apoptotic nuclease results
in the destruction of the nuclear DNA [5]. The final* Corresponding author.
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stages of the process are characterized by membrane
blebbing, the loss of cellular volume and finally the
loss of membrane integrity. While much is understood
about the machinery of the apoptotic pathway, com-
paratively less is known about the regulation of mech-
anisms by which the cell commits to programmed cell
death. It has become clear, however, that under some
circumstances p53 can play a major role in the activa-
tion of cell death.
Apoptosis has been noted as the normal response of
some cell types, notably T lymphocytes, to the induc-
tion of DNA damage, and this has been shown to be
dependent on the presence of a wild-type p53 gene [6,
7]. A role for p53 in the apoptotic response to DNA
damage was further highlighted by the fact that the
introduction of exogenous p53 into some tumour cell
lines is able to activate programmed cell death [8, 9].
p53 has also been implicated in playing a role in the
apoptotic response initiated by the oncogenes E2F-1
[10] and c-myc [11] and the tumour necrosis factor
death receptor (TNF) [12, 13]. p53, therefore appears
to activate a programme of apoptotic cell death in
response to stress or potentially oncogenic abnormali-
ties, and a great deal of research has been focused on
identifying the exact mechanisms involved.

Transcriptional activation of apoptotic target genes

One of the most certain facts about p53 is that it is a
transcription factor, and a great number of genes
have been identified, with greater or lesser degrees of
certainty, as targets for transcriptional regulation by
p53 [14]. The importance of this activity to tumour
suppression is manifest by the observation that the
vast majority of p53 mutations found in cancers pre-
vent DNA binding and thus transcriptional activity of
the mutant protein [15]. Primary amongst the targets
identified to date is the cyclin-dependent kinase in-
hibitor p21WAF1/CIP1 [16], which is able to bind and
inhibit cyclin/cyclin-dependent kinase (cdk) complexes
[17–19]. Homozygous deletion of p21WAF1/CIP1 in mice
and in human cell lines has shown it to be a critical
component of p53-induced cell-cycle arrest, implicat-
ing transcriptional transactivation as an essential com-
ponent of these p53-mediated effects in vivo [20–24].
Despite the overwhelming evidence for a role for tran-
scription transactivation in the cell-cycle arrest path-
way, some controversy has surrounded the role of p53
transactivation in the apoptotic pathway, and it is
likely that there are cell type differences underlying
this requirement. It seems clear, however, that p53
transactivation can contribute to the induction of
apoptosis in some cell types, and a number of genes
transactivated by p53 have been implicated in the

apoptosis response. Not all p53 target genes have
been linked with a role in apoptosis, however, and
there is overwhelming evidence to suggest that
p21WAF1/CIP1 plays no role in the ability of p53 to
induce apoptosis. For other targets such as Cyclin G1,
Gadd45, and Mdm2 there is also little evidence for a
direct role in apoptosis.

Mitochondrial events

One of the first signs of apoptosis is loss of the mito-
chondrial membrane potential, believed to result from
the opening of multiprotein pores located at the con-
tact sites of inner and outer mitochondrial mem-
branes. This so-called permeability transition
uncouples the respiratory chain leading to acidifica-
tion of the cytosol, oxidation of mitochondrial
proteins and the release of intermembrane proteins,
such as cytochrome c, into the cytosol [25]. In the
cytosol, cytochrome c functions as an activator of cas-
pase cleavage, and in this way the release of cy-
tochrome c from the mitochondrion initiates the
proteolytic cascade characteristic of apoptosis [26].
The induction of mitochondrial damage can be
achieved through many and varied mechanisms, and
many of these are implicated in p53-mediated cell
death.
A family of proteins, related to Bcl-2, have been
shown to function, at least in part, by regulating the
release of cytochrome c from the mitochondria, an
event that is seen in both p53-dependent and -inde-
pendent death [27–29]. There are two groups of regu-
latory genes: the antiapoptotic genes, such as Bcl-2,
and the proapoptotic genes, such as Bax. The two
classes of proteins are localized to intracellular mem-
branes, particularly mitochondria, and have been
shown to interact with each other, although the sig-
nificance of their association with respect to their ac-
tivity remains to be seen [30]. Also unclear at present
is the mechanism by which they regulate cytochrome c
release, but structural homology to bacterial pore-
forming proteins suggests that ion transport may be
important to their function [31]. Indeed, both Bcl-2
and Bcl-X can serve as ion channels in synthetic lipid
membranes in vitro [32, 33].
The death-promoting gene Bax has been shown to
contain p53-binding sites in its promoter and be up-
regulated in response to DNA damage and p53 in a
number of systems [34]. Introduction of Bax into cells
results in rapid cell death, and this can be inhibited
by simultaneous expression of the Bax-binding and
death-inhibiting proteins Bcl-2 and Bcl-X. Similarly,
p53-mediated cell death can be inhibited by Bcl-2/Bcl-
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X consistent with a role for Bax in the p53 death
pathway (see fig. 1). Whereas T lymphocytes from
mice homozygously deleted for the Bax gene are still
able to undergo p53-dependent cell death in response
to ionizing radiation [35], recent reports have noted
that p53-mediated cell death in fibroblasts induced to
die by expression of E1A [36] and in SV40 T antigen-
induced brain tumours [37] is impaired in Bax null
cells. These data are consistent with a role for Bax in
some forms of p53-mediated apoptosis. Nevertheless,
since Bax deletion is only able to inhibit, at best, 50%
of the apoptosis in these systems, it cannot represent
the only mechanism of p53-mediated cell death.
Reactive oxygen species (ROS) are powerful activators
of both mitochondrial damage and apoptosis. The
ability of a number of antioxidants, which eliminate
ROS, to inhibit p53-mediated apoptosis in some sys-
tems has suggested a role for ROS in the p53 death
response [38, 39] (see fig. 1). This concept was greatly
advanced by the identification of a number of genes
that can induce oxidative stress as p53-induced genes
(PIGs), one of which, PIG3 (a quinone oxidoreductase
homologue), was shown to contain p53-binding sites
in its promoter [40]. Transcripts of the PIG genes
were induced to an extent similar to p21WAF1/CIP1

when a colon cell line was induced to undergo pro-
grammed cell death in response to p53. Closer analy-
sis of these cells confirmed that the production of
ROS was increased following p53 expression and that
cell death could be blocked by inhibitors of the mito-
chondrial permeability transition [25]. However, it
should be noted that these genes are also induced by
p53 in cells that do not undergo apoptosis, suggesting
that simple induction of PIGs cannot account for the
fact that some cells die with p53 and others do not.
Furthermore, simply expressing of one of these genes,
PIG3, failed to initiate apoptosis, implying that these
genes function in combination with other signals.

Death receptors

Fas/Apo is a death receptor molecule that has impor-
tant roles in the immune system, allowing the removal
of autoantibodies and the elimination of virally in-
fected and tumorigenic cells [41]. When activated by
Fas ligand (FasL), the receptor (Fas) trimerizes, re-
sulting in the cleavage of a caspase that binds to its
intracellular domain via death domain proteins. The
activated caspase then initiates the cascade of prote-
olytic cleavage, although mitochondrial damage and
the release of cyctochrome c has also been implicated
as a downstream event in death receptor signalling
[29]. A number of studies have shown that Fas levels
are elevated in response to DNA damage, and al-
though p53 has been implicated, no p53-binding sites
have been identified in the Fas gene to date [42].
There are conflicting reports as to the extent to which
T lymphocytes from mice with functionally inactivated
Fas are resistant to DNA damage, and thereby p53-
induced apoptosis [43, 44], and similarly the extent to
which Fas-induced death can be protected by Bcl-2
[45, 46]. However, the recent identification of a role of
Fas in Myc-induced apoptosis [47], which has also
been reported to be p53-dependent, suggests a poten-
tial contribution of Fas to p53-mediated apoptosis.
Consistent with a role for death receptors in the
apoptotic response to genotoxic stress, another recep-
tor molecule has also recently been shown to be in-
duced in response to DNA damage, and activation
was shown to correlate with p53 status. The Trail
receptor/DR5/Killer protein is a member of the TNF
superfamily of death receptor molecules, and it can
cause apoptosis when overexpressed in a manner simi-
lar to Fas [48]. One arm of the p53 apoptotic re-
sponse may therefore be in the general upregulation
of death receptor expression, which might not trigger
an apoptotic response alone but would certainly sensi-
tize the cell to other death signals (see fig. 1).

Figure 1. Induction of apoptosis by p53 transcriptional target
genes. In response to genotoxic stress, p53 levels are elevated and
p53 functions to transactivate genes involved in the apoptotic
pathway (indicated in black). Both upregulation of death receptors
(Fas and Trail receptor/DR5/Killer) and Bax results in the activa-
tion of caspases either through indirect association via adaptor
molecules or in the latter case through the release of cytochrome c
from mitochondria. Death signals are potentiated by inhibition of
the survival signals provided by the IGF receptor/AKT�PKB path-
way by the increased expression of the secreted IGF binding
protein IGF-BP3.
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Survival factors

Although the ultimate executioners of the apoptotic
signal, the caspases, are central to all programmed cell
death, it is clear that the signal to die can be regulated
at many different levels. In many systems the presence
of specific survival factors is required to protect cells
from apoptotic cell death [49]. Indeed, the response of
cells to DNA damage can be dramatically modulated by
the addition or removal of such survival factors [50–
52]. The exact mechanism by which survival factors
function is not clear, although a role for signalling
through the kinase AKT�PKB has been strongly impli-
cated in several systems [53]. In other systems, survival
factors may directly lead to the inhibition of p53 func-
tion through induction of Mdm2 [54]. Insulin-like
growth factor (IGF) has been shown to function as
both a mitogen and a survival factor under a number of
conditions, and it was therefore of great interest to
identify the IGF binding and inhibiting protein IGF-
BP3 as a target for transcriptional activation by p53.
Overexpression of IGF-BP3 can inhibit IGF mitogenic-
ity in some systems, while in others it is able to inhibit
IGF survival signals and thus potentiate apoptotic sig-
nals [55, 56] (see fig. 1). The simultaneous expression of
genes that can inhibit survival signals as well as proa-
poptotic genes would be an efficient way of inducing a
p53-mediated apoptotic response.
Other p53-inducible genes may also play a role in the
apoptotic response, although their function is much less
well understood at present. The newly isolated gene
PAG608 can induce apoptosis when introduced into
cells, although the mechanism it might employ is un-
known [57]. Mcl-1 and Bcl-X, genes known to function
in the regulation of apoptosis, have also been reported
to be induced in response to DNA damage, but a direct
link to p53 has yet to be identified [58–60].

Transcriptional repression

In addition to transcriptional activation, p53 has also
been shown to specifically repress transcription from a
number of genes such as Bcl-2, MAP4 and a number of
viral promoters [61, 62]. Repression of the death-in-
hibiting gene Bcl-2 could be imagined to push the cells
towards death and, together with induction of the
death-promoting gene Bax, provides an attractive
mechanism for p53-mediated apoptosis [63]. In support
of this view, inhibition of p53-mediated cell death by
E1B 19 kDa also inhibits the repression of Bcl-2 [64].
These genes do not contain p53-binding sites in their
promoters, however, and the mechanism of repression
remains unclear. Indeed, in some cases it would seem
that p53-induced repression is a consequence of the

induction of apoptosis, rather than a direct role of p53,
complicating the assessment of the role of transcrip-
tional repression by p53.

Transcription-independent apoptotic functions of p53

Unlike the clear correlation between transactivation
and growth arrest, p53 has been shown to induce apop-
tosis in a manner independent of transcription in a
number of systems. A dispensable role for transcription
in p53-mediated apoptosis is shown by the ability of
cells to die in the presence of inhibitors of RNA and
protein synthesis [65, 66]. The interpretation of these
data is complicated, however, by reports showing that
transcription is required for p53-mediated apoptosis in
other systems [67–69] and the ability of these drugs to
function as inducers of apoptosis in their own right.
More direct evidence of a transcriptionally independent
form of p53-mediated apoptosis comes from the analy-
sis of deletion and point mutants engineered into the
p53 sequence itself. Deletion of the C-terminal 30 amino
acids of human p53, activating p53 for DNA binding
but not impinging on p53’s ability to oligomerize, has
been shown in a number of systems to impair p53’s
ability to efficiently induce apoptosis, while induction of
G1 arrest is unimpaired [70, 71]. p53 binds to XP-B and
XP-D, two helicases which function in DNA repair,
through the same region, and it has been speculated
that inhibition of the enzymatic activity of these two
proteins is essential to p53-mediated apoptosis [71].
By contrast, a p53 mutant affecting key residues in the
transactivation domain and a large C-terminal deletion
mutant have been shown to induce apoptosis in the
absence of significant transcriptional transactivation in
HeLa cells [72], although this activity appears to be
cell-type dependent. A number of studies have impli-
cated a proline-rich region, situated between the trans-
activation domain and the DNA-binding domain at the
N-terminus of p53, in having a role in growth suppres-
sion [73, 74]. Deletion of this region impairs p53’s
ability to induce apoptosis in response to E1A [74], but
the same region is also required to mount a secure G1
arrest in response to the G0 specific gene Gas1 [75]. This
region contains five repeats of the PXXP motif, which
are found in many signalling molecules and serve as
docking sites for other proteins containing SH3 do-
mains. It seems likely that any transcriptionally inde-
pendent ability of p53 might reflect an ability to di-
rectly complex with another protein, and p53 has
been reported to interact with many other cell
proteins, including kinases, other tumour supressors
and positive regulators of cell growth [14]. To date,
however, there is no firm evidence that any of these
interactions contribute to the induction of apoptosis.
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To die or not to die: choice of response to p53

The observation that p53 can induce both cell-cycle
arrest and apoptosis has given rise to the interesting
question of how the cell decides which outcome will
prevail. It seems likely that there is no simple expla-
nation, and rather the outcome depends on balancing
signals from a variety of sources. While we may be
unable to predict the outcome of p53 induction in
every situation, we are gaining insight into some of
the many cellular and environmental factors that con-
tribute to the choice.
As mentioned earlier, p53 is able to transactivate
genes that are associated with cell-cycle arrest (e.g.,
p21WAF1/CIP1) or death (e.g., Bax), and one obvious
way to distinguish between growth arrest and apopto-
sis is to preferentially activate only one subset of
genes. Indeed, examination of certain p53 point mu-
tants revealed that they were able to distinguish be-
tween different p53 target promoters, remaining active
towards p21WAF1/CIP1 but no longer able to activate
Bax and IGF-BP3 [76, 77]. The consequence of this
bias is that these mutants activate predominately a
cell-cycle arrest, rather than the combination of G1
arrest and apoptosis seen with the wild-type protein.
Could such a promoter choice be made in response to
DNA damage in vivo, and if so what regulates it?
Differential promoter usage has been reported for
wild-type p53 in some systems with a potential role
for phosphorylation [78]. However, putative death ef-
fector genes are often induced irrespective of the out-
come, and the cellular response to them is likely to be
regulated at a later step.
It seems that the extent of the DNA damage can also
regulate the outcome, with low levels of damage in-
ducing a cell-cycle arrest, allowing the damage to be
repaired, and more extensive damage inducing apop-
tosis. In agreement with this idea, the level to which
p53 is induced seems to play a role in the choice
between cell-cycle arrest and death, with apoptosis
correlating with higher levels of p53 induction [70].
This may represent a differential ability of p53 to effi-
ciently transactivate target genes, with some genes be-
ing maximally induced following relative modest p53
accumulation, whereas others are only induced in re-
sponse to a more robust elevation. This is an attrac-
tive idea; under conditions of modest genomic
damage, genes that induce cell-cycle arrest (e.g.,
p21WAF1/CIP1) are activated to halt cell growth and al-
low DNA repair to initiate, whereas genes that initiate
an apoptotic cascade (e.g., Bax) are only required
when the damage is beyond repair. This model also
accommodates the point mutants which retain
p21WAF1/CIP/cell-cycle arrest function but lose Bax/
IGF-BP3/apoptotic activity. In these cases, the muta-

tions (which are in the sequence-specific DNA-binding
domain) reduce DNA-binding activity, so only the
high-affinity (cell-cycle arrest) promoters remain sensi-
tive to activation. Upstream events which activate p53
can also play a role in determining the choice of re-
sponse. ATM, a protein kinase which is deleted in
patients with ataxia telangiectasia, is necessary for the
normal activation of p53-dependent cell-cycle arrest in
response to some signals. However, lack of ATM does
not impede the p53-dependent apoptotic response [79],
again highlighting the independence of these two ac-
tivities of p53.
In systems where apoptosis is the predominant out-
come, inhibition of cell death results in a G1 arrest
[80, 81], suggesting that this is a constant response
which is in some cases obscured by overlying apopto-
sis. Indeed, p21WAF1/CIP1 is induced in response to p53
irrespective of whether the final outcome will be
growth arrest or apoptosis. Therefore, it seems that
the choice the cell makes is to die or not, rather than
to arrest or die, and that inhibition of apoptosis natu-
rally results in cell-cycle arrest under these conditions.
In agreement with this idea, fusion of cells that nor-
mally die in response to p53 with cells that arrest
results in a cell that is sensitive to p53-mediated apop-
tosis, that is, death is the dominant pathway [22]. An
interplay between the two responses has also been
noted; deletion of the p21WAF1/CIP1 gene by ho-
mologous recombination results in cells that cannot
arrest and are more sensitive to p53-induced apoptosis
[22, 23].
Although the response of different cell types to
genotoxic damage and p53 can be similar in terms of
the molecular events, the eventual outcome can be
dramatically different. These differences likely reflect
the varied origin and environmental factors that regu-
late cells. In particular, the presence of survival fac-
tors can inhibit p53-induced apoptosis and reveal an
underlying cell-cycle arrest [50–52]. The origin of the
cell also seems to be critical, as not all cells respond
to DNA damage in a similar way. This is highlighted
by the contrasting response of fibroblast and T cells
to ionizing radiation; whereas T cells respond by un-
dergoing extensive apoptosis [6, 7], fibroblasts enter a
cell-cycle arrest [82, 83].

p53, E2F and tumour therapy

Although inhibition of tumour cell growth by cytostatic
mechanisms may be of some use in tumour therapy, far
preferable would be the induction of tumour cell death.
One of the most exciting concepts in p53 research is the
possibility that p53-dependent apoptosis may be prefer-
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Figure 2. Cooperation between E2F-1 and p53 in the induction of apoptosis. In normal cells where the pRB pathway remains intact
and E2F-1 activity is consequently regulated, the induction of p53 in response to genotoxic insult is most likely to result in cell-cycle
arrest. In tumour cells, by contrast, E2F-1 activity is deregulated as a result of loss of pRB function. To compensate for the increased
E2F-1 apoptotic activity, p53 function is impaired either through mutation or expression of the regulatory proteins Mdm2 or HPV
E6 and as a result, tumour cells rapidly divide. Reactivation of wild-type p53 in tumour cells, rather than inducing a cell-cycle arrest,
synergizes E2F-1 to induce apoptotic cell death.

entially induced in tumour cells which show other onco-
genic alterations or loss of normal checkpoints. Indeed,
a recent study has indicated that the presence or ab-
sence of the p21WAF1/CIP1-dependent cell-cycle arrest
checkpoint can determine the success of irradiation
treatment of tumours [84].
Tumorigenesis in many cell types in vivo involves the
inactivation of pRB function either through direct mu-
tation or loss of the pRB gene product itself or through
modulation of regulatory proteins such as p16 and
cyclin D1. In fact, direct or indirect loss of normal pRB
function is likely to be as common a genetic alteration
in human tumorigenesis as loss of p53 function [85].
One of the primary consequence of pRB inactivation is
the deregulated activity of the E2F family of transcrip-
tion factors, which drive the cell through G1 and into
DNA synthesis. In addition to this growth-promoting
activity, one member of the E2F family, E2F-1, also
shows apoptotic activity, and the recent generation of
mice homozygously deleted for E2F-1 provided the
exciting results that E2F-1 can function as a tumour
supressor gene in vivo [86, 87]. Although the apoptotic
activity of E2F-1 is not dependent on p53, E2F can

synergize with p53 to induce high levels of cell death
[10, 88–90], and thus there is strong selective pressure
for the loss of p53 from tumours with deregulated E2F.
How this synergy is visualized at the molecular level will
be of great interest, but for the moment this concept
goes some way towards explaining the specific combina-
tions of genetic changes seen in tumorigenesis and the
increased sensitivity of tumours and tumour cell lines to
p53-mediated cell death. Perhaps more important, the
model also suggests that the reactivation of p53 in a
tumour cell harbouring deregulated E2F-1 would be
more likely to lead to apoptotic cell death than similar
p53 activation in normal cells. The notion that p53
preferentially kills tumour cells is very attractive and
could be of immense therapeutic potential (see fig. 2).
A great deal of effort is currently being expended in the
search for mechanisms which might reactivate p53 in
tumour cells. Several approaches can be envisioned,
depending on the defect which originally led to the loss
of p53 function. The most common mechanism for
inactivation of p53 is through point mutation in one of
the conserved DNA-binding regions [15]. Mutant p53
takes on a conformation that is unable to associate with
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DNA, transactivate target genes and ultimately induce
apoptosis. In vitro studies have shown, however, that
about half of the point mutants identified in tumours,
like wild-type p53, can be activated for DNA binding
by modification of the C-terminal regulatory domain.
This can be achieved by phosphorylation, or by the
binding of C-terminal antibodies or peptides [91–94].
Furthermore, the delivery of antibody or peptide to
cells in vivo can induce a similar activation of some
mutant p53 molecules, and the induction of apoptosis
has been reported [95–97].
By contrast, in other tumour types p53 is rarely mu-
tated, although its activity is impaired. This is exem-
plified in cervical carcinomas, where the presence of
the human papilloma virus (HPV) is tightly linked to
both the inactivation of p53 function and the induc-
tion of tumorigenesis. The tumour-associated HPVs
encode two major oncoproteins: E7, which binds to
pRB family members thereby disrupting the normal
regulation of E2F and pushing the cells into the cell
cycle, and E6, which binds to p53 and targets its de-
struction by a ubiquitin-mediated pathway. A number
of tumour model systems have shown that expression
of both E6 and E7 results in aggressively growing
tumours, whereas only degenerate apoptotic lesions
are detected following E7 expression alone [98, 99].
Expression of E7 in wild-type p53-expressing tumour
cells results in high levels of apoptosis, and the cells
can be rescued by the expression of E6 [100–102].
These data suggest that the disruption of E6 function,
without compromising E7 activity, would allow p53/
E2F-1-mediated apoptosis and might be an effective
therapy for cervical carcinoma.
Maintenance of wild-type p53 in most other human
tumours cannot be explained by the presence of viral
proteins, and it seems likely that p53 function is im-
paired by alterations in either the upstream events
leading to p53 activation or the downstream mediators
of p53 function. One example is the recent identifica-
tion of the cellular Mdm2 protein as a regulator of
p53 stability. As discussed by Freedman and Levine,
Mdm2 appears to play a key role in the maintenance
of low levels of p53, and overexpression of Mdm2, or
loss of the mechanisms which might normally allow
p53 to become stabilized following genotoxic stress,
could result in a functional loss of p53 activity similar
to that seen in HPV E6-expressing cells. Activation of
p53 by inhibiting degradation by Mdm2 is therefore
another attractive goal in wild-type p53-expressing
cancers, and preliminary studies have indicated that
inhibition of p53/Mdm2 binding in cells can result in
the stabilization of functional p53 [103].
Such approaches may be thwarted, however, in those
tumours which have lost the protection of p53 by fail-
ing to respond to p53 activity. An example of wild-

type p53-expressing tumours which show defects in
Bax illustrates the potential for a class of cancers
which might not be susceptible to a p53-based therapy
[104].

Conclusions

A large body of work over many years has established
a role for p53 in the induction of apoptotic cell death.
It is likely that p53 utilizes a combination of tran-
scription-dependent and -independent mechanisms, de-
pending on cell type and environment, to initiate cell
death. While we are still some way from completely
understanding the molecular mechanisms by which
p53 can induce apoptosis, the role of p53-mediated
cell death in inhibition of tumour progression cannot
be denied. A general increase in the tendency of cells
to choose apoptosis rather than growth arrest as they
become more transformed also points to the great
therapeutic potential for p53. The challenge in the fu-
ture will be to use our burgeoning knowledge of p53-
mediated apoptosis to design and produce the tumour
therapies for the next century.
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