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The p53 gene is the most frequently mutated gene in human cancer: about 50% of all
human cancers have lost p53 or express an inactive, mutant, p53.1 More than twenty years
of intense investigation have produced a progressively sharper picture of why this protein
is so important for cancer protection. In brief, p53 is a master transcription factor that
under normal conditions is functionally inactive due to its rapid degradation by the ubiquitin ligase MDM2. However, upon the infliction of almost literally any cellular stress,
MDM2‑driven degradation is halted, and p53 accumulates and gains full competence in
transcriptional activation.2 The p53 transcriptional program includes the activation of a
number of cell cycle inhibitors and pro‑apoptotic proteins, which results in apoptosis or
irreversible proliferative arrest, the latter also known as senescence.3,4 Among the various
cellular stresses present during malignant transformation, two have been particularly
well studied in relation to p53 due to their universal occurrence in cancer, namely, DNA
damage and oncogenic signaling.
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The process of malignant transformation universally entails genetic damage and
oncogenic signaling, two stresses that are signaled to p53 through different genetic
pathways. Based on this, it is possible to distinguish two jobs for p53: “guardian of the
genome” that consists in sensing and reacting to DNA damage through the ATM/ATR and
Chk1/Chk2 kinases, and “policeman of the oncogenes” that, correspondingly, consists
in responding to oncogenic signaling through the p53‑stabilizing protein ARF. Contrary
to expectation, recent genetic evidence in mice indicates that the response of p53 to
DNA damage has little or no impact on cancer protection. In contrast, ARF‑dependent
activation of p53 is critical for p53‑mediated tumor suppression. Here, we discuss the
mechanistic implications of these observations and their relevance for cancer therapy.
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DNA damage was the first type of stress found to activate p53 and, based on this, p53
has been widely regarded as “the guardian of the genome”.5 Extensive characterization
of the signaling routes that connect DNA damage with p53 have identified a cascade
of Ser/Thr kinases that includes ATM, ATR, Chk1 and Chk2, which phosphorylate
p53.6‑9 This signaling cascade is permanently activated in human cancer, suggesting that
the cancerous state is intrinsically associated to the generation of DNA damage.10,11 The
constitutive DNA damage present in cancer cells is thought to emanate primarily from
the strong generation of reactive oxygen species,12 as well as, from the aberrant firing of
DNA replication origins.13,14 Recent characterization of mice genetically manipulated
with a knocked‑in p53 that cannot be phosphorylated at two of the main residues targeted
by ATM/ATR/Chk1/Chk2, namely, Ser18 and Ser23 (Ser15 and Ser20 in human p53),
indicates an important role of these phosphorylation sites in some, but not all, the DNA
damage induced and p53‑dependent responses.15 In agreement with this, mice carrying
p53S18A/S23A alleles are tumor prone,15 although this phenotype is considerably milder
than in the case of p53‑null mice.16,17 These data suggest that the activation of p53
in response to DNA damage occurs through multiple pathways, which in addition to
the well‑established kinase cascade of ATM/ATR/Chk1/Chk2, probably include other
kinases such as p38, JNK/SAPK and c‑Abl.18‑24 Regarding human cancer, the available
information gathered from the analysis of (epi)genetic aberrations indicates that the
aforementioned DNA damage signaling kinases are not, in general, significant targets
of (epi)genetic inactivation.25‑27 The only exception to this is found in hematological
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malignancies, which present a high incidence of mutations in ATM
(13–40% depending on the particular type of malignancy).28 In
line with this, ������������������������������������������������������
a recent large‑scale sequencing effort of 210 diverse
human cancers has identified ATM among the three most frequently
mutated kinases (5% incidence).29
Based on the above genetic evidence, it can be concluded that
DNA damage is conveyed to p53 through multiple redundant pathways in which many transducers participate, but none of them plays
a critical role and, therefore, alteration of a single component does
not have a significant impact on p53 function.

of ~20 those that inactivate ARF alone.43 Together, currently available evidence indicates that ARF is an important upstream regulator
of p53, whose lack of activity has a significant impact on cancer.

Evaluating the Importance of the Two Jobs of p53
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An important concept emerging from the previous studies is that
the DNA damage and the oncogenic signaling pathways are, for
the most part, independent: DNA damage is communicated to p53
through the kinases ATM/ATR/Chk1/Chk2, as well as the JNK,
p38, and c‑Abl pathways; whereas oncogenic signaling is communicated to p53 through ARF. Moreover, the two types of signals may
The Policeman of the Oncogenes
occur separately in time. For example, in experimental tumors, the
Among the many and varied stimuli that have been reported infliction of a strong DNA damage can be the initiator event that
to activate p53, oncogenic signaling30 has gained much attention mutates oncogenes and tumor suppressors, and this is followed by
because, as DNA damage, is also universally present in cancer. a period of proliferation that selects additional oncogenic mutations
Therefore, analogous to the title of “guardian of the genome”, we (Fig. 1). An important issue that had remained speculative is the
can also assign to p53 the function of “policeman of the onco- relative importance of these activating signals, namely, DNA damage
genes”. Oncogenic signaling activates p53 through ARF,31‑33 which, and oncogenic signaling, for the tumor suppressive activity of p53.
in turn, interacts with MDM2 inhibiting its p53‑ubiquitin ligase Recently, the groups of Gerard Evan and ours have shown that
activity. In this manner, ARF‑dependent stabilization of p53 results p53 is completely unable to protect from cancer when its ability to
in a dramatic increase in p53 activity. Many transcription factors sense oncogenic signaling is ablated due to the absence of ARF and
activate ARF in response to oncogenic signaling,34,35 most notably despite an efficient response to DNA damage.44,45 These results were
DMP1.36,37 Mice lacking ARF have a remarkable tumor‑prone obtained employing two different genetic approaches in mice, and
phenotype,38,39 although not as severe as p53‑deficient mice,16,17 examining spontaneous tumors, as well as, tumors induced by DNA
and there is good genetic evidence in mice supporting the relevance damaging agents.
Our experimental approach was based on the super‑p53 mice
of the ARF/MDM2/p53 axis in tumor suppression.40 Importantly,
mice deficient in ARF present a normal DNA damage response, previously generated in our laboratory.46 These animals have an
indistinguishable from ARF‑proficient mice.38,39 Regarding human additional genomic copy of p53 that retains the same features as
cancer, the analysis of (epi)genetic alterations indicate that ARF is the endogenous p53 alleles. Consequently, these mice possess three
indeed inactivated with an extraordinary high frequency (~30%).34 copies of p53 instead of the normal diploid gene dosage. This is a
However, inactivation of ARF almost invariably occurs in combina- modest change in p53 total activity (i.e., an increment of ~50%)
tion with the loss of p16INK4a, thus generating an ambiguity about that, nonetheless, is sufficient to provide a clear and robust enhancewhich is the key targeted tumor suppressor. In this regard, it should be ment in p53‑mediated responses, including cancer protection.46
mentioned the existence of germline point mutations that inactivate To evaluate the relevance of oncogenic signaling, we generated
ARF alone (i.e., sparing p16INK4a) in human kindreds predisposed compound super‑p53/ARF‑null mice. As anticipated by the lack of
to cancer.41,42 Nonetheless, the number of germline mutations that involvement of ARF in DNA damage response, all the p53‑mediated
inactivate p16INK4a only (i.e., sparing ARF) outnumbers by a factor responses to DNA damage were enhanced in super‑p53 mice, regardless of the presence or absence of ARF.
In contrast, oncogenic signaling‑mediated
activation of p53 was completely lost in
the absence of ARF.44 The key result was
obtained when cancer susceptibility was
examined in super‑p53/ARF‑null mice.
Contrary to our expectation and despite
having an enhanced response to DNA
damage, super‑p53/ARF‑null mice were
equally sensitive to cancer as normal‑p53/
ARF‑null mice. This occurred both in
chemically‑induced tumors and in spontaneous tumors. These results indicate that
the DNA damage response of p53 is of
minor importance for cancer protection
compared to the ARF‑dependent activation of p53.
Figure 1��������������������������������������������������������������������������������������������
. During tumor progression p53 is activated by DNA damage signaling and by oncogenic signal‑
In the case of Evan´s work, they actiing. Cancer is initiated by a DNA damage insult that, in general, results in cell death. Surviving, but dam‑
vated p53 temporally at two different
aged, cells may carry oncogenic mutations and can generate an incipient tumor. Oncogenic signaling
times during tumor development, either
may increase through the accumulation of additional alterations. If the cells of the incipient tumor retain
concomitantly to the tumor initiating
ARF and p53, oncogenic signaling results in cell death or senescence. Hypothetical survivor cells may
DNA damage, or days after, when DNA
continue on the road to full malignancy.
www.landesbioscience.com
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Figure 2��������������������������������������������������������������
. Differential impact of p53 on cellular fate upon DNA damage
or upon oncogenic signaling. In response to DNA damage, cells with p53
undergo cell death by apoptosis, but cells lacking p53 undergo aberrant
mitosis that also leads to cell death by mitotic catastrophe (A). In response to
oncogenic signaling, cells with p53 are eliminated through apoptosis or senes‑
cence, whereas cells lacking p53 proliferate under oncogenic govern (B).
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The proposal that p53 protects from cancer primarily by
responding to oncogenic signaling, and not to DNA damage, seems
at odds with the well‑established role of p53 in DNA damage
response. This apparent paradox requires a mechanistic explanation
and, for this, it is convenient to discuss first what is the impact of
p53 in determining the fate of severely damaged cells. It is important
to bear in mind that DNA damage not only triggers p53‑mediated
apoptosis, but also other forms of cell death that may indeed
be favored by the absence of p53, such as mitotic catastrophe48
(Fig. 2A). In fact, it is now evident that the response of solid tumors
to radio/chemotherapy does not correlate with p53 status, neither
in tumor‑derived cell lines nor in cancer patients.48,49 In the light
of these evidences, and together with our recent observations,44,45 it
seems that the activation of p53 by DNA damage may serve of little
additional protection against cancer because most of the damaged
cells, having or lacking p53, will be ultimately eliminated either by
p53‑dependent apoptosis or by p53‑independent cell death.
In contrast to the above, the presence or absence of p53 may
have radically opposite consequences on the fate of cells under
oncogenic signaling (Fig. 2B). Upon oncogenic signaling, murine
cells containing ARF and p53 undergo apoptosis or senescence,
whereas cells lacking either ARF or p53 become neoplastically transformed.30,31 It is thought that at some point during the evolution
of incipient tumor cells, oncogenic signaling reaches a threshold
of intensity that activates the expression of ARF, with the ensuing
activation of p53 followed by apoptosis or senescence.50,51 In the
event that some tumor cells had acquired mutations that impair
the p53 response, these cells would continue proliferating allowing
tumor progression.
In summary, current evidence suggests that the status of p53
may have little impact on the fate of DNA damaged cells (Fig. 2A),
whereas it may have a radical impact on the fate of cells under
oncogenic signaling (Fig. 2B). This is a plausible rationale to explain
why the response of p53 against DNA damage has no impact
on the subsequent development of cancer in mice, whereas the
ARF‑dependent response of p53 to oncogenic signaling is critical for
cancer protection.44,45
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Explaining the Paradox

.

damage had faded, and malignant cells were emerging. Temporal
activation of p53 was made possible thanks to mice carrying a
knock‑in chimeric p53 fused to a domain of the estrogen receptor
(p53‑ER).47 In this context, p53‑ER is functionally null in the
absence of 4‑hydroxy‑tamoxifen (4‑OHT), but this can be switched
to a full competent p53 protein when 4‑OHT is present.47 The
most unexpected result was the observation that the presence of
functional p53 during the time of DNA damage infliction, i.e., the
tumor initiator, did not have any detectable effect on tumor development. However, they found that switching on p53 eight days after
tumor initiation, when DNA damage was no longer detectable,
had a surprisingly potent protective effect against tumor formation.
Furthermore, they demonstrated that this tumor protective activity
of p53 was absolutely dependent on the presence of ARF, because no
protection was achieved when the same experiment was performed
in ARF‑null mice.45
Together, these two works44,45 compellingly indicate that the
critical job of p53 to provide cancer protection is to function as
“the policeman of the oncogenes”, rather than as “the guardian of
the genome”.

Completing the Puzzle
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A number of caveats still remain to be addressed, such as how
many kinases transduce DNA damage to p53, the relative importance
of each of them, and their degree of redundancy. Regarding ARF, its
role in communicating oncogenic signaling is solidly established in
mice, but this is far from clear in the case of human cells. Studies with
human fibroblasts have not been conclusive because in some fibroblast cell lines ARF is expressed and responds to oncogenic stress,52
whereas in other cell lines the expression of ARF is barely detectable
and does not respond to oncogenic stress.53,54 Furthermore, in the
case of human epithelial cells, it appears that ARF is not induced by
oncogenic stress.55,56 Additional studies are still necessary to firmly
establish whether ARF plays a significant role in the activation of p53
by oncogenic signaling in human cells. Moreover, the implication of
ARF in human cancer is still ambiguous due to the fact that in most
cases, inactivation of ARF is accompanied by the concomitant inactivation of p16INK4a (see above).
The fact that DNA damage and oncogenic signaling are relayed
to p53 through separate routes does not mean a complete absence
of inter-connection. In particular, oncogenic signaling may generate
DNA damage through the elevation of reactive oxygen species (ROS)
and through the aberrant firing of replication origins.13,14,57‑60
Finally, some studies using in vitro cultured cells have observed
that ARF may enhance DNA damage signaling,61‑63 although, as
mentioned above, experiments using ARF‑deficient mice do not
support an important implication of ARF in DNA damage.

1008

Cell Cycle

2007; Vol. 6 Issue 9

The Anti-Oncogenic Activity of p53

UT
E

IST
RIB

OT
D

ON

The realization that oncogenic signaling could be more important than DNA damage signaling for the tumor suppressive activity
of p53 is of relevance for the therapeutic approaches targeting p53.
It can be asserted that essentially every solid cancer lacks a normal
p53 response; in approximately half of the tumors this is due to
alterations in p53 itself, whereas in the other half of cancers there are
alterations in p53 regulators. Among these alterations, ARF silencing
and MDM2 overexpression are the most common and relieve selective pressure against the elimination or mutation of p53 itself.1 This
type of tumors retaining potentially proficient, but dampened, p53
should be, in principle, susceptible to drugs that selectively activate
p53. Small molecules such as Nutlin64‑66 and RITA67 impair MDM2
binding to p53 and, thus, stabilize p53. The critical role of ARF in
p53‑mediated cancer protection44,45 supports the concept that these
drugs may constitute an excellent therapeutic approach, because
Nutlin and RITA act similarly to ARF by disrupting the MDM2/
p53 interaction. Moreover, recent data obtained with mouse models
have shown that p53 reactivation in experimental and spontaneous
tumors provokes a dramatic p53‑mediated tumor response.68,69 In
some tumor types, reactivation of p53 resulted in apoptosis, whereas
in other tumor types p53 produced widespread senescence followed
by clearance of the senescent cells by the innate immune system and
tumor regression.68,69 It seems that the time is close for effective
p53‑based cancer therapies.
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