
The p53 family and programmed cell death

E. Christine Pietsch1, Stephen M. Sykes2, Steven B. McMahon3, and Maureen E. Murphy1

1Division of Medical Sciences, Fox Chase Cancer Center, 333 Cottman Avenue, Philadelphia PA, 19111.

2Brigham and Women's Hospital, 1 Blackfan Circle, Boston, MA 02115.

3Kimmel Cancer Center, Thomas Jefferson Medical College, 233 S. 10th St. Philadelphia, Pennsylvania
19107

Abstract
The p53 tumor suppressor continues to hold distinction as the most frequently mutated gene in human
cancer. The ability of p53 to induce programmed cell death, or apoptosis, of cells exposed to
environmental or oncogenic stress constitutes a major pathway whereby p53 exerts its tumor
suppressor function. In the past decade we have discovered that p53 is not alone in its mission to
destroy damaged or aberrantly proliferating cells: it has two homologues, p63 and p73, that in various
cellular contexts and stresses contribute to this process. In this review, the mechanisms whereby p53,
and in some cases p63 and p73, induce apoptosis are discussed. Whereas other reviews have focused
more extensively on the contribution of individual p53-regulated genes to apoptosis induction by
this protein, in this review we focus more on those factors that mediate the decision between growth
arrest and apoptosis by p53, p63 and p73, and on the post-translational modifications and protein-
protein interactions that influence this decision.
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The p53 family
The tumor suppressor p53 is vital in maintaining cellular genomic integrity and controlled cell
growth (Levine, 1997; Bargonetti and Manfredi, 2002; Fridman and Lowe, 2003). Loss or gain
of p53 function results in the aberrant growth of cells. Hence, both the cellular expression and
activity of p53 are tightly regulated. p53 protein has a very short half life and thus is usually
present at extremely low levels within cells. In response to stress, DNA damaging agents, and
chronic mitogenic stimulation, p53 is transiently stabilized and activated. Depending on cell
type, cell environment and oncogenic alterations, p53 activation leads to inhibition of cell cycle
progression, induction of senescence, differentiation, or apoptosis (Vousden and Lu, 2002).
Over a decade after the identification of the tumor suppressor p53, two p53-related genes, p63
and p73, were identified (Kaghad et al., 1997; Schmale and Bamberger, 1997; Osada et al.,
1998; Trink et al., 1998; Yang et al., 1998; Zeng et al., 2001). Like p53, both p63 and p73
possess an amino-terminal transactivation domain (TAD), a DNA binding domain (DBD), and
a carboxyl-terminal oligomerization domain (OD) (Murray-Zmijewski et al., 2006). While p63
and p73 demonstrate relatively little homology with p53 in their TAD and OD, both share
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approximately 60% similarity with the p53 DBD, including conservation of essential DNA
contact residues (DeYoung et al., 2007) (see Figure 1). This similarity allows p63 and p73 to
regulate p53 target genes and, similar to p53, to induce cell cycle arrest and apoptosis. However,
studies of knockout mice have demonstrated that, even though these proteins clearly share
some activities with p53, each of these proteins also has functions that are very distinct.
TP53 null mice are viable and develop normally (Donehower et al., 1992). In contrast, p63
knockout mice show severe developmental defects, including failure to develop limbs, skin
and other epithelial tissue; these mice do not survive beyond a few days after birth (Mills et
al., 1999). p73 knockout mice exhibit neuro-developmental (hippocampal dysgenesis and
hydrocephalus) and inflammatory (chronic infections and excessive inflammation) defects
(Yang et al., 2000).

Isoforms of p53 family members
The p53, p63 and p73 genes are located on chromosomes 17 (17p13.1), 3 (3q27–29) and 1
(1q36), respectively, and all three genes are now known to express many differentially spliced
isoforms (Muller et al., 2006; Murray-Zmijewski et al., 2006). All three genes encode two
primary transcripts that are controlled by separate promoters (P1 and P2) (Figure 1). The P1
promoter of each gene is embedded in a non-coding region of exon 1. The P2 promoter of p63
and p73 is located in intron 3 while the P2 promoter of p53 is located in intron 4. Transcripts
generated from the P1 promoter produce proteins that contain the TAD, the DBD, and the OD
(TAp53, TAp63, and TAp73). In contrast, transcripts generated from the P2 promoter are
missing the amino terminal TAD (Δ133p53, ΔNp63, and ΔNp73). These ΔN-terminal variants
are generally regarded as dominant negative versions of p53 family members, as these can
occupy promoter-binding sites but fail to transactivate gene expression. For both p53 and p73
additional ΔN variants can be generated by alternative splicing of the N-terminus or alternative
initiation of translation (Δ40p53, Δex2p73, and Δex2/3p73) (Muller et al., 2006; Murray-
Zmijewski et al., 2006). Additional complexity to p53 family member isoforms is added by
virtue of the fact that P1 and P2 transcripts can be spliced at the C-terminus into several splice
variants (α, β, γ, etc.). For p53, transcription from the P1 and P2 promoters and alternative
splicing of intron 9 can generate at least six p53 isoforms, including three TA variants (p53,
p53β & γ) and three ΔN variants (Δ133p53, Δ133p53β & γ). For p63 three TA variants
(TAp63α, TAp63β, TAp63γ) and three ΔN variants (ΔNp63α, β & γ) have been identified.
Finally, for p73, eight different isoforms from the p73 P1 promoter and P2 promoter elements
have been described (TA and ΔN p73α, β, γ, δ, ε, ζ, η, & θ).

Tumor suppression by p53 family members
p53 can be found biallelically mutated or deleted in over 50% of human tumors, and there are
p53 mutation databases containing a wealth of information in this regard (Olivier et al.,
2002). Germline mutations in p53 are found in Li Fraumeni syndrome, a tumor-prone disorder
predisposing affected individuals to tumors of the brain, breast, bone and adrenal cortex
(Malkin et al., 1992). Finally, the p53-knockout mouse is predisposed to early onset tumors,
chiefly thymic lymphoma, sarcoma, and testicular tumors (Donehower et al., 1992).

p63 and p73 map to two regions within the human genome that are often altered and deleted
in cancers, respectively (Kaelin, 1999). This observation, combined with the observation that
p63 and p73 mimic p53 action in tissue culture when over-expressed, suggests that p63 and
p73 have tumor suppressive properties analogous to p53. However, characterization of these
proteins as bona fide tumor suppressors has not been straightforward. Studies aimed at
identifying mutations within the p63 and p73 gene in human cancers have demonstrated that,
while p53 is mutated in 50% of all human cancers, p63 and p73 mutations occur rarely (Irwin
and Kaelin, 2001; Melino et al., 2003; Deyoung et al., 2007). Rather, altered expression of p63
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and p73 isoforms is more commonly observed (Muller et al., 2006). For example, p63 is
upregulated in 80% of head and neck squamous cell carcinomas (HNSCCs), with ΔNp63 being
the predominant isoform overexpressed (Weber et al., 2002; Sniezek et al., 2004; DeYoung
et al., 2006; Rocco et al., 2006). ΔNp63 overexpression is observed in over 60 % of bladder
carcinomas (Park et al., 2000), while loss of TAp63 expression occurs in bladder cancer and
is associated with metastasis and poor prognosis (Urist et al., 2002; Koga et al., 2003). Similar
to p63, altered expression of p73 occurs in a multitude of different cancers (Muller et al., 2006).
Recent studies analyzing p73 isoform expression indicate that both TAp73 and ΔNp73
isoforms are upregulated in ovarian cancer and rhabdomyosarcomas (Concin et al., 2004; Cam
et al., 2006), while exclusive upregulation of ΔNp73 isoforms can be observed in gliomas as
well as carcinomas of the breast and colon (Dominguez et al., 2006; Wager et al., 2006). Down-
regulation of TAp73 is found in lymphoblastic leukemias and Burkitt’s lymphoma as a result
of p73 P1 promoter methylation (Corn et al., 1999; Kawano et al., 1999). The general, but by
no means definitive, consensus appears to be that either methylation-mediated silencing of the
entire gene, or upregulation of the dominant-negative ΔN variant, predominates in human
tumors for p53 family members. How upregulation of specific ΔN variants occurs in human
tumors is not presently understood.

Research on the predisposition of p63 and p73 knockout mice to tumor development has been
conflicting and has added to the complexity of defining p63 and p73 as tumor suppressor
proteins. p73 knockout mice do not develop spontaneous tumors (Yang et al., 2000) and
heterozygous p63 mice are not tumor prone, nor do they develop tumors at an accelerated rate
upon exposure to chemical carcinogens (Keyes et al., 2006). In fact, p63 deficiency was found
to induce a cellular senescence program, increased aging, and shortened life span (Keyes et
al., 2008). In contrast to these observations is a study examining tumor development in aging
heterozygous p63 and p73 knockout mice. This study demonstrated that p63+/− and p73+/−
mice develop spontaneous tumors, similar to p53+/− mice, with a median survival time of 10
months for p53+/−, 15 months for p63+/−, and 14 months for p73+/− (Flores et al., 2005).
These latter data offer the firmest evidence that p63 and p73 have tumor suppressive properties
analogous to p53.

Further evidence that p63 and p73 have tumor suppressor function comes from four
independent observations: 1.) siRNAs specific for p63 and p73 enhance the transformation
potential of p53 −/− mouse embryo fibroblasts (Lang et al., 2004); 2.) Both p63 and p73 can
mediate chemo-sensitivity independent of p53 status by induction of apoptosis (Irwin et al.,
2000; Bergamaschi et al., 2003a; Irwin et al., 2003; Lang et al., 2004; Gressner et al., 2005);
3.) Within tumor cells mutant p53 directly binds to both p63 and p73 via the DNA binding
domain, rendering p63 and p73 impaired in their ability to induce growth suppression and
apoptosis (Di Come et al., 1999; Marin et al., 2000; Gaiddon et al., 2001; Strano et al.,
2002); and 4.) Silencing mutant p53 expression by siRNA-mediated knockdown sensitizes
cells to anticancer agents (Bergamaschi et al., 2003a). These observations indicate that
inactivation of p63 and p73 confers a growth advantage to tumor cells that have mutant forms
of p53. Binding of mutant p53 to p73 is influenced by a polymorphism at codon 72, which
encodes either arginine or proline. p53 mutants associated with the arginine polymorphic
variant bind and inactivate p73 most efficiently (Marin et al., 2000; Bergamaschi et al.,
2003a). Consistent with this observation, these p53 mutants demonstrate a less favorable
response to chemotherapy (Bergamaschi et al., 2003a). Likewise, in osteosarcoma cells from
p53R172H (equivalent to human hotspot mutant R175H) knock-in mice, mutant p53 co-
immunoprecipitates and functionally inactivates p63 as well as p73, resulting in enhanced
cellular transformation (Lang et al., 2004). Collectively, these observations suggest that p63
and p73 may complement, and in some situations may substitute for, the actions of p53.
However, which effects p63 and p73 exert on cell proliferation and death may ultimately
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depend on the cellular context and genetic background, since p63 and p73 may not be required
for the development and apoptosis of all cell types (Senoo et al., 2004).

Apoptosis by p53
Transcription-dependent apoptosis

The best understood activity of p53 is as a transcription factor that binds to the promoters and
introns of target genes, and recruits the basal transcriptional machinery to activate expression
of that gene. In 1992, a paper that searched for the consensus binding site for p53 using an
unbiased affinity binding approach revealed that p53 bound best to two tandem repeats of the
consensus 5’-Pu-Pu-Pu-C-(A/T)-(T/A)-G-Pyr-Pyr-Pyr-3’, where Pu is purine, and Pyr is
pyrimidine, separated by 0–13 bases (el-Deiry et al., 1992). Since that time, literally hundreds
of p53 target genes have been identified, and each contain one or more consensus sites in their
5’ promoter regions, introns, and in some cases, exons. These include p53AIP1, Apaf-1, BAX,
Caspase-1, Caspase-6, cathepsin D, DINP1, DR4, DR5, Fas, IGF-BP3, NOXA, p85, PERP,
PIDD, PIG3, PTEN, PUMA, Scotin, EI24/PIG8, as well as others (for review see Riley et
al., 2008). Once bounds to the promoter regions of these genes, p53 recruits general
transcription factors as well as histone acetyltransferases (HATs), such as CBP, p300 and
PCAF. These HATs acetylate lysine residues of histones, thereby increasing the accessibility
of chromatin to the transcriptional apparatus.

Two p53 target genes deserve specific mention as being particularly important in the apoptotic
armamentarium of p53: these are PUMA and NOXA, BH-3 only members of the BCL-2 family.
Mice lacking either PUMA or NOXA, or mice doubly-knocked out for both genes (PUMA/
NOXA double knockout) develop normally and are not tumor-prone (Jeffers et al., 2003;
Villunger et al., 2003; Michalak et al., 2008). The importance of PUMA to p53-dependent
apoptosis is underscored by the fact that thymocytes and cells from the developing nervous
system from the PUMA knockout mice are almost completely impaired for p53-dependent
apoptosis, to levels equivalent to the p53 knock-out mouse (Jeffers et al., 2003). In contrast,
apoptosis in other cell types of the PUMA knockout mouse is only partially impaired, and in
these cells NOXA appears to contribute. For example, in mouse embryo fibroblasts, both
PUMA and NOXA proteins play critical roles, as MEFs from the PUMA/NOXA double knock-
out are most protected from cell death by etoposide, to levels similar to p53 knockout MEFs
(Michalak et al., 2008). Finally, there are other cell types in the mouse where even the PUMA/
NOXA double knockout mouse is not protected from apoptosis as well as the p53 knockout
mouse; this includes mature T and B cells, which are partially but not completely protected by
PUMA/NOXA loss (Michalak et al., 2008). These data firmly implicate PUMA and NOXA
proteins as critical players in the p53 apoptotic program, at least in these cell types, but also
suggest that the overall importance of individual p53 target genes in apoptosis is likely to be
cell context and/or stress-specific.

Transcription-independent apoptosis by p53
Several studies, which have examined p53-dependent apoptosis in the presence of inhibitors
of RNA and protein synthesis, indicate that p53 induces apoptosis not only by transcription-
dependent, but also by transcription-independent mechanisms (Caelles et al., 1994; Wagner
et al., 1994; Yan et al., 1997; Gao and Tsuchida, 1999). Moreover, deletion or mutation of the
p53 transactivation domain, which is critical to the induction of p53 apoptotic target genes,
does not eliminate the ability of p53 to induce apoptosis (Haupt et al., 1995). Likewise, a p53
deletion mutant containing only the first 214 N-terminal amino acid residues induces apoptosis
and suppresses the transformation of rat embryo fibroblasts by several oncogenes, but it does
not transactivate p53 target genes (Chen et al., 1996; Haupt et al., 1997).
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Compelling evidence has accumulated over the last ten years indicating that p53 can directly
activate components of the apoptotic machinery and that this involves translocation of p53 to
the mitochondria. More specifically, addition of recombinant p53 to nuclear free cytosolic
extract of irradiated cells leads to cytochrome C release, caspase activation, and apoptosis
induction (Ding et al., 1998; Ding et al., 2000; Schuler et al., 2000). Therefore, activation of
p53 in enucleated cytoplasts is sufficient to induce hallmarks of apoptosis.
Immunofluorescence, electron microscopy and cell fractionation studies have demonstrated
that in response to genotoxic stress, including DNA damage, hypoxia, and activated oncogenes,
p53 rapidly translocates to the mitochondria (Marchenko et al., 2000; Mihara et al., 2003;
Sansome et al., 2001; Nemajerova et al., 2005). Mitochondrial translocation of p53 precedes
loss of mitochondrial membrane potential and caspase activation, suggesting that p53 may
trigger mechanisms at the mitochondria that ultimately lead to induction of apoptosis
(Marchenko et al., 2000). Indeed, mitochondrial translocation of p53 in irradiated mouse
tissues triggers an early wave of caspase activation, which occurs long before the transcriptional
program of p53 is activated (Erster et al., 2004). Notably, specific targeting of p53 to the
mitochondria by fusion of the p53 N-terminus to the mitochondrial import leader peptide from
ornithine transcarbamylase is sufficient to induce apoptosis, suppress colony formation, and
to allow p53 to function effectively as a tumor suppressor in vivo (Marchenko et al., 2000;
Dumont et al., 2003; Talos et al., 2005; Palacios et al., 2006).

The importance of p53 mitochondrial translocation in apoptosis is underscored by several
observations. First, in cells or tissues that undergo cell cycle arrest (and not apoptosis), p53
mitochondrial translocation does not occur following exposure to genotoxic stress (Marchenko
et al., 2000; Erster et al., 2004). Second, studies on the apoptotic potential of the proline and
arginine p53 codon 72 polymorphic variants revealed that the proline codon 72 polymorphic
variant, which is markedly impaired for apoptosis induction compared to the arginine codon
72 variant, does not translocate to the mitochondria as efficiently as the arginine variant
(Dumont et al., 2003). In a mouse model for B cell lymphoma, p53 targeted exclusively to
mitochondria is efficiently tumor suppressive in vivo (Talos et al., 2005). In contrast, an
artificial p53 chimeric mutant that is capable of robustly transactivating pro-apoptotic p53
target genes is capable of inducing senescence, but incapable of inducing apoptosis in knock-
in mouse embryo fibroblasts (Johnson et al., 2008). Moreover, the compound pifithrin μ, which
selectively blocks p53’s mitochondrial function but leaves intact its transcriptional function,
can completely block p53-mediated apoptosis of irradiated thymocytes (Strom et al., 2006).
The apoptotic defect in thymocytes from the PUMA knockout mouse, once heralded as the
single most important piece of evidence regarding p53’s transcriptional role in cell death, can
now clearly be ascribed to a defect in both the transcriptional, and the direct mitochondrial,
pathways of p53 (Chipuk et al., 2005). More recently the transcription-independent
mitochondrial pathway of p53-mediated apoptosis has been shown to be particularly important
for the apoptosis of embryonic stem cells. Specifically, reactive oxygen species, which
efficiently induce apoptosis in embryonic stem cells, mediate apoptosis by inducing
mitochondrial trafficking of p53, in a manner that is regulated by the histone deacetylase SIRT1
(Han et al., 2008).

Several pieces of evidence demonstrate that p53 regulates transcription-independent apoptosis
at the mitochondria by regulating the activity of BCL-2 family members. Proteins of this family
are key regulators of the intrinsic pathway of apoptosis (Cory and Adams, 2002). The main
mechanism by which BCL-2 family members initiate or prevent apoptosis is by controlling
release of cytochrome C and other pro-apoptotic factors from the mitochondria. The BCL-2
family of proteins is broadly divided into two groups that contain pro-apoptotic and anti-
apoptotic members. Pro-apoptotic proteins within this family include BAK and BAX and the
BH3-only proteins BID, BIM, BAD, NOXA, and PUMA. BCL-2, BCL-xl, and MCL-1 are
anti-apoptotic family members, which bind to pro-apoptotic BCL-2 family members and
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thereby impair the apoptotic activity of these proteins. Among the pro-apoptotic family
members, BH3-only proteins function as sensors of apoptotic signaling, and the key role of
these proteins is to activate the main pro-apoptotic effector proteins BAK and BAX (Wei et
al., 2001). BH3-only proteins are divided into “activator” and “de-repressor” proteins (Letai
et al., 2002; Kuwana et al., 2005). In particular, a subset of BH3-only proteins directly activates
BAK and BAX by inducing a conformational change in these proteins, allowing BAK and
BAX to form homo-oligomers. These oligomers are thought to serve as channels within the
outer mitochondrial membrane through which apoptotic factors are released. The second set
of BH3-only proteins indirectly activates (derepresses) BAX and BAK by binding to BCL-2
and/or BCL-xl and thereby preventing these proteins from binding to and inhibiting the action
of activator BH3-only proteins and the effecter proteins BAK and BAX.

Upon translocation to the mitochondria p53 seems to function analogous to BH3-only
members. Specifically, p53 binds to pro- and anti-apoptotic BCL-2 family proteins and
modulates their function. p53 physically interacts with the effector protein BAK, causes release
of BAK from the inhibitory protein MCL-1 and induces a conformational change in BAK
which results in oligomerization of this protein and subsequent cytochrome C release from
mitochondria (Leu et al., 2004). Conserved residues within the DNA binding domain, located
in the H2 α–helix and the L1 and L3 loop mediate BAK oligomerization (Pietsch et al.,
2008). Significantly, tumor-derived mutations in the DNA binding domain of p53 render this
protein unable to induce cytochrome C release and apoptosis (Pietsch et al., 2008). Although
a physical interaction between BAX and p53 cannot be detected, p53 also induces BAX
oligomerization and cytochrome C release (Chipuk et al., 2004). Specifically, p53 releases pro-
apoptotic BAX and the BH3-only protein Bid from anti-apoptotic BCL-xl, and allows BAX
to oligomerize (Chipuk et al., 2004).

In addition to interacting with pro-apoptotic BCL-2 family members, p53 also binds and
inhibits the anti-apoptotic family members BCL-2 and BCL-xl (Mihara et al., 2003; Tomita
et al., 2006). Molecular modeling studies predicted that the p53 DNA binding domain contacts
BCL-xl via a domain encompassing the L3 loop (aa 239–248) and two flanking regions ranging
from amino acid 135–141 and amino acid 173–187. NMR studies confirmed the involvement
of these residues and pointed to additional residues within the H2 α–helix as important for p53-
BCL-xl interaction (Petros et al., 2004). More recent NMR studies revealed that p53 utilizes
very similar residues within the DNA binding domain to interact with BCL-2 (Tomita et al.,
2006). Collectively, data from different laboratories indicate that p53 uses conserved residues
within the DNA binding domain to contact BAK, BCL-2 and BCL-xl, although recent data
suggest that slightly different contact regions of the p53 DNA binding domain are involved
(Sot et al., 2007). One consistency in all of the combined studies, however, has been that tumor-
derived mutants of p53 uniformly fail to induce transcription-independent cell death (Tomita
et al., 2006; Pietsch et al 2008). This observation was unexpected since many of these mutations
were thought to block only the DNA binding and transcriptional functions of p53.

Although most research with respect to p53 transcription-independent apoptosis has heavily
focused on BCL-2 family members, it should be noted that p53 has transcription independent
apoptotic functions unrelated to the BCL-2 family. For example, in the presence of inhibitors
of RNA and protein synthesis, p53 causes the cell surface redistribution of the cytoplasmic
death receptor Fas (CD95) by transport from the Golgi complex (Bennet et al., 1998). Notably,
cells that contain inactivating mutations in Fas and Fas ligand have reduced p53-induced
apoptosis compared to wild type cells.
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Post-translational modifications that influence p53-mediated apoptosis
When cells encounter genotoxic stress, the levels of p53 protein rapidly increase. This
correlates with a decrease in MDM2 catalyzed poly-ubiquitylation and an increase in a variety
of other post-translational modifications (PTMs) including acetylation, phosphorylation,
methylation, poly(ADP-ribosyl)ation, neddylation, sumoylation, and non-proteolytic
monoubiquitylation (Bode and Dong, 2004; Toledo and Wahl, 2006; Olsson et al., 2007). These
post-translational modifications are catalyzed by a large number of enzymes and they
contribute to the activation of p53 through a variety of mechanisms. For example, p53 is
phosphorylated on at least 18 different residues by over a dozen different kinases (Olsson et
al., 2007). Most modifications are correlated with a generic increase in the ability of p53 to
induce both cell cycle arrest and apoptosis. However, a small subset of these modifications are
specifically linked to the apoptotic function of p53. Exploiting pathways that specifically
enhance p53-mediated apoptosis has long been a goal of cancer therapeutics. Some of the
better-understood examples from this subset will be discussed below.

Acetylation of Lysines 320 and 373 by PCAF and p300/CBP, respectively
The HATs p300, CBP and PCAF not only acetylate lysine residues in histones, they also
acetylate p53 (Gu & Roeder, 1997; Liu et al., 1999; Sakaguchi et al., 1998). Interestingly, there
is support for the premise that the specific HAT that gets recruited to p53 influences the
outcome of p53 induction (growth arrest or apoptosis). More specifically, PCAF is the HAT
that acetylates lysine 320 of p53 (Sakaguchi et al., 1998). Acetylation of this residue is often
associated with cell cycle arrest, as mutating this residue to an unacetylatable arginine disrupts
p53-mediated cell growth arrest but enhances p53-directed apoptosis (Barlev et al., 2001; Chao
et al., 2006; Liu et al., 1999; Sakaguchi et al., 1998). Furthermore, acetylation at this residue
allows for p53 to bind only at certain “high affinity” p53 binding sites, such as p21/waf1 (Di
Stefano et al., 2005; Knights et al., 2006). In contrast, acetylation of lysine 373 of p53, catalyzed
by p300 and/or CBP, leads to increased phosphorylation of N-terminal residues of p53, and
markedly increased ability of this protein to transactivate lower affinity binding sites, such as
those found at the pro-apoptotic target genes PIG3, Bax, and p53AIP1 (Knights et al., 2006).
These results are most consistent with a model whereby acetylation of lysines 320 and 373 acts
as a sensor system that enables p53 to choose between growth arrest and cell death, and to
coordinate gene expression patterns appropriately following DNA damage.

Serine 46 phosphorylation
Among the PTMs specifically linked to apoptosis is phosphorylation of p53 at serine 46
(Ser46). Enhanced apoptosis occurs as a result of this phosphorylated form of p53 selectively
activating pro-apoptotic target gene transcription (Oda et al., 2000; Rinaldo et al., 2007; Taira
et al., 2007). For example, phosphorylation of p53-Ser46 is necessary for p53 to activate the
transcription of the pro-apoptotic target gene p53AIP (Oda et al., 2000). Hints about the
biochemical mechanism by which Ser46 phosphorylation might enhance the transcription of
pro-apoptotic targets have come from studies of the prolyl isomerase PIN1. PIN1 binds proteins
containing a motif that consists of a phosphorylated-serine or -threonine residue that is followed
by a proline residue (Shaw, 2007). Ser46 within p53 is followed by a proline, and recently it
was shown that binding of PIN1 to p53 following Ser46 phosphorylation promotes the
dissociation of the apoptosis inhibitor iASPP from p53 (Mantovani et al., 2007). (The role of
ASPP family proteins in p53-mediated apoptosis will be discussed below.) The isomerization
of p53 by PIN1 has also been shown to facilitate the binding and acetylation of p53 by the
acetyltransferase p300 (Mantovani et al., 2007).

There are two caveats regarding the importance of Ser46 phosphorylation in apoptosis. First,
Ser46 is not conserved in mice. That being said, a large portion of the mouse p53 locus
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(corresponding to amino acids residues 33–332) can be replaced with the corresponding human
p53 DNA sequence by homologous recombination (Hupki, Humanized p53 knock-in mouse)
(Luo et al., 2001). This mouse/human chimera of p53 completely recapitulates the function of
mouse p53, and Serine 46 is phosphorylated in mouse cells containing this protein (Feng et
al., 2006). Further, mutation of Serine 46 to an alanine in the Hupki mouse (HupkiS46A) can
inhibit p53-mediated apoptosis, though this inhibition is somewhat more modest than that seen
in human cells (Feng et al., 2006). Second, the interaction with PIN1 cannot explain the totality
of the effect of Ser46 phosphorylation on p53 function, because loss of PIN1 also reduces the
ability of p53 to bind to the promoters of the non-apoptotic target genes p21 and hMDM2
(Zheng et al., 2002). Additional studies are clearly required before we have a better
understanding of how Ser46 phosphorylation selectively regulates the ability of p53 to
selectively transactivate pro-apoptotic genes and induce apoptosis.

Lysine 120 acetylation
Recent studies showing that the MYST family members TIP60 and hMOF acetylate p53 in the
DNA binding domain at lysine 120 (Lys120) have provided additional insight regarding how
p53 makes the decision between cell cycle arrest and apoptosis. These studies showed that
mutation of Lys120 to a non-acetylatable arginine residue (K120R) diminishes the ability of
p53 to induce apoptosis but does not affect p53-mediated cell cycle arrest (Sykes et al.,
2006; Tang et al., 2006). Unlike most other amino acids in p53 that are substrates for PTMs,
K120 is mutated in human cancer. These mutations, while rare, occasionally convert K120 to
an arginine, thus conserving most of the biophysical properties at this site but eliminating
acetylation. Significantly, loss of Lys120 acetylation prevents p53 from up-regulating the
expression of target genes important for apoptosis, but not growth arrest. Additionally,
chromatin immunoprecipitation studies indicate that the acetylated form at Lys120 appears to
be selectively recruited to the promoters of pro-apoptotic p53 target genes, as opposed to those
involved in cell cycle arrest (Sykes et al., 2006; Tang et al., 2006).

While S46 phosphorylation and K120 acetylation appear to enhance apoptosis by allowing p53
to selectively enhance the transcription of pro-apoptotic targets, other PTMs that modulate the
apoptotic potential of p53 influence the transcription-independent apoptosis pathway.

Mono- versus poly-ubiquitylation
The addition of poly-ubiquitin chains to a protein commonly results in proteasome-mediated
destruction. On the contrary, mono-ubiquitylation often acts as a protein modification that
affects protein function without altering protein stability (Welchman et al., 2005). Consistent
with this premise, while p53 poly-ubiquitylation acts as a protein destruction signal, mono-
ubiquitylation of p53 promotes nuclear export and mitochondrial localization (Li et al.,
2003; Marchenko et al., 2007). Interestingly, once targeted to the mitochondria by
monoubiquitylation, the ubiquitin moiety must be removed before p53 can trigger
transcription-independent apoptosis (Marchenko et al., 2007). At present it is unclear which
residues of p53 must be ubiquitylated in order to target this protein to mitochondria. One group
has found that the E3-ligase E4F1 catalyzes ubiquitylation of p53 at Lys319, 320 & 321 (Le Cam
et al., 2006), and that ubiquitylation of these residues is associated with chromatin-bound p53,
and specifically directs a p53-transcriptional program that promotes cell-cycle arrest and not
apoptosis. Therefore, while it remains unclear what site(s) are mono-ubiquitylated in order to
target p53 to the mitochondria, those residues targeted by E4F1 appear unlikely to be
candidates.

While attractive, models that evoke selective PTM patterns to explain the ability of p53 to
induce cell cycle arrest versus apoptosis tend to be plagued by considerable complexity. For
example, lysine 320 of p53 (K320) is not only subject to acetylation, but can also be
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ubiquitylated or neddylated. Interestingly, for the Lys320 equivalent in mice, Lys317, mutation
to an arginine leads to enhanced p53-mediated transcription of pro-apoptotic target genes, such
as PIDD, PUMA, and NOXA (Chao et al., 2006). Correlating with enhanced target gene
transcription, an increase in p53-mediated apoptosis in thymocytes, transformed MEFs, and
intestinal crypt cells exposed to DNA damaging agents was also observed. These observations
are consistent with a loss of E4F1-catalyzed ubiquitylation of human p53 at Lys320, which
promotes p53 cell cycle arrest (Le Cam et al., 2006). Furthermore, FBXO11-mediated
neddylation of human p53 at Lys320 represses p53 activity and therefore the observations made
in p53K317R mice are also representative of a loss of neddylation (Abida et al., 2007). As
discussed above, p53 transcriptional activity and growth arrest function is enhanced by
acetylation at Lys320 by the acetyltransferase PCAF (Liu et al., 1999; Barlev et al., 2001).
Thus, the increased apoptotic activity of mouse p53K317R may be explained by impaired
acetylation, neddylation, or ubiquitylation at this residue. In addition to these caveats, it should
be noted that PTMs on p53 may affect p53 function in a context-dependent manner, depending
on tissue specificity and type of cellular stress.

Protein-protein interactions that influence p53-mediated apoptosis
Recent years have witnessed the identification of a number of p53-interacting proteins that
direct either cell cycle arrest or apoptosis. These findings occur on a backdrop in which dozens
and perhaps hundreds of partners for p53 have been identified. Here we will focus on the
examples of Hzf, MUC1, and the Brn-3, ASPP and p63/p73 families.

Hematopoietic Zinc Finger protein
Hzf (Hematopoietic Zinc Finger) is a gene that is up-regulated in hematopoietic progenitor
cells and is also a direct transcriptional target of p53 (Das et al., 2007). In mouse embryonic
fibroblasts lacking Hzf (Hzf−/− MEFs), p53 cannot bind to the promoters and activate
transcription of some growth arrest specific genes, such as p21 and 14-3-3 σ (Das et al.,
2007). However, p53 displays enhanced promoter binding and transcription of the pro-
apoptotic p53 target genes BAX, PUMA, NOXA and PERP in Hzf−/− MEFs. Furthermore,
ectopic expression of Hzf enhances p21 and 14-3-3σ transcription in a p53-dependent manner
but diminishes the ability of p53 to induce expression of BAX, PUMA, NOXA and PERP (Das
et al., 2007). A model has thus been developed in which interaction between p53 and Hzf
blocks apoptosis by inhibiting the transcription of the pro-apoptotic targets of p53.

MUC1
The trans-membrane protein, MUC1 (Mucin1) is another co-factor that selectively promotes
p53-mediated cell cycle arrest, thereby inhibiting apoptosis (Wei et al., 2005). Upon proteolytic
cleavage from the plasma membrane, the cytoplasmic domain of MUC1 (MUC1-CD) is
targeted to the nucleus and mitochondria. In the nucleus, MUC1-CD binds and co-localizes
with p53 at the p21/waf1 and BAX promoters. Depletion of MUC1 from human cells leads to
an increase in p53-dependent BAX transcription and a decrease in p21/waf1 transcription (Wei
et al., 2005). Furthermore, MUC1 attenuates BAX transcription by preventing loading of the
pre21 initiation complex. Conversely, MUC1 cooperates with p53 to recruit transcriptional co-
activators to the p21/waf1 promoter.

Brn3 family
The transcription factors Brn-3a and Brn-3b are important for proper neuronal development
(Gan et al., 1996; Xiang et al., 1996). Although Brn-3a and Brn-3b share a domain of homology
(POU domain) they have opposite effects on cell survival. Brn-3a supports cell survival while
Brn-3b promotes cell death. Brn-3a can promote cell survival by inhibiting p53-mediated
transcription of the pro-apoptotic genes BAX and NOXA (Hudson et al., 2005). Consistent with
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this, neurons derived from Brn-3a knockout mice display enhanced apoptosis. In contrast,
Brn-3b −/− neurons are defective for BAX expression and p53-induced apoptosis, indicating
that Brn-3b is important for p53 apoptotic activities in neuronal cells (Budhram-Mahadeo et
al., 2006).

ASPP family
Some co-factors for p53 can specifically promote p53-mediated apoptosis. For example, three
members of the ASPP (ankyrin repeats, SH3 domain, polyproline-rich domains) family of
proteins ASPP1, ASPP2, and iASPP also influence the pro-apoptotic activity of p53. iASPP
binds to the proline-rich and DNA-binding domains of p53 and inhibits the ability of p53 to
induce transcription of BAX, as well as p53-dependent apoptosis (Bergamaschi et al., 2003b).
Alternatively, ectopic expression of either ASPP1 or ASPP2 enhances p53-dependent
apoptosis, and depletion of ASPP1 and/or ASPP2 suppresses the ability of p53 to induce
apoptosis (Samuels-Lev et al., 2001). Mechanistically, ASPP1 and ASPP2 disrupt iASPP
binding to p53, which results in increased p53 binding and transcription from the BAX promoter
(Samuels-Lev et al., 2001; Bergamaschi et al., 2003b).

It is worth noting that the activity of p53 partners that specifically inhibit or enhance apoptosis
may also be influenced by the selective PTMs discussed above. It is attractive to speculate that
a given PTM might facilitate the binding of a specific partner whose activity is coupled to
inhibiting or enhancing apoptosis.

p63 and apoptosis
Similar to p53, p63 protein levels increase upon treatment of cells with DNA damaging agents
(Katoh et al., 2000; Okada et al., 2002; Bergamaschi et al., 2004; Petitjean et al., 2008).
Increased p63 protein levels are not the result of transcriptional activation of the p63 gene, but
most likely are due to post-translational modifications of this protein (Katoh et al., 2000; Okada
et al., 2002). In addition, p63α, which contains an internal inhibitory domain in its C-terminal
region, is cleaved by caspases at a non-classical caspase cleavage consensus sequence centered
on amino acid 458, which enhances the apoptotic activity of this protein (Sayan et al., 2007).

p63-dependent apoptosis appears to be primarily regulated by transcriptional mechanisms and
no transcription independent mechanisms have been identified to date. All p63 isoforms
transcriptionally activate exogenously transfected promoters and endogenous mRNA or
protein of pro-apoptotic p53 target genes (Katoh et al., 2000; Helton et al., 2008). p63 target
genes include the death receptors CD-95, TNF-R and TRAIL-R, the pro-apoptotic Bc-2 family
member BAX, the oxidoreductase PIG3, the tetraspan membrane protein PERP, the nuclear
and mitochondrial localized apoptosis inducer RAD9, the apoptotic protease APAF1, and
caspase-3, -8, and -9 (Gressner et al., 2005; Ihrie et al., 2005; Helton et al., 2008). When
ectopically expressed in cells p63 isoforms induce apoptosis, although not as robustly as p53
or p73 (Dohn et al., 2001; Dietz et al., 2002). Evidence suggests that the transactivation domain
(aa 1–59) and the proline rich domain (aa 67–127) of p63 are required for transactivation
activity. Notably, deletion of the proline rich domain does not affect the ability of p63 to
suppress growth, but does abolish apoptosis induction by p63 (Helton et al., 2008).

The regulatory mechanisms that drive p63-dependent apoptosis are not as well understood. A
few post-translational modifications and protein interaction partners have been identified, and
while there is some evidence that these affect p63 transactivation activity, it is not clear that
these specifically influence the apoptosis function of this protein. Phosphorylation of p63 by
as yet unknown proteins may have a role in regulating intracellular p63 protein levels. For
example, treatment of cells with okadaic acid, a serine threonine phosphatase inhibitor, results
in elevation of p63 protein levels, suggesting that phosphorylation by serine and threonine
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specific kinases may stabilize p63 protein (Okada et al., 2002). Additionally, upon treatment
of cells with DNA damaging agents, p63α, p63β, and p63γ are phosphorylated on serine
residues located between amino acids 160–162 (Petitjean et al., 2008). Thus far ASPP1 and 2
are the only p63 interacting proteins that specifically direct p63 activity towards apoptotic
functions versus cell cycle regulatory functions (Bergamaschi et al., 2004). Both ASPP1 and
2 interact with p63, enhance transactivation of the BAX and PIG3 promoters, and increase the
apoptotic activity of p63, while transactivation of p21/waf1 or MDM2 by p63 are not affected
when ASPP1 and 2 are overexpressed.

p73 and apoptosis
p73 is activated in response to a variety of genotoxic agents, including DNA damaging agents
and the oncogenes E1A and myc (Zaika et al., 2001). Once activated p73, like p53, can regulate
induction of apoptosis and cell cycle arrest. p73-dependent apoptosis seems to be primarily
regulated by its ability to transcriptionally activate pro-apoptotic p53 target genes. These
include the BCL2 family members BAX, PUMA, NOXA, BAD and BIK, the oxidoreductase
PIG3, the tetraspan membrane protein PERP, the death receptors CD95, TNFR1, TRAIL-R1
and TRAIL-R2, the mitochondrial membrane protein p53AIP1, as well as the caspases-3, -6 and
-8 (Melino et al., 2002; Muller et al., 2005).

Evidence for a transcription independent role of p73 in apoptosis induction has been
controversial. One report has described cleavage of p73 by caspase 3 and caspase 8 in response
to DNA damaging agents and TRAIL (TNF-related apoptosis inducing factor), along with
localization of both full length and caspase-cleaved p73 to the mitochondria. Importantly, a
transactivation deficient p73 mutant was found to enhance TRAIL-induced apoptosis, and
addition of recombinant p73 to purified mitochondria resulted in cytochrome C release (Sayan
et al., 2008). These findings contrast with an earlier publication that reported that, although
p73 induces BAX translocation from the cytosol to the mitochondria, p73 does not itself
localize to the mitochondria, and translocation of BAX is not a direct effect of interaction with
p73 (Melino et al., 2004). More research is clearly needed in this area to clarify this issue.

p73 post-translational modifications and protein-protein interactions
Induction of apoptosis by p73 in response to DNA damaging agents is intimately linked to its
transcriptional activation by p53, along with post-translational modifications and interaction
with transcriptional co-activators. In response to DNA damaging agents and oxidative stress
p73 is transcriptionally activated by p53 (Chen et al., 2001; Wang et al., 2007). Additionally,
DNA damage activates E2F1, which in turn transactivates p73 (Pediconi et al., 2003) and
induces p73 to upregulate its own expression (Chen et al., 2001). Several post-translational
modifications, including ubiquitylation, acetylation, phosphorylation, in addition to
transcriptional co-activator recruitment, have been identified that regulate the apoptotic activity
of p73. Similar to p53, HATs, Pin1, and ASPP family members all modify p73’s apoptotic
function, and these are discussed briefly below. Unique to p73 are the apoptotic regulators c-
Abl and YAP (Yes-associated protein).

c-Abl
The first kinase identified to phosphorylate p73 and enhance the transcriptional and apoptotic
activity of this protein is the tyrosine kinase c-Abl (Gong et al., 1999; Agami et al., 1999; Yuan
et al., 1999). c-Abl overexpression stabilizes p73 (Gong et al., 1999; Sanchez-Prieto et al.,
2002), and p73 and c-Abl physically interact with each other via the SH3 domain of c-Abl and
a PXXP motif of p73 located in the linker region between the DNA binding domain and the
oligomerization domain (Agami et al., 1999; Yuan et al., 1999). DNA damage induces
phosphorylation of p73 at tyrosine 99 (Agami et al., 1999; Yuan et al., 1999) in a c-Abl
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dependent manner, and p73 proteins mutated at tyrosine 99 are impaired in mediating an
apoptotic response upon ionizing radiation treatment. In addition to c-Abl, p38MAPK
phosphorylates p73 on threonine residues, and the enhanced transcriptional function of p73 by
c-Abl is further enhanced by p38MAPK (Sanchez-Prieto et al., 2002).

YAP
Interaction with the Yes-associated protein (YAP) appears to be uniquely important for p73
function, as it is critical to p73 transactivation of apoptotic target genes and induction of
apoptotic cell death (Strano et al., 2001). Physical interaction between YAP and p73 is
mediated by the WW domain of YAP and a PPXY motif within p73 that serves as a target
sequence for WW domains (Strano et al., 2001). Mutation of tyrosine 487 within the PPXY
motif of p73 abolishes binding of p73 to YAP (Strano et al., 2001). YAP-p73 interaction
prolongs p73 half-life and prevents proteasomal degradation of p73, by blocking binding of
the E3 ubiquitin-like protein ligase Itch to p73 (Levy et al., 2007). Interestingly, YAP appears
to function in integrating converging signaling modules to potentiate or diminish p73
transcriptional and apoptotic activity; ultimately, association of p73 with YAP appears to
determine whether 73 exerts apoptotic or cell cycle regulatory properties. Ectopic expression
of YAP together with p73 increases BAX protein levels within cells and augments p73-
mediated transactivation of a BAX and p53AIP1 promoter luciferase reporter construct, but not
a p21/waf1 promoter-driven luciferase reporter (Strano et al., 2001; Strano et al., 2005).
Concomitantly, p73 and YAP co-expression potentiate p73-mediated apoptosis (Strano et
al., 2005), while siRNA-mediated silencing of YAP attenuates DNA damage induced p73
dependent apoptosis (Strano et al., 2005; Basu et al., 2003; Levy et al., 2007). YAP also
enhances acetylation of p73 by p300 and association between YAP and p73 is required for
p300 recruitment to the p73 pro-apoptotic target gene p53AIP1 (Strano et al., 2005).

Intracellular YAP protein levels are regulated by the c-Abl tyrosine kinase (Levy et al.,
2008). YAP and c-Abl physically interact and phosphorylation of YAP on tyrosine 357 by c-
Abl occurs in a DNA damage dependent manner resulting in stabilization of the YAP protein.
Notably, phosphorylation of YAP by c-Abl promotes interaction with p73 and association with
the promoter region of pro-apoptotic proteins, but not cell cycle regulatory proteins (Strano et
al., 2005; Levy et al., 2008). In contrast to the ability of c-Abl to promote stabilization and
activation of YAP, Akt phosphorylates YAP on serine 127 and promotes cytoplasmic
localization of YAP due to enhanced interaction of YAP with the cytosolic 14-3-3 scaffold
proteins (Basu et al., 2003). Hence, active Akt impairs YAP from associating with p73, leading
to attenuation of p73’s transactivation and apoptotic activity (Basu et al., 2003; Strano et al.,
2005).

p300 and CBP
The CH1 domain (amino acid 350 to 450) of the transcriptional coactivators p300 and CREB-
binding protein (CBP) interacts with the N-terminus of p73 (Zeng et al., 2000). p300 acetylates
p73 on lysines 321, 327, and 331 and transactivation or induction of apoptosis by p73 is
impaired in p300 or CBP deficient cells, suggesting an important role of both of these proteins
in p73-dependent apoptosis (Zeng et al., 2000; Costanzo et al., 2002). The importance of
acetylation in controlling the apoptotic activity of p73 is underscored by the fact that a p73
protein mutated at lysine residues 321, 327, and 331 is able to transactivate p21 and induce
cell cycle arrest, but demonstrates a reduced apoptotic response and an inability to suppress
colony formation (Costanzo et al., 2002). These data suggest that, as in the case for p53,
acetylation of p73 fine-tunes its apoptotic function. Consistent with this premise, whereas wild
type p73 is recruited to the promoter of the pro-apoptotic gene, p53AIP1, a non-acetylatable
mutant of p73 does not bind the p53AIP1 promoter and is impaired in transactivating a
p53AIP1 promoter driven luciferase reporter gene construct (Costanzo et al., 2002).
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Pin1
Pin1, a peptidyl-prolyl cis/trans isomerase, stabilizes the p73 protein and enhances the
transactivation and apoptotic activity of p73 (Mantovani et al., 2004). Pin1 and p73 interact in
a c-Abl dependent manner and interaction requires phosphorylation of p73 on tyrosine 99.
Additional phosphorylation by the p38MAPK seems to further enhance p73-Pin1 interaction.
Pin1 augments binding of p73 to p300 and stimulates subsequent acetylation of p73 by p300.
Similarly to YAP, Pin1 may be an essential factor in determining transactivation of genes
encoding pro-apoptotic proteins by p73. Specifically, siRNA mediated downregulation of
PIN1 abrogates the increases in the protein levels of PIG3 and BAX by p73 upon DNA damage
while transactivation of the p21/waf1 gene is unaffected.

ASPP family
Apoptosis stimulating proteins of p53 1 and 2 (ASPP1 and ASPP2) affect p73 dependent
apoptosis very similarly to p53 dependent apoptosis. ASPP1 and -2 both bind to p73 and
augment p73 transactivation of BAX and PIG3 promoter driven luciferase reporter gene
constructs, but fail to stimulate p73 transactivation of a p21/waf1 and MDM2 promoter driven
luciferase reporter gene construct. Consistent with these findings, ASPP1 and -2 enhance the
apoptotic activity of p73 (Bergamaschi et al., 2004).

Cooperation and antagonism between p53 family members in apoptosis
induction and tumorigenesis

The majority of research with respect to p53 family members has focused on defining the
individual activities of p53, p63, and p73 in apoptosis induction and have demonstrated that
p73 and to a lesser extent p63 share similar activities with p53. A few research studies that
examined the interplay between p53 family members in apoptosis induction and tumorigenesis
have unveiled very interesting cooperative as well as antagonistic interactions between these
family members. For example, both MEFs and neuronal cells derived from mice lacking p63
and p73 genes (p63−/−; p73−/−) are resistant to p53-mediated apoptosis (Flores et al. 2002).
This defect results from the inability of p53 to bind to the promoters and activate transcription
of the p53 pro-apoptotic target genes BAX, NOXA, and PERP in the absence of p63 and p73
expression. Notably, although p63−/−; p73−/− MEFs are resistant to apoptosis they are still
competent for p53-induced growth arrest (Flores et al. 2002). Moreover, mice heterozygous
for p53 and p63, or p53 and p73, display a more aggressive cancer phenotype (higher tumor
burden and metastasis) compared to heterozygous p53 mice (Flores et al., 2005) again pointing
to an important cooperative activity of p63 and p73 with p53. Further support for this notion
comes from the observation that p73 is transcriptionally regulated by p53 under oxidative stress
conditions and functions as an irreplaceable downstream target of p53 in controlling the cellular
defense against stress (Wang et al., 2007).

While p53 family members cooperate with each other in apoptosis induction, members within
this family can also negatively regulate each other’s functions. The transactivation domain-
truncated isoforms of p53, p63, and p73 act in antagonizing the activity of full-length p53 and
TA forms of p63 and p73. For example, ectopic expression of Δ133p53 impairs p53 apoptotic
activity (Bourdon et al., 2005). Similar to p53 and p63, ΔNp73 overexpression down-regulates
the transactivation activity of p53 and p73 and attenuates the apoptotic activity of p53 and p73
(Grob et al., 2001; Kartasheva et al., 2002), likely by direct competition for promoter binding
(Stiewe et al., 2002). Interestingly, although ΔNp63 has been found to exert dominant negative
effects over p53 and p63 (Yang et al., 1998; Westfall et al., 2003) two independent reports
have demonstrated that ΔNp63 isoforms can also transactivate gene expression (Dohn et al.,
2001; Wu et al., 2003).
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Future Directions
Several of the most informative advances in the area of p53 family members and apoptosis
have been made very recently. These include the identification of a role for p53 at the
mitochondria and in transcription-independent apoptosis, the identification of apoptosis-
specific partner proteins such as the ASPP family, and the characterization of PTMs that may
help direct p53 toward apoptosis rather than induction of cell cycle arrest, such as Lysine 373
acetylation, Lysine 120 acetylation, and Serine 46 phosphorylation. How these PTMs and
interacting proteins cooperate or compete with each other remains to be determined.

Given the prevalence of p53 pathway mutations in human cancer, strategies for rescuing the
apoptotic activity of p53 and its family members have been long sought after. Recent studies
in mice have now formally proven that restoration of p53 function in tumor cells lacking p53
can restore tumor suppression (Martins et al., 2006). A complete understanding of the role
played by p53 in apoptosis in response to genotoxic stress is also of clinical importance because
many traditional chemotherapeutic strategies rely on the induction of DNA damage and the
subsequent activation of apoptosis. It is perhaps most remarkable that with over 45,000
publications related to p53, we are only now beginning to understand how this critical protein
makes the decision between growth arrest and apoptosis. Among the central unresolved
questions related to p53-mediated apoptosis that we envision are the following: How do
different combinatorial patterns of PTMs influence p53 binding partner interactions, and how
do these dictate the ability of p53 to induce apoptosis? At present, the relevance of many of
these PTMs has been assessed individually, or perhaps in combination with one or a few others.
Related to this, how do the p53 family members p63 and p73 contribute to apoptosis and what
role do they play in human cancer? What is the link between p53-mediated apoptosis and its
role in regulating autophagy and DNA repair? How are recent links between p53 and miRNA
important in apoptosis?

Finally, the relative contributions of transcription-dependent and –independent pathways to
apoptosis induction by p53 need to be resolved. There are now over sixty peer-reviewed
manuscripts in the literature that report detection of p53 at mitochondria in apoptotic cells.
Despite the breadth and depth of this literature, there remains skepticism in the field regarding
this pathway. Certainly, the importance of the direct mitochondrial pathway of p53 will not be
solidified until a mutant of p53 that can transactivate gene expression normally, but fails to
traffic to mitochondria (or vice versa) is identified and characterized for its apoptotic function.
However, this requirement exists on the backdrop of a protein for which there are few (or no)
mutations that completely abrogate only one function: even the well-described 22/23 QS
mutant of p53, once believed to be transcriptionally inactive, is now known to possess some
transcriptional function, along with apoptotic ability (Johnson et al. 2005). Perhaps further
analysis of the ancestral p53 family members can be a guide. For example, while it is known
that C. elegans p53 can bind and oligomerize BAK (Pietsch et al., 2008), it is not clear if C.
elegans p53 (or even Drosophila p53, for that matter) can localize to mitochondria, or interact
with the BCL-2 family member CED-9. Such studies may help clarify the importance of
transcription-independent apoptosis by p53. The very recent identification of the transcription-
independent pathway makes it clear that we as a field need to be open minded and perhaps
think more broadly about potential functions for p53.
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Figure 1. p53 family member isoforms
Schematic presentation of p53, p63, and p73 isoforms. Approximate location of the
transactivation (TA) domain, proline rich domain (PR), DNA binding domain (DBD),
oligomerization domain (OD) and the sterile alpha motif (SAM) are indicated. The amino acid
identity between the TA, DBD, and OD of p53 and p63/p73 as well as between p63 and p73
is denoted. Full length (FL) p53 or TAp63 and TAp73 protein are transcribed from a promoter
located in the non-coding region of exon 1 (P1 promoter) of the p53, p63, and p73 gene.
Δ133p53, ΔNp63, and ΔNp73 isoforms are generated by transcription from a promoter (P2
promoter) located in intron 3 of the p63 and p73 gene or intron 4 of the p53 gene. Further ΔN
variants are generated by alternative splicing of the N-terminus (Δ40p53, Δex2p73,
Δex2/3p73). Alternative splicing of the C-terminal region yields additional variants for p53
(FL, β, & γ), p63 (α, β, & γ), and p73(α, β, γ, δ, ε, ζ, η, & θ). p53 β and γ lack the oligomerization
domain.
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Figure 2. Upstream mediators of p53 and p73-dependent cell death
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