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Summary

The p53 tumour suppressor protein can efficiently inhibit
tumour development. This activity reflects its ability to
induce a number of different responses, including cell cycle
arrest and apoptosis. Recent studies have revealed some
interesting insights into how the choice of response to p53
is regulated, highlighting a correlation between the
activation of cell cycle arrest and survival with the ability
of p53 to reduce oxidative stress and protect cells

from genotoxic damage. Understanding the molecular
mechanisms that determine which response is selected may
allow us to modulate these pathways so that therapeutic
reactivation of p53 favours apoptotic cell death in tumour
cells, but a reversible — and therefore far less toxic —
induction of cell cycle arrest in normal cells.
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Introduction

The p53 tumour suppressor gene plays an important role in
preventing cancer development, and loss of p53 function, or
loss of the ability to activate a p53 response, appears to be a
prerequisite for malignant progression. In both mice and
humans, germline mutations in p53 result in a strong
predisposition to cancer (Lozano and Zambetti, 2005). The
mechanisms by which p53 functions to afford us this protection
appear to be related to its ability to respond to stress and
contribute to either the repair of stress-induced damage or the
inhibition of further proliferation of stressed cells. In this way
disparate signals that could constitute oncogenic danger —
such as oxidative stress, DNA damage, hypoxia, oncogene
activation or loss of normal stromal support — all lead to the
induction of a p53 response (Vousden, 2002). However, the
ultimate response to p53 can be quite different, ranging from
a reversible cell cycle arrest to the induction of a number of
irreversible responses, such as cell death or senescence. This
dramatic distinction in the outcome of p53 activation — death
or survival — leads to obvious questions of how the choice of
response is regulated and why p53 initiates these different
responses. To some extent the life or death of the cell is
strongly influenced by the presence or absence of p53-
independent death or survival signals that cooperate with the
pS53-activated responses. However, the activity of p53 can
also be adjusted to favour one response over another. This
Commentary briefly summarises some of the recent insights
into this complex system.

Transcriptional functions of p53

Probably the best understood activity of p53 is as a
transcription factor that has sequence-specific DNA-binding
activity and the potential to induce the expression of a large
number of genes. Although bioinformatics studies suggested
that there may be >4000 human genes that contain p53-binding
sites (Lu, 2005), direct analysis using various chromatin-
immunoprecipitation-based techniques have more recently
placed this number between 500 and 1600 genes (Cawley et

al., 2004; Wei et al., 2006) — still a daunting proposition.
However, some order can be brought to these large numbers if
we group the known genes according to their function. This
reveals much broader possibilities for p53 than has been fully
appreciated. While genes that might contribute to the well-
established responses of cell cycle arrest, apoptosis and DNA
repair are certainly well represented, the identification of
groups of genes that contribute to processes such as
metabolism or cell adhesion indicate that p53 might play an
important role in cells beyond simply determining whether
they arrest or die (Wei et al., 2006).

Of course, the ability of p53 to bind the regulatory region of
any particular gene might result in the up- or down-regulation
of expression, or maybe even both, depending on the
circumstance. Most previous studies have suggested that
genes containing a specific p53-binding site show enhanced
expression in response to p53; the requirements for
transcriptional repression by p53 are less well defined. In
general, transcriptional repression by p53 does not require a
p53-binding site but is mediated indirectly by protein-protein
interactions involving p53 itself or by its downstream targets.
However, examination of a small number of genes with p53-
binding sites suggested that about half would be up- and half
down-regulated in response to p53 activation (Wei et al., 2006).
Indeed, the presence of a p53-binding site can lead to both
repression and activation by p53, depending on other factors
that are available. For example, the interaction of Foxo3a with
p53 results in a switch from repression to activation of SIRT
promoter by p53 in response to nutrient starvation (Nemoto et
al., 2004).

Differential activation of target genes

One of the most interesting aspects of the p53-responsive genes
is that they are not all equally and coordinately regulated in
response to p53. Indeed, the evidence suggests that promoter
selection plays an integral part in determining the response to
p53. This was initially illustrated by the identification of p53
mutants that retain the ability to induce expression of only a
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subset of target genes, when compared with wild-type p53
(Friedlander et al., 1996; Ludwig et al., 1996; Menendez et al.,
2006). The significance of these observations has now been
supported by many studies showing that differences in the
sequence and spacing of the p53-binding site, the overall levels
and post-translational modifications of p53 and the presence or
absence of transcriptional cofactors can all contribute to
promoter selection and choice of response (Fig. 1).

Most of the studies to date examining the differential ability
of p53 to activate target genes have concentrated on the
regulation of cell cycle arrest versus apoptotic targets. A study
examining the binding of p53 to different DNA-binding sites
in yeast and mammalian systems showed a difference in the
ability of p53 to bind sites derived from genes involved in cell
cycle arrest and/or DNA repair compared with genes regulating
mitochondrial apoptotic pathways (Quian et al., 2002).
Although of course not all the potential apoptotic genes were
examined, the results suggest that whereas only the binding site
sequences are required for p53-dependent activation of the
cell cycle arrest genes, additional sequences — and maybe
additional transcription factors that bind DNA independently
of p53 — are needed for the induction of expression of many of
the apoptotic genes. An example of such cooperation is seen
between p53 and NF-kB, another transcriptional activator that

P53 || p53
po3 pS3 Apopos
53 |NF-
m ApODiosis
ASPP)
SLUG 53
Apoptosis
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Fig. 1. Some of the possible mechanisms through which promoter
selection of p53 can be regulated. On the left are mechanisms that
contribute to the activation of a cell-cycle-arrest response. These
include cooperation with other transcription factors, such as Miz,
which may be necessary for activation of cell-cycle-arrest genes like
p21WAFI/CIPI “ag well as factors that repress the induction of apoptotic
gene expression. On the right, are mechanisms that promote cell
death through activation of apoptotic target genes. These may depend
on increased levels of p53 protein, cooperating transcription factors
such as NF-kB, p53-binding proteins like ASPP, or post-translational
modification of p53. Acetylation (Ac) has been linked to both
increased and decreased expression of apoptotic target genes. These
possibilities may be linked — for example, phosphorylation enhances
interaction with proteins such as ASPP.

plays an important role in the regulation of apoptosis. Although
NF-kB is generally associated with inhibition of death, pro-
apoptotic functions of NF-kB have also been described. This
duality extends to its influence on p53: NF-«kB inhibits p53-
induced death in some systems, but is required for efficient
p53-induced apoptosis in others (Ryan et al., 2000; Tergaonkar
et al., 2002). The cooperation between p53 and NF-«kB is most
likely to reflect their ability to function together to induce
expression of apoptotic target genes regulated by promoters
containing both p53- and NF-kB-binding sites, such as that of
the death receptor DRS (Shetty et al., 2005). Similarly, both
p53 and Miz are required for the activation of expression of
p2 I WAFICIPL _ 3 cyclin-dependent kinase (CDK) inhibitor
(Herold et al., 2002), although this cooperation contributes to
cell cycle arrest and survival rather than death. Conversely,
binding of transcriptional repressors to selected promoters that
also contain p53-binding sites can play an important role in
modulating p53 activity. Repression of expression of PUMA —
one of the key p53-induced inducers of cell death — by SLUG
is responsible for protecting hematopoetic progenitor cells
from p53-induced apoptosis (Wu et al., 2005).

Clearly the cooperation between p53 and other transcription
factors that interact with discrete DNA-binding sites within
different promoters can hugely influence the pattern of gene
expression in response to p53. However, additional complexity
is provided by evidence that modulation of p53 itself may also
allow the differential recognition of target-gene promoters.
One interesting possibility is that changes in the conformation
of p53 allow selective recognition of different p53-binding
sites, a suggestion that is supported by the high degree of
flexibility seen in the ability of p53 to bind DNA (Kim and
Deppert, 2006). This model might mean that the mutants of
pS53 that only activate expression of one group of genes are
locked in the conformation that only recognises the binding
sites present in these promoters. Wild-type p53, by contrast,
would presumably be modulated to switch between
conformations, thereby allowing the recognition of different
classes of promoter.

There are a number of mechanisms by which promoter
recognition by p53 seems to be modulated, including post-
translational modification and interaction with other proteins.
In mice, the ability to phosphorylate serine residues 18 and 23
(equivalent to serines 15 and 20 in human p53) is necessary for
apoptosis and tumour suppression, but not cell cycle arrest and
senescence (Chao et al., 2006a). Phosphorylation of human
p53 on serine 46 has been shown to contribute specifically to
the activation of some apoptotic target genes, and mutation of
this phosphorylation site reduces the ability of p53 to induce
cell death but not proliferative arrest (Mayo et al., 2005; Oda
et al., 2000). Phosphorylation of serine 46 can contribute to the
interaction of the second trans-activation domain of p53 with
the p62/Tfb1 subunit of the general transcription factor TFIIH
(Mayo et al., 2005). Although not necessary to induce
expression of all p53 target genes, this interaction may
contribute to the activation of a specific subset of p53-
responsive genes. Phosphorylation at serine 46 has also been
linked to the ability to pS3 to repress expression of galectin-3,
an anti-apoptotic protein that can protect from p53-induced
death (Cecchinelli et al., 2006).

Serine 46 is the target of several kinases, and
phosphorylation at this site by p38 MAP kinase is regulated by
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PPMI1D/Wipl, a phosphatase that is itself a transcriptional
target of p53 (Bulavin et al., 2002). It is possible, therefore,
that selective activation of Wipl determines the outcome
of p53 induction by indirectly regulating serine 46
phosphorylation. Regulation of the apoptotic activity of p53
following differential acetylation of the C-terminus of p53 has
also been shown to modulate apoptotic activity, in part by
affecting the phosphorylation of N-terminal sites (Bulavin et
al., 2002; Chao et al., 2006b; Knights et al., 2006).

Although phosphorylation and other modifications might
directly influence the selection of binding sites by p53, they
may also function less directly, by regulating the interaction of
p53 with co-activator proteins. Several pS3-interacting proteins
may play a role in differential binding of p53 to different sets
of promoters (Bulavin et al., 2002). One of the best described
is the ASPP family of proteins, of which ASSP1 and ASSP2
bind to the DNA-binding domain of p53 to allow induction of
apoptotic genes (Samuels-Lev et al., 2001). Inhibition of these
ASPP proteins by the third family member, iASPP, can
selectively prevent apoptosis in response to p53 (Bergamaschi
et al., 2003). The ASPP proteins also serve a similar function
in the regulation of the response to the p53 family members
p63 and p73 (Bergamaschi et al., 2004). In an interesting twist,
these p53 relatives are themselves required for p53-induced
apoptosis in some cell types (Flores et al., 2002) and can also
play an essential role in allowing the interaction of p53 with
the promoters of some apoptotic genes. pS3-binding proteins
can also selectively impair the ability of p53 to regulate
transcription. Binding to YB1 or MUCI, for example,
selectively inhibits the ability of p53 to induce apoptotic target
genes (Homer et al., 2005, Wei et al., 2005), whereas binding
to KLF5 can abrogate p53-dependent repression of the
inhibitor of apoptosis, Survivin (Zhu et al., 2006)

Transcription-independent apoptotic functions of
p53
As described above, the regulation of gene expression by p53
is complex and subject to numerous levels of regulation.
However, the apoptotic activity of p53 is further complicated
by activities that are not related to transcriptional control, but
reflect a cytoplasmic function of p53 in the regulation of
mitochondrial membrane permeabilisation (Vousden, 2005).
The details of this activity remain to be clarified, but so far the
evidence suggest that p53 can function as a pro-apoptotic BH3-
domain protein that leads to the release of cytochrome ¢ from
the mitochondria and induction of caspases and cell death.
Although this function of p53 is independent of transcription,
an elegant model has been proposed in which activation of
expression of the BH3-only protein PUMA by p53 is necessary
to dislodge cytoplasmic p53 from an inactivating complex it
forms with the anti-apoptotic BH3 domain proteins such as
BclxL (Chipuk et al., 2005). The physiological significance of
this cytoplasmic function of p53 has recently been nicely
supported by the identification of a small-molecule inhibitor of
the p53-BclxL interaction, pifithrin-p (Strom et al., 20006).
Whereas treatment with pifithrin-p. does not affect p53-
dependent transcriptional activation, the drug protects cells
from p53-induced apoptosis in vitro and in vivo.

Obviously, the regulation of the cytoplasmic function of p53
— maybe through control of its subcellular localisation — could
play an important role in determining the response. The export

of p53 from the nucleus can be enhanced by ubiquitylation
within the C-terminus of the protein, a modification that can
also target p53 to the proteasome. Key to the regulation of p53
ubiquitylation is MDM2, a ubiquitin ligase that is an essential
negative regulator of p53 (Vousden, 2002). The amount of
MDM2 available appears to be critical in determining the
outcome: mono-ubiquitylation of p53 by low levels of MDM?2
allows nuclear export, whereas higher levels of MDM?2 result
in poly-ubiquitylation and degradation of p53 by the
proteasome (Li et al.,, 2003). The ability of different
polymorphic forms of p53 to bind MDM2 and be exported has
been linked to the efficiency of apoptotic activity (Dumont et
al., 2003), which suggests that the regulation of export may help
balance cell cycle arrest (which appears to be primarily due to
transcriptional activity of p53) with apoptosis. Cytoplasmic
accumulation of p53 can also be driven by the transcription
factor FOXO3a. Interestingly, despite inhibiting the
transcriptional activity of p53, FOXO3a activation can induce
p53-dependent apoptosis (You et al., 2006), highlighting the
cytoplasmic function for p53 in the induction of cell death.

Survival functions of p53

Clearly, the differential regulation of apoptotic target genes or
cytoplasmic activities that contribute to apoptosis can explain
the ultimate outcome of p53 activation. However, the situation
is more complex because — paradoxically — p53 induces
survival as well as death signals. This function of p53 was first
associated with relatively low levels of p53 expression (Lassus
et al.,, 1996) and growing numbers of p53-induced survival
genes are now being identified — the differential regulation of
which may be crucial in determining the choice of response.
pS53-induced survival genes function through a number of
diverse mechanisms. For example SLUG, the inhibitor of
PUMA expression described above, is itself the product of a
pS3 target gene (Wu et al., 2005). Myosin VI, an
unconventional motor protein, is induced by p53 to aid survival
by maintaining Golgi-complex integrity (Joo et al., 2006).
p21WAFI/CIPL “which is encoded by one of the first p53-target
genes to be identified (El-Deiry et al., 1993), plays a central
role in the activation of both p53-dependent cell cycle arrest
and survival (Polyak et al., 1996).

More recently, a p5S3-mediated ability to lower the levels of
reactive oxygen species (ROS) in cells, and so protect from
oxidative-stress-induced DNA damage and apoptosis, has been
described (Bensaad et al., 2006; Budanov et al., 2004; Sablina
et al., 2005). Products of a number of genes might play a role
in this function of p53, including TIGAR (Bensaad et al.,
2006), which reduces glycolysis and so enhances an alternative
metabolic pathway, the pentose phosphate pathway. This
results in the production of NADPH and thereby the generation
of reduced gluthathione, which can lead to a decrease in
intracellular ROS levels. Similarly, p53-induced expression of
the sestrins provides an antioxidant function for p53 by
protecting cells from hydrogen-peroxide-induced damage
(Budanov et al., 2004). Overall, these antioxidant functions of
pS53 can clearly reduce the apoptotic sensitivity of cells, but
also play an important role in protecting cells from DNA
damage, genomic instability and cancer development (Sablina
et al., 2005). p53 also plays a survival function in response to
glucose deprivation, which induces a p53-response through
AMP-activated protein kinase (Jones et al., 2005).
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Why survive?

In the present models of p53 function, the principal activity of
pS53 is to prevent the outgrowth of damaged or stressed cells
that may develop into malignancies if left unchallenged.
Within a multicellular organism this would seem to be most
efficiently achieved by eliminating any potentially aberrant
cells through apoptosis, and indeed examination of the function
of the p53 ortholog in more simple organisms suggests that the
induction of apoptosis is the more ancient and evolutionarily
conserved function. Why then would p53 adapt to induce a
reversible cell cycle arrest? A hint comes from the clear role
p53 plays in both preventing and repairing DNA damage,
activities that are clearly useful only in a cell that is to be saved.
It has recently become evident that p53 plays an important role
not only under conditions of unusual or severe stress, but also
in response to the milder but more constitutive types of stress
encountered during normal life of the organism. Evidence for
such ‘non-stress’ roles for p53 is growing, and these include a
contribution of p53 to normal development and differentiation
(Hall and Lane, 1997), regulation of the balance between
mitochondrial respiration and glycolysis (Matoba et al., 2006)
and the response to nutrient availability (Nemoto et al., 2004).
The antioxidant activity is an example of a non-restrictive
function of p53 that helps to protect cells from the
accumulation of DNA damage. An attractive model is that the
low levels of p53 that are induced under conditions of normal
proliferation and everyday exposure to stress promote the
induction of a cell cycle arrest (to temporarily halt the
proliferation of the stressed cell), expression of genes that
lower ROS levels (to help cells survive and reduce damage)
and repair of any damage that has occurred. More severe and
irreparable damage, or stress that is associated with oncogene
activation or loss of survival signals, would result in conditions
that allow activation of the apoptotic target genes, and
elimination of the errant cell. Clearly, several other factors also
contribute to the choice of response to pS3 — including the cell
type, other genetic lesions and cellular environment (Polyak et
al.,, 1996; Vousden and Lu, 2002) — and is likely to be
influenced by changes in transcription-independent apoptotic
activities of p53. However, the model predicts that the ultimate
response depends on a shift in the selection of target genes,
which might be achieved through any of the mechanisms
described here (Fig. 2).

The relative importance of apoptotic and other activities of
P53 to tumour suppression is an interesting question. Whereas
activation of apoptosis in developing cancer cells would clearly
be an efficient inhibitor of tumour development, mice
engineered to express p53 that retains only the cell-cycle-arrest
function are remarkably tumour resistant (Liu et al., 2004).
Interestingly, these animals also show genomic stability, in
contrast to their pS3-null siblings, suggesting that this p53
mutant retains antioxidant functions as well. Indeed, this type
of p53 mutant is still able to induce expression of TIGAR —
one of the effectors of p53-mediated antioxidant activity
(Bensaad et al., 2006).

Cancer therapies

Therapeutic strategies that result in the activation of p53 would
benefit from an ability to modulate, or at least take advantage
of, the differential responses to p53 activation. One of the
hopes is that stress specific to cancer cells, such as oncogene

Low/repairable
stress

High/irreparable/oncogenic
stress

(P)_lasee)

53 53
p "

Cell cycle arrest Survival Apoptosis
DNA repair
TIGAR Bax
p21 WAF1/CIP1 p21 WAF1/CIP1 Perp
p53R2 SLUG PIG3
PUMA

Fig. 2. Choice of response to p53 may reflect differential regulation
of cell cycle arrest, and apoptotic and survival promoters. Low or
repairable levels of stress or damage result in the induction of cell
cycle arrest, and repair and survival signals by p53. More severe,
irreparable or oncogenic stress leads to the activation of apoptotic
signals, possibly accompanied by a decrease in expression of the
survival genes (Bensaad et al., 2006).

activation, hypoxia and loss of normal environment and
stromal support, might result in a differential and heightened
sensitivity to undergo apoptosis compared with normal tissue.
A good example of at least one mechanism that might underlie
such a difference between normal and tumour cells is the
control of E2F1, a transcription factor that is found to be
deregulated in virtually all human cancers. E2F1 can cooperate
with p53 to induce cell death, reflecting its ability to drive
apoptotic programmes that are both independent of and
dependent on p53 (Stanelle and Putzer, 2006). Significantly,
E2F]1 induces expression of ASPP1, ASSP2 and p73, each of
which can help p53 to induce apoptotic target gene expression.
So tumour cells with increased E2F1 activity are primed to
show an apoptotic response to p53, compared with normal
cells, by virtue of expression of such apoptotic cofactors for
p33.

How useful this differential between normal and tumour
cells in their response to pS3 will prove to be in practise is still
somewhat a matter of faith. Clearly, activation of p53 in normal
tissues following inducible loss of MDM2 can induce
apoptosis in certain normal tissue types, which suggests that
the tumour-to-normal-cell differential may not be as tight as
one might have hoped (Marine et al., 2006). But maybe a less
robust activation of p53 — possibly achieved by using inhibitors
of MDM2 that are not completely effective — could reveal the
hoped for differential in response. Certainly, initial studies of
one class of such inhibitors, nutlin-3, have suggested that,
although efficient in reducing tumour burden, such MDM?2
inhibitors are not generally toxic to mice (Vassilev et al., 2004).

Unfortunately, =~ whereas many of the current
chemotherapeutic drugs efficiently activate p53, they also elicit
severe collateral damage in normal tissue. This is likely to
reflect both p53-dependent and -independent responses to these
drugs, many of which show strong genotoxic activity leading
to severe short-term and long-term side effects. The differential
sensitivity of normal and tumour cells to p53-induced
apoptosis is also eroded by these drugs. In just one example,
it has been shown that DNA-damaging agents, such as
chemotherapeutics, also directly activate E2F1 (Blattner et al.,
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1999). Since deregulated E2F1 is likely to contribute to the
enhanced sensitivity of tumour cells to apoptosis, activation in
normal cells is likely to narrow — or even eliminate — the
differential response to pS53. It seems probable that specific
inducers of p53, like the MDM?2 inhibitors presently under
development or drugs that can reactivate mutant p53, will have
significant advantages over the current chemotherapeutic agents
used in the clinic now. Use of p53 inhibitors may also prove
effective to reduce the side effects of conventional therapeutics,
which induce considerable p53-dependent toxicity in normal
tissues (Komarov et al., 1999; Strom et al., 2006). As small-
molecule modulators of p53 activity become clinically
available, more sophisticated treatment options that involve the
temporal manipulation of p53 activity may help to avoid
therapy-induced toxicity while retaining p53-dependent
protection from tumour development will become available
(Christophorou et al., 2006). The hope is that our understanding
of how outcomes to p53 activation are controlled will help us
design more effective, less toxic treatment options.

I am extremely grateful to Karim Bensaad for all of his helpful
comments and funding from Cancer Research UK.

References

Bensaad, K., Tsuruta, A., Selak, M. A., Vidal, M. N., Nakano, K., Bartrons, R.,
Gottlieb, E. and Vousden, K. H. (2006). TIGAR, a p53-inducible regulator of
glycolysis and apoptosis. Cell 126, 107-120.

Ber hi, D., S Is-Lev, Y., O’Neil, N. J., Trigiante, G., Crook, T., Hseih, J.
K., O’Conner, D. J., Zhong, S., Compargue, 1., Tomlinson, M. L. et al. (2003).
iASPP oncoprotein is a key inhibitor of p53 conserved from worms to humans. Nat.
Genet. 33, 162-167.

Berg hi, D., S Y., Jin, B., Duraisingham, S., Crook, T. and Lu, X. (2004).
ASPP1 and ASPP2: common activators of p53 family members. Mol. Cell. Biol. 24,
1341-1350.

Blattner, C., Sparks, A. and Lane, D. (1999). Transcription factor E2F-1 is upregulated
in response to DNA damage in a manner analogous to that of p53. Mol. Cell. Biol. 19,
3704-3713.

Budanov, A. V., Sabli A. A., Feinstein, E., Koonin, E. V. and Chumakov, P. M.
(2004). Regeneration of peroxiredoxins by pS53-regulated sestrins, homologs of
bacterial AhpD. Science 304, 596-600.

Bulavin, D. V., Demidov, O. N., saito, S., Kauraniemi, P., Phillips, C., Amundson, S.
A., Ambrosino, C., Sauter, G., Nebreda, A. R., Anderson, C. W. et al. (2002).
Amplification of PPM1D in human tumors abrogates p5S3 tumor-suppressor activity.
Nat. Genet. 31, 210-215.

Cawley, S., Bekranov, S., Ng, H. H., Kapranov, P., Sekinger, E. A., Kampa, D.,
Piccolboni, A., Sementchenko, V., Cheng, J., Williams, A. J. et al. (2004). Unbiased
mapping of transcription factor binding sites along human chromosomes 21 and 22
points to widespread regulation of noncoding RNAs. Cell 116, 499-509.

Cecchinelli, B., Lavra, L., Rinaldon, C., Iacovelli, S., Gurtmer, A., Gasbarri, A.,
Ulivieri, A., Del Prete, F., Trovato, M., Piaggio, G. et al. (2006). Repression of the
antiapoptotic molecular Galectin-3 by homeodomain-interacting protein kinase 2-
activated p53 is required for p53-induced apoptosis. Mol. Cell. Biol. 26, 4746-4757.

Chao, C., Herr, D., Chun, J. and Xu, Y. (2006a). Ser18 and 23 phosphorylation is
required for p53-dependent apoptosis and tumor suppression. EMBO J. 25, 2615-2622.

Chao, C., Wu, Z., Mazur, S. J., Borges, H., Rossi, M., Lin, T., Wang, J. Y. J.,
Anderson, C. W., Appella, E. and Xu, Y. (2006b). Acetylation of mouse p53 at lysine
317 negatively regulates p53 apoptotic activity after DNA damage. Mol. Cell. Biol. 26,
6859-6869.

Chipuk, J. E., Bouchier-Hayes, L., Kuwana, T., Newmeyer, D. D. and Green, D. R.
(2005). PUMA couples the nuclear and cytoplasmic proapoptotic function of p53.
Science 309, 1732-1735.

Christophorou, M. A., Ring} L, Finch, A. J., Brown Swigart, L. and Evan, G.
L. (2006). The pathological p53-mediated response to DNA damage is distinct from
p53-mediated tumor suppression. Nature 14, 214-217.

Dumont, P, Leu, J. L., Della Pietra, A. C., George, D. L. and Murphy, M. P. (2003).
The codon 72 polymorphic variants of p53 have markedly different apoptotic potential.
Nat. Genet. 33, 357-365.

El-Deiry, W., Tokino, T., Velculescu, V. E., Levy, D. B., Parson, V. E., Trent, J. M.,
Lin, D., Mercer, W. E., Kinzler, K. W. and Vogelstein, B. (1993). WAF1, a potential
mediator of p53 tumour suppression. Cell 75, 817-825.

Flores, E. R., Tsai, K. Y., Crowley, D., Sengupta, S., Yang, A., McKeon, F. and Jacks,
T. (2002). p63 and p73 are required for pS3-dependent apoptosis in response to DNA
damage. Nature 416, 560-564.

Friedlander, P., Haupt, Y., Prives, C. and Oren, M. (1996). A mutant p53 that

discriminated between p53 responsive genes cannot induce apoptosis. Mol. Cell. Biol.
16, 4961-4971.

Hall, P. A. and Lane, D. P. (1997). Tumor suppressors: a developing role for p53? Curr.
Biol. 7, R144-R147.

Herold, S., Wanzel, M., Beuger, V., Frohme, C., Beul, D., Hillukkala, T., Syvaoja, J.,
Saluz, H.-P., Haenel, F. and Eilers, M. (2002). Negative regulation of the mammalian
UV response by Myc through association with Miz-1. Mol. Cell 10, 509-521.

Homer, C., Knight, D. A., Hananeia, L., Sheard, P., Risk, J., Lasham, A., Royds, J.
A. and Braithwaite, A. W. (2005). Y-box factor YB1 controls p53 apoptotic function.
Oncogene 24, 8314-8325.

Jones, R. G., Plas, D. R., Kubek, S., Buzzai, M., Mu, J., Xu, Y., Birnbaum, M. J. and
Thompson, C. B. (2005). AMP-activated protein kinase induces a p53-dependent
metabolic checkpoint. Mol. Cell 18, 283-293.

Jung, E. J., Liu, G., Zhou, W. and Chen, X. (2006). Myosin VI is a mediator of the
p53-dependent cell survival pathway. Mol. Cell. Biol. 26, 2175-2186.

Kim, E. and Deppert, W. (2006). The versatile interactions of p53 with DNA: when
flexibility serves specificty. Cell Death Differ. 13, 885-889.

Khnights, C. D., Catania, J., Di Giovanni, S., Muratoglu, S., Perez, R., Swartzbeck,
A., Quong, A. A., Zhang, X., Beerman, T., Pestell, R. G. et al. (2006). Distinct p53
acetylation cassettes differentially influence gene-expression patterns and cell fate. J.
Cell Biol. 173, 533-544.

K ov, P. G., K ova, E. A., Kondratov, R. V., Christov-Tselkov, K., Coon, J.
S., Chernov, M. V. and Gudkov, A. V. (1999). A chemical inhibitor of p53 that
protects mice from the side effects of cancer therapy. Science 285, 1733-1737.

Lassus, P, Ferlin, M., Piette, J. and Hibner, U. (1996). Anti-apoptotic activity of low
levels of wild type p53. EMBO J. 15, 4566-4573.

Li, M., Brooks, C. L., Wu-Baer, F., Chen, D., Baer, R. and Gu, W. (2003). Mono-
versus polyubiquitination: differential control of p53 fate by Mdm?2. Science 302, 1972-
1975.

Liu, G., Parant, J. M., Lang, G., Chau, P.,, Chavez-Reyes, A., El-Naggar, A. K.,
Multani, A., Chang, S. and Lozano, G. (2004). Chromosomal stability, in the absence
of apoptosis, is critical for suppression of tumorigenesis in Trp53 mutant mice. Nat.
Genet. 36, 63-68.

Lozano, G. and Zambetti, G. P. (2005). What have animal models taught us about the
p53 pathway? J. Pathol. 205, 206-220.

Lu, X. (2005). p53: a heavily dictated dictator of life and death. Curr. Opin. Genet. Dev.
15, 27-33.

Ludwig, R. L., Bates, S. and Vousden, K. H. (1996). Differential transcriptional
activation of target cellular promoters by p53 mutants with impaired apoptotic function.
Mol. Cell. Biol. 16, 4952-4960.

Marine, J. C., Francoz, S., Maetens, M., Wahl, G., Toledo, F. and Lozano, G. (2006).
Keeping p53 in check: essential and synergistic functions of Mdm2 and Mdm4. Cell
Death Differ. 13, 927-934.

Matoba, S., Kang, J. G., Patino, W. D., Wragg, A., Boehm, M., Gavrilova, O., Hurley,
P. J., Bunz, F. and Hwang, P. M. (2006). p53 regulates mitochondrial respiration.
Science 312, 1650-1653.

Mayo, L. D., Seo, Y. R., Jackson, M. W., Smith, M. L., Rivera Guzman, J.,
Korgaonkar, C. K. and Donner, D. B. (2005). Phosphorylation of human p53 at serine
46 determines promoter selection and whether apoptosis is attenuated or amplified. J.
Biol. Chem. 280, 25953-25959.

Menendez, D., Inga, A. and Resnick, M. A. (2006). The biological impact of the human
master regulator pS53 can be altered by mutations that change the spectrum and
expression of its target genes. Mol. Cell. Biol. 26, 2297-2308.

Nemoto, S., Fergusson, M. M. and Finkel, T. (2004). Nutrient availability regulates
SIRT1 through a forkhead-dependent pathway. Science 306, 2105-2108.

Oda, K., Arakawa, H., Tanaka, T., Matsuda, K., Tanikawa, C., Mori, T., Nishimori,
H., Tamai, K., Tokino, T., Nakamura, Y. et al. (2000). p53AIP1, a potential mediator
of p53-dependent apoptosis, and its regulation by Ser-46-phosphorylated p53. Cell 102,
849-862.

Polyak, K., Waldman, T., He, T.-C., Kinzler, K. W. and Vogelstein, B. (1996).
Genetic determinants of p53-induced apoptosis and growth arrest. Genes Dev. 10,
1945-1952.

Quian, H., Wang, T., Naumovski, L., Lopez, C. D. and Brachmann, R. K. (2002).
Groups of p53 target genes involved in specific p53 downstream effects cluster into
different classes of p53 binding sites. Oncogene 21, 7901-7911.

Ryan, K. M., Ernst, M. K., Rice, N. R. and Vousden, K. H. (2000). Role of NF-kB in
p53-mediated programmed cell death. Nature 404, 892-897.

Sablina, A. A., Budanov, A. V., Ilyinskaya, G. V., Agapova, L. S., Kravchenko, J. E.
and Chumakov, P. M. (2005). The antioxidant function of the p53 tumor suppressor
gene. Nat. Med. 11, 1306-1313.

Samuels-Lev, Y., O’Conner, D. J., Ber hi, D., Trigi G., Hsieh, J.-K.,
Zhong, S., Campargue, 1., Naumovski, L., Crook, T. and Lu, X. (2001). ASPP
proteins specifically stimulate the apoptotic function of p53. Mol. Cell 8, 781-794.

Shetty, S., Graham, B. A., Brown, J. G., Hiu, X., Vegh-Yarema, N., James, G. H. and
Gibson, S. B. (2005). Transcription factor NF-«B differentially regulates death
receptor 5 expression involving histone deacetylase 1. Mol. Cell. Biol. 25, 5404-5416.

Stanelle, J. and Putzer, B. M. (2006). E2F1-induced apoptosis: turnign killers into
therapeutics. Trends Mol. Med. 12, 177-185.

Strom, E., Sathe, S., Komarov, P. G., Chernova, O. B., Pavlovska, I., Shyshynova, L.,
Bosykh, D. A., Burdelya, L. G., Macklis, R. M., Skaliter, R. et al. (2006). Small-
molecule inhibitor of p53 binding to mitochondria protects mice from gamma radiation.
Nat. Chem. Biol. 2, 474-479.

Tergaonkar, V., Pando, M., Vafa, O., Wahl, G. and Verma, 1. (2002). p53 stabilization




()
(&)
c
Q2
O
w
©
o
“—
(@)
©
[
—
>
(@)
S

5020 Journal of Cell Science 119 (24)

is decreased upon NFkappaB activation: a role for NFkappaB in acquisition of
resistance to chemotherapy. Cancer Cell 1, 493-503.

Vassilev, L. T., Vu, B. T., Graves, B., Carvajal, D., Podlaski, F., Filipovic, Z., King,
N., Kammlott, U., Lukacs, C., Klein, C. et al. (2004). In vivo activation of the p53
pathway by small-molecular antagonists of MDM2. Science 303, 844-848.

Vousden, K. H. (2002). Activation of the p53 tumor suppressor gene. Biochem. Biophys.
Acta 1602, 47-59.

Vousden, K. H. (2005). p53 and PUMA: a deadly duo. Science 309, 1685-1686.

Vousden, K. H. and Lu, X. (2002). Live or let die: the cell’s response to p53. Nat. Rev.
Cancer 2, 594-604.

Wei, X., Xu, H. and Kufe, D. (2005). Human MUC1 oncoprotein regulates p53-reponsive
gene transcriptioninthe genotixic stress response. Cancer Cell 7, 167-178.

Wei, C.-L., Wu, Q., Vega, V. B,, Chiu, K. P., Ng, P., Zhang, T., Shahab, A., Yong, H.
C., Fu, Y., Weng, Z. et al. (2006). A global map of p53 transcription-factor binding
sites in the human genome. Cell 124, 207-219.

Wu, W.-S., Heinrichs, S., Xu, D., Garrison, S. P., Zambetti, G. P., Adams, J. M. and
Look, A. T. (2005). Slug antagonizes p53-mediated apoptosis of hematopoietic
progenitors by repressing puma. Cell 123, 641-653.

You, H., Yamamoto, K. and Mak, T. W. (2006). Regulation of transactivation-
independent proapoptotic activity of p53 by FOXO3a. Proc. Natl. Acad. Sci. USA 103,
9051-9056.

Zhu, N, Gu, L., Findley, H. W., Chen, C., Dong, J. T., Yang, L. and Zhou, M. (2006).
KLF5 interacts with p53 in regulating survivin expression in acute lymphoblastic
leukemia. J. Biol. Chem. 281, 14711-14718.



