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The cellular response to ionizing radiation provides a conceptual framework for understanding how a yeast checkpoint system, designed to make binary decisions between arrest and cycling, evolved in a way as to allow reversible
arrest, senescence or apoptosis in mammals. We propose that the diversity of responses to ionizing radiation in
mammalian cells is possible because of the addition of a new regulatory control module involving the tumour-suppressor gene p53. We review the complex mechanisms controlling p53 activity and discuss how the p53 regulatory
module enables cells to grow, arrest or die by integrating DNA damage checkpoint signals with the response to normal mitogenic signalling and the aberrant signalling engendered by oncogene activation.

T

he outcome of checkpoint-dependent arrest of the cell cycle
depends on the type of organism involved. In simple eukaryotes, such as yeast, extrinsic DNA damage causes a transient
cell cycle arrest during which DNA damage is repaired. However,
cells with irreparable damage may ultimately continue to cycle,
which can lead to cell death or the fixation and subsequent inheritance of mutations. The probability of an individual cell remaining
viable while incurring harmful mutations may be low, but when
multiplied millions of times in a multicellular organism, the threat
to survival through generation of variants capable of growing
under inappropriate conditions becomes significant. Metazoans
have overcome this problem, in part, by increasing the complexity
of their checkpoint pathways to insure that somatic genomes that
sustain potentially irreparable damage do not give rise to viable
variant progeny (Fig. 1).

Damage sensing, signalling, and cell cycle
responses in yeast
An exquisitely sensitive damage response system evolved in yeast
that detects and responds to a single double-strand break1 (Fig. 1a).
The purpose of the response is to repair DNA damage without fixing a mutation. To this end, yeast cells have integrated DNA repair
systems with mechanisms for delaying the cell cycle delay, or ‘checkpoints’. The initial definition of the term checkpoint was a “control
mechanism enforcing dependency in the cell cycle”2, but it has
become clear that DNA damage checkpoint pathways also control
DNA repair and replication processes in addition to imposing cell
cycle delay. In yeast, cell cycle delays allow time for DNA repair.
Certain mutants (such as chk1− in Schizosaccharomyces pombe and
rad9 in Saccharomyces cerevisiae) abrogate this delay and cause radiation sensitivity that can be largely restored by re-imposing a delay
by other means3,4. However, other mutants such as rad3− (S. pombe)
and mec1 (S. cerevisiae) are far more sensitive to damage, because
they orchestrate damage responses other than cell cycle delay.
It is unclear exactly how DNA damage is initially sensed. Two
large members of the phosphatidylinositol-3-OH kinase (PI(3)K)
family, Mec1/Rad3 (S. cerevisiae/S. pombe) and Tel1 (S. cerevisiae
and S. pombe) are activated in response to DNA lesions (Fig. 1a). It
remains to be seen whether these signalling kinases are activated

directly by interaction with damaged DNA/chromatin, indirectly
through affiliated repair complexes, or whether a combination of
such mechanisms operate. It may be that a combination of activating signals (that is, direct lesion binding and the detection of active
repair proteins) is required for an appropriate checkpoint response.
In support of this, several repair protein complexes have been
implicated in DNA damage sensing and signalling, but not in the
activation of the PI(3)-like kinases in response to all types of DNA
damage5. These include Rad50–Mre11–Xrs2, and the
Rad17–Rfc2–5 putative clamp loading complex in association with
Hus1–Rad1–Rad9, a proposed checkpoint sliding clamp (Fig. 1a).
Although supporting biochemical data has yet to be gathered, it is
proposed that the Rad17–Rfc2–5 complex loads PCNA-like
Hus1–Rad1–Rad9 complexes onto damaged DNA in much the
same way that the Rfc1–Rfc2–5 complex loads PCNA homotrimers
during DNA replication1.
Once DNA damage is detected, the PI(3)-like kinases are capable of phosphorylating multiple replication, repair and checkpoint
proteins. Amongst these are two ‘downstream’ serine-threonine
protein kinases that influence cell cycle progression in both yeasts.
It is important to note that, although one or more of the PI(3)-like
kinases are involved whenever the checkpoint pathways are activated, the downstream target kinase receiving the signal can depend
on the point in the cell cycle when damage is induced. For example,
in S. pombe, damage in S phase leads to activation of the Cds1
kinase, whereas damage induced in late S/G2 activates Chk1(refs
6, 7). However, in S. cerevisiae, Rad53 (the Cds1 homologue) is activated by DNA damage at all stages of the cell cycle, although perhaps by different mechanisms.
Irradiation of S. cerevisiae cells in G1 activates Rad53, which
delays progression through ‘start’ (equivalent to the restriction
point in mammalia n cells) and entry into S phase. This may be
achieved, at least in part, by Rad53-mediated phosphorylation of
Swi6 (ref. 8). Swi6 is a component of both the SCB binding factor
(SBF) and MCB binding factor (MBF) sequence-specific transcription factors. MBF is required to transcribe a range of genes required
for S phase entry and DNA replication. Although Swi6 phosphorylation is correlated with downregulation of the G1 cyclins CLN1
and CLN2, mechanistic links to the checkpoint have not been
explored. In both yeasts, DNA damage in G2 activates downstream
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Figure 1 A schematic representation of the checkpoint pathways in a, yeast,
b, Drosophila and c, mammalian cells. For simplicity, the nomenclature for
yeast is based on S. pombe. The main components of the DNA damage checkpoint

are conserved in all three systems. The addition of a p53 module in Drosophila
seems to have been significantly elaborated during evolution and provides mammalian cells with additional cell fates in response to DNA damage.

kinases (Chk1 in S. pombe; Rad53 and Chk1 in S. cerevisiae) to
induce a mitotic delay. This is achieved by phosphorylating, and
thus regulating, key effectors of mitotic onset. The precise targets
vary between the two organisms. In S. pombe, the key targets of
mitotic onset are the regulators of p34cdc2. Some controversy still
exists over the relative importance of individual proteins, but the
data are consistent with a model in which Chk1 regulates the phosphorylation status of p34cdc2 Tyr 15 by activating the Wee1/Mik1
kinases and inhibiting Cdc25 phosphatase. In S. cerevisiae, the regulation of the p34cdc2 homologue, Cdc28, is not required for mitotic delay. This probably reflects the evolutionary changes necessary
for the mechanism of cytokinesis associated with budding, but provides us with the opportunity to study alternative mechanisms that
may well influence cell cycle delay in other systems, albeit cryptic to
p34cdc2 phosphorylation. Interestingly, two parallel systems operate
in S. cerevisiae: Rad53 phosphorylates Cdc5 (a polo-like kinase that
regulates the anaphase-promoting complex), whereas Chk1 phosphorylates Pds1, an inhibitor of sister chromosome separation and
anaphase9.

break. Defects in the slow-repair component correlate with
increased chromosomal aberrations, presumably because the slow
repair of complex damage is more error prone, and could lead to
elevated misrepair rates (see refs 17–19 for reviews). Thus, were p53
to increase the length of time available for repair in G1, it might
actually increase the probability of generating variants with structural chromosome aberrations derived from the misrepair of complex lesions. This interpretation is consistent with data showing
that p53 does not significantly contribute to repair of DSBS11
(P. Jeggo, personal communication).
We speculated on the use of p53-induced G1 arrest. Loss of
checkpoint-dependent delay generally correlates with radiation
sensitivity in yeast. By contrast, primary mammalian cells lacking
p53 are typically more radiation-resistant than isogenic cells
expressing p53, most likely because p53 activation initiates changes
in gene expression that can result in cell elimination20. Multicellular
organisms can afford to sacrifice cells, and benefit from the reduced
chance of accumulating mutations and undergoing uncontrolled
proliferation21,22. Perhaps one reason the p53 arm of the DNA damage response evolved in metazoans is because it allows cells that
have incurred irreparable damage to be taken out of cycle.

DNA damage response in multicellular eukaryotes
involves p53
In metazoans, the DNA damage response pathway involving the
p53 tumour-suppressor protein seems to elicit similar consequences to SBF and MBF regulation in yeast. We wondered why the
complex regulatory module involving p53 is needed in mammalian
cells when the system in yeast, components of which are highly
conserved, does such an admirable job of responding to so little
DNA damage.
It has been known for almost 40 years that, in contrast to yeast,
ionizing radiation can induce both a transient and a prolonged G1
delay in human and rodent fibroblasts10. Over the past decade, it
has become clear that p53 is absolutely required for prolonged
arrest induced by ionizing radiation, but that the transient delay is
p53 independent11–14 (see ref. 15 for a review and references). It is
often stated that this lengthy p53-induced G1 arrest allows time for
repair, as demonstrated in the yeasts. However, the absence of a sister chromatid to provide a perfect repair template for homologous
recombination (HR) would require that less accurate pathways,
such as non-homologous end joining (NHEJ), mediate the repair
of double-strand breaks (DSBS)16. Circumstantial evidence supports the idea that allowing a prolonged time for repair carries
risks: DSBS induced by ionizing radiation are repaired by both fast
and slow mechanisms, depending on the initial structure of the
E278

The overriding function of p53 is transcriptional
induction
p53 is a sequence-specific transcriptional regulator20,23,24, although
whether this is its primary biological function is the subject of
debate. Transfection studies with p53 mutants that disable the
transactivation domain, and studies with transcription inhibitors,
suggest that p53 could induce apoptosis by both transcriptiondependent and transcription-independent mechanisms25–27. A
transcription-independent function might derive from the binding
of p53 to mitochondrial proteins, a process that has recently been
implicated in the induction of apoptosis under some circumstances28,29. On the other hand, p53 clearly induces the transcription of a variety of genes involved in apoptosis, such as: those
encoding Bcl2 family members; Bax, PUMA and Noxa, death
domain proteins; Fas, DR5 and PIDD, proteins that induce reactive
oxygen species; the plasma membrane protein p53 apoptosis effector related to PMP–22 (PERP); the survival factor antagonist
insulin-like growth factor binding protein 3 (IGF-BP3); and the
apoptosis protease activator apoptotic activating factor 1
(APAF1)23,30–36. The complete deficiency of thymic apoptosis after
irradiation of transgenic mice37, or recombinase-activation gene
(RAG)-reconstituted mice38 engineered to express transcriptionally
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Figure 2 Abbreviated diagram of p53 structural domains, modification sites
and coregulators. Structural domains, some modification sites, and coregulators
are shown for human p53. This is a simplified version of sites at which p53 is modified by phosphorylation, acetylation, ubiquitination and sumoylation, as described in
the text. Some of the enzymes reported to induce modification of the indicated
residues in vivo and in vitro are shown. Residues 373 and 382 are targeted by the
histone acetyl transferase p300/CBP (ref. 51), and residues 370, 373, and 381
may also be targets as they are acetylated by p300/CBP in vitro (T.P. Yao, personal communication). On the basis of mutagenesis studies, and in vitro and in vivo

transcription analyses, we infer that the major regulatory role of acetylation may be
to block MDM2-mediated ubiquitination, and thereby to stabilize p53. Note also that
p53 has been reported to bind a corepressor in the proline-rich domain, and this
has been reported to be central in p53-mediated repression81, which seems to be
important for responses to stresses, such as hypoxia81,145. Some of the many sites
of N-terminal phosphorylation are shown, and some reported functional consequences are summarized in Table 1. Recently, JNK has was reported to phosphorylate human p53 at Thr 81 in response to ultraviolet damage, resulting in stabilization and increased transactivation162.

inactivated p53 genes, demonstrates that p53-dependent transcriptional regulation is critical for this process. However, as no single
gene has emerged to be critical for p53-induced apoptosis, there
may be functional redundancy between genes in the apoptotic
pathway, or different gene combinations may be required in different tissues. The p53 transactivation domain is also of paramount
importance for tumour suppression, as mice containing the transactivation-deficient mutant allele (p53QS) developed the same spectrum of tumours, with the same latency, as isogenic mice with a
p53-null allele37 (M. Nister, X.-Q. Sheng, M. Beeche, T. van Dyke,
C. Yin and G. Wahl, personal communication). Further evidence of
the importance of transcriptional regulation in p53 function comes
from observations that diverse p53-dependent cellular responses to
various forms of DNA damage require transcriptional targets of
p53 (refs 24, 28, 29, 37, 39–46). In conclusion, the data strongly suggest that p53 mediates the majority of its biological functions
through its transactivation domain.

pathways have evolved to limit the abundance of p53, and to prevent its conversion into a nuclear species capable of binding DNA
and activating or repressing target genes (Fig. 2). However, as a
key stress-response protein, rapid activation of p53 is essential.
Both of these goals are achieved by rapid turnover of the protein.
Furthermore, the abundance and capacity of p53 to bind specific
target sequences seems to be regulated predominantly, if not
exclusively, by post-transcriptional mechanisms12. Four important
p53 regulators have emerged thus far: mouse double minute 2
(MDM2), a ring-finger ubiquitin ligase that is both a p53 target
gene and the main determinant of p53 stability; alternative reading frame product (ARF), an inhibitor of MDM2 ubiquitin ligase
function; Ataxia-telangiectasia mutated (ATM) and AT- and
Rad3- related (ATR) large PI(3)-like kinases whose relatives are
involved in the DNA damage response in all eukaryotes analysed
thus far, as well as Chk2, a kinase that is a target for ATM; and
histone acetyl transferases such as p300/CBP51,52.
p53 binds to its response elements best as a tetramer53,54, suggesting that its intranuclear concentration may profoundly affect
binding kinetics. One factor controlling nuclear abundance
involves the export of p53, mediated by a nuclear export sequence
(NES) located in its tetramerization domain55. A second putative
NES in the amino-terminal transactivation domain was identified

Controlling p53 abundance, localization and binding
Much research on p53 has centred around the mechanisms that
regulate its transcriptional activity20,23,24,47–50. As p53 is capable of
dealing a deathblow to cells, it is not surprising that sophisticated
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Table 1 Some modifications implicated in p53 activation and inactivation
Site

Inducers*

Possible consequences

Ser 6, 9

Modifcation
P

Chemotherapy

–

Ser 15

P

IR, UV, Taxol

Reduce MDM2 binding. Increase co-activator binding.
C-terminal acetylation. Histone acetylation of p53RE, open chromatin.
Reduce MDM2 binding, increase stability

Ser 20

P

IR, UV

Reduce MDM2 binding. Increase co-activator binding.
C-terminal acetylation. Histone acetylation of p53RE, open chromatin.
Increase stability

Ser 33, 37

P

IR, UV

Increase transcriptional activation

Ser 46

P

UV (severe damage)

Increase apoptosis

Thr 81

P

UV

Stabilization, increased transactivation

Ser 315

P

–

Nuclear localization. Oligomerization. Modulate target gene selection

Lys 320

Ac

IR, UV

?

Lys 370, 372, 373, 381, 382

Ac

Many stresses

Block ubiquination. Stabilize p53

Lys 370, 372, 373, 381, 382

Ub

–

Required for p53 degradation

Ser 376

P

IR

14-3-3 binding. Increase p53RE binding

Ser 378

De-P’n

IR

14-3-3 binding. Increase p53RE binding

Ser 392

P

UV

Increase tetramerization. Increase p53RE binding and transactivation

* IR, ionizing radiation; UV, ultraviolet radiation; P, phosphorylation; Ac, acetylation; Ub, ubiquitination; De-P’n, Dephosphorylation.

recently35, but it seems weaker than the NES in the tetramerization
domain, as mutation of the latter leads to a predominantly nuclear
localization55–57. The crystal structure of the p53 tetramerization
domain predicts that its NES should be exposed to the export
receptor (probably CRM1) in monomers and dimers, but should
be occluded in p53 tetramers55. This provides a mechanism for
tight linkage between p53 structure and function: factors that
increase p53 abundance and enhance tetramer formation should
increase both p53 nuclear concentration and engagement with p53
response elements.
MDM2 is a key regulator of p53 stability58–62. The early embryonic lethality of MDM2-null mice, and the complete rescue of this
phenotype by p53 deficiency63,64, demonstrates the importance of
MDM2 in p53 regulation. MDM2 binds to p53 in a defined region
of the N terminus, which also comprises the p53 transactivation
domain65–68. A mouse strain expressing the transactivation-deficient mutant allele p53QS, which does not bind MDM2, exhibits
high levels of p53QS protein in unstressed cells, and is not elevated
further by DNA damage37,38. This confirms MDM2 as the key regulator of basal and induced levels of p53 in vivo, but does not preclude contributions from other pathways, such as JNK kinase or
calpain-like proteases69,70, under specific conditions71.
It has been proposed that MDM2 inactivates p53 by mechanisms
other than degradation. For example, because MDM2 binding
occludes the transactivation domain65,66,72, it may physically prevent
association with co-activators. Mutation of Lys 372, 373, 381, 382 to
Ala, or Lys 370, 372, 373, 381, 382 and 386 to Arg, in the p53 carboxyterminal negative regulatory domain, produced p53 that bound
MDM2 but showed little, if any, ubiquitination, was refractory to
degradation, and retained full transcriptional activity even in the
presence of high amounts of MDM2 (refs 73, 74). These observations
suggest that MDM2 may act primarily as a cofactor for p53 degradation. However, as some MDM2 mutants ubiquitinate p53 and downregulate its function without inducing degradation, it is possible that
MDM2 may antagonize p53 by additional mechanisms75.
The N terminus of p53 binds the histone acetylases p300/CBP
and pCAF, which acetylate the C terminus of p53 on lysines targetE280

ed by MDM2 for ubiquitination76–78 (Fig. 2; T.P. Yao, personal communication). This sets up potential competition between
p300/CBP and MDM2. Acetylation was initially proposed to
enhance DNA binding and transactivation; however, a p53 mutant
in which Lys 370, 372, 373, 381 and 382 were changed to arginine
was not detectably acetylated in vitro52 (T.P. Yao, personal communication). Other studies demonstrated that similar mutants bound
p53 response elements and transactivated target genes with an efficiency similar or identical to that of wild-type p53 (refs 73, 74).
Mouse p53QS is also not acetylated, yet it binds p53 response elements constitutively37,38. Furthermore, in vitro analyses of p53 binding to chromatin showed that C-terminal acetylation is not
required for p53 to bind its response element52, although p300/CBP
acetyl transferase activity is required for p53-mediated transactivation. Taken together, these data suggest a model in which recruitment of p300/CBP to the N terminus of p53 leads to C-terminal
acetylation, which negatively affects MDM2-mediated ubiquitination. This should increase p53 stability, and generate more of the
active nuclear-restricted tetramer. Furthermore, p300/CBP bound
to p53 acteylates histones in p53 response elements, leading to
chromatin modifications needed for p53 transactivation52.
There will be more to come concerning the regulation of p53
stability and function by MDM2. For example, MDM2 monoubiquitinates p53 at multiple lysines, but polyubiquitination is
generally required for optimal proteasome-dependent degradation79. Thus, it is likely that another factor, perhaps an E4 (which
promotes poly-ubiquitination), will be required for polyubiquitination of p53, or, alternatively, something may induce a conformational change in MDM2 to enable it to add multiple ubiquitins.
Perhaps this relates to recent studies showing that residues
between the N-terminal MDM2 binding domain and the central
DNA binding domain also contribute to MDM2-mediated p53
degradation80, and that binding of the corepressor mSin3a, to the
PXXP domain, adjacent to the N-terminal transactivation domain,
in some way interferes with the ability of MDM2 to induce p53
degradation81. It is also possible that MDM2 requires a cofactor for
degradation, as mutants in the PXXP region of p53 can be ubiquiNATURE CELL BIOLOGY VOL 3 DECEMBER 2001 http://cellbio.nature.com
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Figure 3 Mechanisms for p53 activation by activated oncogenes. a, During
normal mitogenic signalling, p53 remains inactive. In response to oncogene activation, the available data suggest two mechanisms by which oncogenes might activate p53. The first, (b) proposes that oncogenes activate p53 independently of
DNA damage, while the second, (c) suggests that high-level oncogene expression,
such as occurs in tumours, can generate reactive oxygen species (ROS), which
induce DNA damage and the activation of checkpoint signalling pathways (see text
for more details).

tinated but are not degraded80, and deletion of the acidic domain of
MDM2 enables p53 ubiquitination, but not degradation82. Another
interesting possibility is that the MDM2-related protein MDM4
(also called MDMX) participates with MDM2 in p53 degradation,
as an MDM4-knockout mouse produced early embryonic lethality,
which, like MDM2 deficiency, was rescued by deletion of p53
(ref. 83). Furthermore, MDM2 can bind p300/CBP84 which reportedly inhibits its acetyltransferase activity. Finally, some splice variants of the p53-related protein p63, may compromise p53 function
by acting as dominant negative mutants85–87. It is conceivable that
their expression in certain tissues may titrate p53 function.

Regulation of the ubiquitin ligase function of MDM2
MDM2-mediated ubiquitination of p53 is controlled by ATMdependent mechanisms that regulate the ability of MDM2 to bind
p53, and also by mechanisms that control the ubiquitin ligase function of MDM2. ATM-dependent phosphorylation of human
MDM2 on Ser 395 is one of the most rapid responses to ionizing
radiation, and may compromise p53 degradation88. An important
inhibitor of MDM2 ubiquitin ligase is ARF, a small protein generated from the CDKN4A locus, the same region that encodes the

CDK4 inhibitor p16 (ref. 89). It was initially proposed that ARF
inactivates MDM2 by translocating it to the nucleolus, to physically separate it from p53 (ref. 90). However, a recent study shows that
an ARF mutant that cannot induce MDM2 nucleolar localization
still prevents MDM2 from inducing p53 degradation91. As ARF can
inhibit the ubiquitin ligase function of MDM2 in vitro, inhibition
may be sufficient in vivo to account for its ability to antagonize
MDM2-mediated p53 degradation92. Another way that ARF may
activate p53 is by reducing the capacity of MDM2 to inhibit the
acetyltransferase activity of p300/CBP, thereby enabling increased
acetylation of p53 and the chromatin in its response elements,
resulting in enhanced p53 activation.
ARF is clearly an important component of the p53 regulatory
mechanism as ARF-null mice exhibit almost the same tumour predisposition as p53-null mice93,94. Furthermore, ARF deficiency, like
p53 deficiency, rescues ATM-deficient mouse fibroblasts from premature senescence, and in vitro immortalization of mouse fibroblasts can be achieved by loss of p53 or ARF95. The ability of ARF
deficiency to overcome premature senescence in ATM-deficient
fibroblasts is noteworthy. Premature senescence is thought to result
from intrinsic DNA damage caused by ATM-associated defects in
DNA metabolism, including telomere shortening, or from excessive
production of reactive oxygen species93,94,96. Thus, just as p53 deficiency mitigates the premature senescence resulting from ATM
deficiency through the inability of doubly deficient cells to activate
the senescence programme, ARF deficiency may similarly compromise p53 induction in response to DNA damage. Consistent with
this model, mouse and human ARF are induced by ionizing radiation (ref. 97, and S. Khan and D. Parry, personal communication),
although it is not known whether this is process is ATM dependent.
Whether ARF is important in the DNA damage response has not
been resolved, however, because one analysis showed that ARF-null
mouse embryonic fibroblasts (MEFs) exhibit an arrest deficiency
almost equivalent to that of p21-null MEFs97, whereas a second
study suggested that ARF-null MEFs have a normal radiationinduced arrest response98.
The balance between ATM (see below), ARF, MDM2 and p53 is
likely to be critical in preventing genomic instability during
tumour progression. Thus, breeding of telomerase-deficient mice
to have shortened telomeres reduced tumorigenicity, presumably
because the eroded telomeres in hyperproliferative clones trigger a
p53-dependent cell elimination programme. Breeding telomerasedeficient short-telomere mice with p53-deficient mice generates
animals that exhibit a spectrum of epithelial tumours with genomic instability99–101. In part, this instability derives from the fusion of
eroded telomeres, and subsequent bridge-breakage-fusion cycles of
the resulting dicentric chromosomes. In contrast, breeding the
short-telomere mice with ARF-null mice actually seems to suppress
tumorigenicity. Because the ARF-null mice contain functional p53
and ATM, it is likely that the damaged chromosomes can readily
activate p53 by this route. In this context, it is important to recall
that ARF-null MEFs have a residual or intact p53-mediated DNA
damage response (depending on the data set quoted), which is
apparently sufficient to eliminate genetically aberrant cells in vivo.
As aberrant telomeres can signal through ATM to p53 to induce
senescence or apoptosis102, it may be that eroded or dysfunctional
telomeres deliver such a robust signal through ATM or ATR, that
p53 can be activated even in the absence of ARF. Alternatively,
telomere activation of p53 may work independently of ARF.

ATM kinase function regulates p53 abundance by
multiple mechanisms
It is now clear that homologues of the large PI(3)-like kinase characterized in yeast, one of which is mutated in patients with ataxiatelangiectasia, are critical in p53 activation103. Ataxia-telangiectasia
is a progressive neurodegenerative disease. Patients with the disease
also exhibit a predisposition to cancer and extreme cellular
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radiosensitivity. ATM kinase affects the p53–MDM2 interaction in
several ways.
First, ATM directly phosphorylates p53 Ser 15 (refs 103–105)
(also note that Ser 15 is phosphorylated by DNA-PK106 and ATR107),
which is within the N-terminal transactivation domain.
Phosphorylation of Ser 15 enables the recruitment of co-activators,
such as the histone acetylases p300 and pCAF108 and interferes with
MDM2 binding109. p300 can modify the C-terminal lysine residues
targeted by MDM2, but a mouse mutant with a Ser 18→Ala substitution (equivalent to human Ser 15) underwent normal C-terminal acetylation110. This suggests that either Ser 18 phosphorylation does not recruit acetylases that modify the C terminus, or that
the mouse and human systems are significantly different.
Second, DNA damage induced by ionizing radiation also results
in ATM-dependent activation of Chk2, the human orthologue of the
yeast Rad53/Cds1 kinase111–114. Activated Chk2 phosphorylates Ser 20
of p53, which is within the MDM2-binding region. Phosphorylation
of Ser 20 reduces the binding of MDM2 in cultured cells, and a Ser
20→Ala mutation generates less-stable p53 (refs 115, 116). The
importance of Chk2 in p53 function is indicated by the finding of a
Li-Fraumeni-like cancer predisposition in humans with wild-type
p53 but a defective CHK2, and of defective p53-dependent cell cycle
and apoptotic responses in mouse cells deficient in Chk2 (ref. 117).
Interestingly, p53 stability and transactivation were not altered in a
mutant in which most serines known to be targets for phosphorylation were mutated to alanine118. Importantly, Ser 20 was not among
those residues mutated, consistent with its probable importance in
activation by ionizing radiation.
Third, ATM-dependent dephosphorylation of p53 Ser 376 has
also been reported119. This creates a binding site for a 14-3-3 protein, and has been correlated with p53 activation.
Fourth, a recent study provides yet another way by which ATM
kinase function contributes to p53 activation. ATM was shown to
phosphorylate and stabilize E2F-1 in response to DNA damage, and
this stabilization was required for p53 to induce apoptosis in thymocytes120. Although the precise mechanism has not been elucidated, a clue is provided by the observation that E2F-1 can activate the
ARF promoter121–123. It is possible that damage-induced E2F-1 stabilization could increase p53 levels through ARF-mediated inhibition of MDM2 ubiquitin ligase. This would be consistent with the
ability of DNA damage to increase ARF abundance, and of the efficiency of the arrest induced by ionizing radiation being dependent
on ARF97. However, as Chk2- and p53-deficient thymocytes are
equally defective in apoptosis, mechanisms controlling Chk2 function (ATM, and perhaps others) may predominate in the activation
of p53-dependent apoptotic responses in the thymus, and perhaps
other tissues. Given the myriad ways that ATM interacts with p53,
it is surprising that cells devoid of ATM function still accumulate
p53, although with delayed kinetics124,125. It may be that the related
ATR kinase, which is primarily involved in the response to ultraviolet radiation, can partially complement ATM. It is also unclear
why the late accumulation of p53 in G1 is insufficient to induce a
prolonged G1 arrest. However, previous studies have shown that
p53 must be activated before the restriction point to induce an
arrest in G1 (refs 11, 126). It may be that the delay to p53 activation
in ATM-deficient cells comes too late in G1 for it to have an effect
on inactivation of Rb, the most probable downstream target to
affect progression from G1 into S phase.

Arrest or apoptose: how to choose?
The addition of p53 and its group of regulatory factors to the DNA
damage response pathway allows multiple cell fate decisions. The
importance of cell fate choices in a metazoan is likely to be fundamental. For example, stromal fibroblast–epithelial cell interactions
are required to enable epithelial cells to proliferate and to generate
the correct tissue architecture. Removal of epithelial cells from the
extracellular matrix induces anoikis, a form of cell death127. It is
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possible, therefore, that eliminating fibroblasts would induce
anoikis in the overlying epithelium. It is tempting to speculate that
the higher threshold for induction of apoptosis in human fibroblasts in cell culture might reflect a tissue-protective effect in vivo.
Thus, in human fibroblasts in cell culture, ionizing radiation does
not induce apoptosis, but rather a senescence-like arrest, which is
most efficient when cells are irradiated in G0/G1, and may be mitigated in part by growth conditions11,128–130. Interestingly, tissue
injury induced by balloon catheterization has been linked to the
induction of premature senescence, predominantly in vascular
smooth muscle cells in vivo131. This suggests that in some settings,
maintaining cells rather than eliminating them by apoptosis may be
advantageous. Clearly, additional studies are required to determine
whether radiation induces premature senescence in particular cell
types in vivo, and are necessary to infer a biologic advantage to this
response. By contrast, it is clear that DNA damage induces apoptosis in vivo by a mechanism that requires p53 (refs 21, 22). This may
have a developmental function in thymocytes, as the programmed
DNA breaks that arise during V(D)J recombination in T cell development trigger a p53 response which eliminates thymocytes that
fail to generate a functional pre-T receptor132,133. Signalling from
this receptor through CD3 is reported to block p53-dependent
apoptosis, contributing to the survival of cells that have completed
successful rearrangement132,133.
How does p53 activation effect apoptosis in some cell types and
premature senescence in others? This important question remains
unanswered, but we will raise several possibilities. First, p53 activation could generate apoptotic and cell cycle arrest responses in all
tissues, with the outcome being determined by the intensity of survival signalling in the target cell134. Second, expression analysis suggests that p53 regulates a core set of genes ubiquitously, but also
regulates a significant subset in a manner specific to cell type. It is
possible that different chromatin structures are established in each
p53 target gene during development, thereby predetermining those
capable of responding in the mature tissue. It is also possible that
p53 may bind with different affinities to target genes in different
cells, either because of the presence of competing transcriptional
regulators, or because of cell-type-specific co-activators. Recent
analyses by chromatin immune precipitation (ChIP) demonstrated
that p53 bound with similar affinities to the p21 and MDM2 promoters (ubiquitous targets), but with significantly less affinity to
the pro-apoptotic PIG3 promoter135. Activation of the PIG3 gene
seemed to occur after significant dissociation of p53, suggesting
that recruitment of other factors, or modification of the promoter
by p53 binding, may underlie activation of this gene. In vitro studies also reveal that different p53 response elements in the same
upstream control region may exhibit different requirements for p53
binding and activation52.
An additional layer of control over transcriptional profiles may
result from the effects of different post-translational modifications
on p53–DNA interactions, and/or the regulation of p53 stability.
p53 has many potential phosphorylation and acetylation sites, and
modification by different kinases can influence which target genes
are activated32,136,137. Although it remains to be determined how
promoter binding and chromatin modification will be affected by
p53 modification, ChIP analysis revealed that at least a fraction of
the p53 bound to each of the promoters analysed was phosphorylated at Ser 15, and acetylated at Lys 382, and that acetylation
seemed to differ depending on the way in which DNA damage was
induced135. In vitro studies demonstrated that recruitment of p300
to a promoter by p53 resulted in histone acetylation over an
extended region of the promoter, which correlated with transcriptional activation by p53 (ref. 52).
p53 instigates a time course of transcriptional activation and
repression after DNA damage. Indeed, some genes are unaffected
until many hours after the damaging event. It is likely that the
length of time for which p53 is in its stable, active form, coupled
with its differential affinity for particular gene promoters, may
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affect the time course of p53-dependent expression in a particular
cell, and help determine the final outcome. Similarly, the biological
effects of p53 may depend on the balance of p53-dependent gene
activation and repression. It will also be important to establish how
the network of p53-regulated genes affect the regulation of the
response itself, and how they interact with other transcription
response pathways in a cell-type-dependent manner. More sophisticated microarray and ChIP analyses are required to provide significant insight into these issues.
One hint of how the regulation of p53 may impact on the types
of responses that it can generate comes from analyses of p53 in
Drosophila melanogaster. Drosophila is the most ancient eukaryote
to date to be identified with a p53 homologue138–140. Drosophila p53
lacks an N-terminal regulatory domain, and a C-terminal NES,
both of which are conserved in other metazoans as distantly related as squids and humans. Unlike mammalian p53, which, in some
cell types can induce permanent arrest or apoptosis in response to
DSBS, Drosophila p53 seems capable of inducing only apoptosis138–140 (Fig. 1c). Furthermore, although Drosophila contains an
ATM-related gene (Mei41), thus far they have not been reported to
contain homologues for MDM2 or the MDM2 inhibitor ARF141,142.
One intriguing possibility is that the limited DNA damage
response range of Drosophila derives from the ability to effect only
binary on–off changes in the functional status of p53. By contrast,
in mammalian cells, p53 function is controlled at multiple levels,
which we speculate may allow more finely tuned and diverse
responses to be generated and controlled in accordance with the
cellular environment. Thus, activation of p53 often results in collateral activation of MDM2, but their ability to interact can be
affected by post-translational modifications. Furthermore, in
response to some stresses, like extreme ultraviolet damage, MDM2
is induced only after a long lag period48. This enables p53 to attain
higher levels for longer times, which may be required for activation
of an apoptotic programme. Other stress conditions seem to induce
MDM2 activation soon after p53 itself is activated, resulting in a
‘bait and prey’ negative feedback loop143. This may limit the
amount of functional p53, or the time that it is active, resulting in
a gene expression spectrum that elicits a less drastic biological
response, such as transient arrest.

Hypoxia and the genesis of repression through
corepressor recruitment
We have focused on the activation of p53 by DNA damage, but it is
also clear that other stresses increase p53 activity by a variety of
mechanisms that interfere with MDM2–p53 interactions, or that
affect MDM2 abundance144,145, or ubiquitin ligase activity. Stresses
like microtubule depletion and ribonucleotide pool depletion activate p53, to induce an arrest that is readily reversed when the
offending condition is eliminated50. Hypoxia also activates p53, and
can produce reversible G1 arrest, presumably to prevent cells from
entering S phase, when they are more sensitive to low oxygen146.
Understanding the response to hypoxia is of great clinical significance, as tumours with high hypoxic fractions are more refractory
to radiotherapy147. Hypoxia activates p53 by a mechanism that
involves transcriptional downregulation of MDM2 and other
p53-responsive genes145. Importantly, hypoxia does not result in
C-terminal acetylation145. In contrast to DNA damage and many
other stresses that activate p53, hypoxia seems to reduce the association between p53 and p300 and promote the association of p53
with the corepressor mSin3A81,145. Thus, hypoxia provides an
example of how p53 accumulation is achieved by a mechanism
that involves neither activation of kinases nor association with
histone acetylases, and results in a different downstream transcriptional programme and subsequent biological responses,
through the recruitment of corepressors. Interestingly, hypoxia
can make some oncogenically transformed cells sensitive to p53dependent apoptosis. Consequently, cells that have lost p53 are

highly selected, as they resist hypoxia-induced apoptosis146.

Conflicts between oncogenic signalling and p53
Oncogenes can also trigger the p53 pathway, and this creates a
potential problem for normal mitogenic signalling, as persistent
high-level activation of genes such as Ras, Raf, and c-Myc, can all
induce p53-dependent senescence or apoptosis, depending on the
cell type and precise conditions employed148–151. By contrast,
expression of the same genes in p53-deficient cells promotes unregulated growth and can lead to genetic instability152–155.
How can p53 produce an irreversible arrest in the presence of
excessive oncogene signalling, whereas the same genes activated by
normal mitogenic cues promote cell cycle progression (Fig. 3)? It
has been proposed that high-level oncogene signalling generates
hyperproliferative signals that activate ARF, resulting in MDM2
ubiquitin ligase inhibition, p53 increase, nuclear accumulation and
target gene activation. Although this response has been proposed to
occur in the absence of DNA damage, the permanent removal of
cells from the cell cycle would seems to be inconsistent with other
damage-independent consequences of p53 activation (such as
reversible arrest). One observation used to justify the conclusion
that oncogenic signalling occurs in the absence of DNA damage is
the apparent absence of p53 Ser 15 phosphorylation in response to
adenovirus E1a expression149. However, under certain conditions,
DNA damage can also fail to trigger phosphorylation of p53 at Ser
15, and may induce dephosphorylation at Ser 20 (ref. 156). The ability of E2F-1 to transcriptionally activate ARF, and of some oncogenes to activate E2F-1, provides one way by which oncogenes could
activate p53 in the absence of overt DNA damage. Furthermore, a
recent study demonstrated that activation of c-Myc or E2F-1 could
induce DAP kinase to produce an apoptotic response that requires
ARF-dependent activation of p53, and that this response suppresses
oncogene-induced transformation157. It is noteworthy that p53 and
ARF were still induced by c-Myc and E2F-1 in the absence of DAP
kinase (albeit to lower levels) suggesting that additional means exist
by which c-Myc and E2F-1 can activate them.
Why should oncogene activation incite a response that results in
cell removal if DNA damage has not been inflicted? Perhaps this
provides a way of ensuring that variant cells with aberrant mitogenic programmes do not enter the cycle when the normal developmental programme requires differentiation. A more conservative
response to limit the emergence of such variants would be to activate an arrest that would be reversed, pending mitigation of the
oncogenic signal. On the other hand, if the supraphysiologic levels
of oncogene expression, induced experimentally or resulting from
amplification and other chromosomal changes in human cancers,
induced DNA damage, such draconian consequences would be
consistent with other damage-induced p53 responses. The DNA
damage-induced phosphorylation and stabilization of E2F-1 by
ATM120 could explain the aforementioned involvement of ARF in
the DNA damage response97. However, this still leaves open the
question of whether oncogenes can induce DNA damage, and if so,
by what mechanism.
One intriguing possibility is that normal physiologic processes
involved in mitogenic responses can generate DNA damage, when
carried to the extremes encountered during signalling by activated
oncogenes. Consistent with this proposal, activated Ras has been
reported to induce reactive oxygen species158, and over-expressed Ras,
c-Myc, and c-Mos can generate chromosomal damage152–154. In contrast to the consequences of persistent, high-level oncogene signalling,
recent data have shown that a conditionally activated Raf mutant
actually led to MDM2 induction, mitigation of the p53 response, and
cell cycle progression159. Ras can also activate JunD, which in turn can
inhibit ARF expression160. Thus, the complex regulatory circuitry that
impinges on p53 function provides opportunities to integrate signals
from diverse growth regulatory and DNA damage pathways. The
result is a type of ‘molecular rheostat’ with the potential to activate
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different downstream responses depending on the types, duration
and amplitude of the input signals.

Summary and Perspective
The evolution in unicellular eukaryotes of the prevention of inappropriate cell cycle progression through the activation of checkpoints in response to genotoxic stress allows ‘time for repair’ before
the initiation of S phase and mitosis, and thus prevents cell death.
Cells damaged within S phase also slow replication to co-ordinate
it with repair161. Multicellular systems have different priorities. A
dead cell can be tolerated, but one proliferating inappropriately
may kill the organism. In fact, too much time for repair of complex
lesions, which are repaired with an intrinsically low fidelity, may
well be suppressed. Therefore, checkpoints in multicellular organisms cannot be automatically equated with ‘arrest for repair’.
Instead, they may allow additional cell fate decisions, such as apoptosis or senescent-like G1 arrest, to be made.
The basic DNA damage sensing and signal transduction mechanism (that is, ATM, ATR, Chk1 and Chk2) is conserved between
uni- and multicellular organisms, and is adequate to mediate ‘time
for repair’ delays. The capacity for cell elimination in response to
DNA damage apparently involves insertion of a control module
involving p53, to transactivate downstream apoptotic and/or cell
cycle regulators. To date, the most rudimentary version of this
module examined is found in Drosophila, where a stripped-down
p53 is present that lacks intrinsic control sequences such as the NES
in the tetramerization domain, as well as extrinsic regulators such
as MDM2 and ARF. Mammalian cells employ p53 to respond to
DNA damage, as well as stresses and the presence of regulatory proteins that may or may not induce DNA damage, such as oncogenes
that drive normal cell division but also have the potential to fuel
malignant progression. This requires judgements to be made concerning whether an arrest should be reversible or senescent-like, or
whether a cell death programme should be activated.
Understanding the mechanisms that regulate p53, and identifying the diverse target genes it regulates, will enable us to begin to
formulate hypotheses to answer a number of long-standing fundamental questions. Do irreparable DNA damage, eroded or abnormally structured telomeres, or oncogenes activate p53 in unique
ways to enable the regulation of a subset of target genes that induce
apoptosis or senescence? On the other hand, does the clue to the
phenotypic consequences of p53 activation lie not in p53 itself, but
in its coregulators, ATM, Chk2, MDM2 and ARF, and its ability to
associate with co-activators or corepressors? Could it be that their
contributions affect the amount of p53 present, the length of time it
spends in the nucleus, or the precise ways in which the chromatin of
the target gene is modified? Clearly, the impact of these factors could
profoundly influence the array of target genes that p53 binds and
regulates. Is it possible that the degeneracy of the p53 response elements that control target gene expression determine the kinetics
with which they are activated? It is tempting to speculate that all of
these factors generate a complex regulatory circuitry that enables
this single protein to produce different responses to the same stress
in different tissues. Sophisticated genetic manipulations of yeast,
flies, mice and other model systems, combined with microarray
analyses, bioinformatics and proteomics are likely to provide insight
into some of these important issues. In the end, studies initiated to
understand the cellular responses to ionizing radiation and the
molecular underpinnings of the DNA damage response may reveal
how p53 evolved, as well as providing a robust model for understanding how complex regulatory networks are controlled.
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