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Inactivation of p53 is critical for the formation of most tumors. Illumination of the key
function(s) of p53 protein in protecting cells from becoming cancerous is therefore a
worthy goal. Arguably p53’s most important function is to act as a transcription factor that
directly regulates perhaps several hundred of the cell’s RNA polymerase II (RNAP II)-trans-
cribed genes, and indirectly regulates thousands of others. Indeed p53 is the most well
studied mammalian transcription factor. The p53 tetramer binds to its response element
where it can recruit diverse transcriptional coregulators such as histone modifying
enzymes, chromatin remodeling factors, subunits of the mediator complex, and components
of general transcription machinery and preinitiation complex (PIC) to modulate RNAPII
activity at target loci (Laptenko and Prives 2006). The p53 transcriptional program is regu-
lated in a stimulus-specific fashion (Murray-Zmijewski et al. 2008; Vousden and Prives
2009), whereby distinct subsets of p53 target genes are induced in response to different
p53-activating agents, likely allowing cells to tailor their response to different types of
stress. How p53 is able to discriminate between these different loci is the subject of
intense research. Here, we describe key aspects of the fundamentals of p53-mediated
transcriptional regulation and target gene promoter selectivity.

That p53 protein is a critical tumor suppres-
sor in cancer biology is evidenced by its

high frequency of mutation in human cancers,
presence as a germ-line mutation in Li-Frau-
meni cancer prone families, and highly pene-
trant tumorigenic phenotype in p53 null mice.
Centred in the core of a complex wiring of
signalling pathways, p53 has been proposed as
the master regulator of cell fate In unstressed
cells, the activity of p53 is normally held in
check by its negative regulator, Mdm2, an E3
ubiquitin ligase, which binds to p53 and targets
it for proteasomal degradation (Toledo and
Wahl 2006). In response to a plethora of stimuli,

however, this inhibition is relieved and p53 tar-
get genes are transactivated to cause multiple
outcomes such as cell cycle arrest (e.g., p21,
14-3-3), apoptosis (e.g., pig, bax, puma, noxa),
senescence (e.g., pai-1), autophagy (e.g., dram),
and others, or, they can regulate the p53 pathway
itself (e.g., mdm2) (Murray-Zmijewski et al.
2008; Vousden and Prives 2009).

The architecture of the p53 protein itself
(see Fig. 5) has features commonly associated
with transcriptional regulators: a loosely struc-
tured amino-terminal transactivation domain
(NTD; comprising two transactivation subdo-
main, TAD-I, residues 20–40; TAD-II, residues
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40–60) a proline-rich region (residues 63–97),
an evolutionarily conserved core DNA-binding
domain (DBD) (residues 100–300), a linker
region (residues 301–323), a tetramerization do-
main (residues 324–355), and finally, an un-
structured basic domain located in the extreme
carboxy-terminus, the CTD (residues 360–393).

Over 80% of cancer-derived p53 mutations
are found within the protein’s DNA binding do-
main (Olivier et al. 2002), underscoring p53’s
main role as a sequence-specific DNA binding
protein, which was uncovered almost 20 years
ago (Vogelstein and Kinzler 1992). After this
discovery, the field of p53-mediated transcrip-
tional regulation quickly exploded. To date
over 125 protein-coding genes and noncoding
RNAs have been shown to be direct transcrip-
tional targets of p53, i.e., ones defined as genes
that contain specific sequences to which p53
binds leading to activation of their transcrip-
tion on induction of p53 (Riley et al. 2008).
Although originally characterized solely as a
transcriptional coactivator, today p53’s func-
tions have been expanded to include transcrip-
tional repression (Ho and Benchimol 2003),
regulation of translation (Ewen and Miller
1996) and homologous recombination (Ber-
trand et al. 2004), and even the induction of a
transcription-independent apoptotic response
(Vaseva and Moll 2009). Many mechanisms
exist within the cell to fine-tune the p53 trans-
criptional program. In addition to locus-specific
cis-regulatory elements, these include a dizzying
number of posttranslational modifications of
p53, covalent and noncovalent p53 binding
partners, and p53 response elements of variable
binding affinity. Each of these features dynami-
cally contributes to the combinatorial regula-
tion of the p53 response, and it is this sheer
diversity of variables that presents such a daunt-
ing challenge to investigators wishing to study
p53-mediated transcription (see diagram; Fig.
1). Here, we provide a basic overview of the
mechanistic role of p53 in transcription, and
address some of the ways in which promoter
selectivity is accomplished. Although the activ-
ities of the p53 family members (p63, p73, and
their various isoforms), as well as mutant p53,
are also highly relevant to the regulation of

p53-mediated transcription, they are outside
the scope of this article and are discussed
elsewhere.

THE MECHANICS OF p53-MEDIATED
TRANSCRIPTION

DNA Binding

The first step in p53-mediated transcription is
the binding of the protein to its recognition
site in DNA. After various types of genotoxic
insults, p53 is stabilized, translocates to the
nucleus, and binds as a dimer of dimers to
its response element (RE) (McLure and Lee
1998; Kitayner et al. 2006). The p53 RE was
originally defined as RRRCWWGYYY (n ¼
0–13) RRRCWWGYYY (where R is adenine
or guanine, W is a purine base, and Y is a pyri-
midine base) (el-Deiry et al. 1992; Funk et al.
1992), although the range of functional p53
binding sites includes many elements with one
or more base pairs that do not match the
consensus (Gohler et al. 2002). Noncanonical
sites, such as the pig3 (TGYCC)n microsatellite
response element (Contente et al. 2002), the
triplet pairs of the pentameric element at
the aqp3 locus (Zheng and Chen 2001), or the
“head-to-tail” configuration of the mdr1 p53
site (Johnson et al. 2001), have also been
described.

Although p53 REs tend to cluster within
noncoding regions of the gene (Riley et al.
2008), they can be located practically anywhere
within the target gene locus. P53 REs are most
commonly found in the promoter at varying
distances upstream (e.g., p21, noxa) from the
transcription start site (TSS), although some-
times they are located very close (within �300
bp) to the TSS (e.g., hdm2, pcna), or within early
intronic sequences (e.g., puma, pig3 microsate-
llite RE), but can even be found within exons
(e.g., miR-34a). As a general—but not univer-
sal—rule, REs decrease in transactivation poten-
tial as they increase in distance from the TSS
(Riley et al. 2008).

In addition to the primary sequence and the
genomic location of the p53 RE, several other
features of both p53 and DNA topology play a
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role in the affinity of p53 for its target site. It
has been shown that p53 binding to DNA is
dependent on the DBD’s ability to coordi-
nate a single Znþþ ion via C176, C238, and
C242, and, expectedly, p53 that is mutant in
these residues is impaired in DNA binding
(Hainaut and Milner 1993). Lending further
support to the central role of p53’s DBD cys-
teine residues in transactivation, redox proteins
such as Ref-1 can stimulate p53 binding in vitro
by altering the redox state of p53 (Jayaraman
et al. 1997; Seo et al. 2002). Notably also, several
groups have shown that on binding to DNA, the
DBD of p53 can induce a significant structural
bend in the DNA, thus allowing the p53 tet-
ramer to bind in a more sterically favorable
fashion. It has therefore been postulated that

REs with a flexible DNA conformation are
favorable for p53 binding (Balagurumoorthy
et al. 1995; Nagaich et al. 1997a; Nagaich et al.
1997b; Nagaich et al. 1999).

Although p53 binding to its target genes is
clearly increased when the protein becomes
stabilized after various forms of stress, surpris-
ingly, a significant amount of p53 is also found
bound to select sites under basal conditions
despite its low level in the cell (Espinosa et al.
2003; Shaked et al. 2008). How does p53 locate
its target sequence within this convoluted con-
text of chromatin? One clue may be the fact
that p53 contains two distinct DNA binding
domains: the central core DBD with the ability
to specifically recognize the p53 RE, as well
as the highly basic CTD located in the last 30
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Figure 1. p53 lies at the center of a complex signalling network. In response to various inputs (top of figure), the
p53 protein becomes stabilized. On stabilization of p53, various transcriptional outputs can be realized which
may be determined by the strength of the p53 RE, the posttranslational modification status of p53, specific p53
binding partners, and the epigenetic landscape of the target gene promoter, among others. The transcriptional
output of p53 is responsible for determining which cellular process(es) occur in response distinct genotoxic
insults.
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residues of the protein that recognizes DNA
(and RNA) nonspecifically. It has been shown
that this nonspecific CTD binding region plays
a role in the ability of p53 to linearly diffuse on
naked DNA (Palecek et al. 1997; McKinney et al.
2004; Liu and Kulesz-Martin 2006; Tafvizi et al.
2008). Whether such sliding contributes to
p53’s binding site localization remains to be
determined. Nevertheless, the roles of the p53
CTD have been a subject of fascination for
many years. Initial in vitro studies reported
that this lysine rich region facilitates allosteric
changes in p53 allowing increased binding by
the core domain (Halazonetis and Kandil
1993; Hupp and Lane 1994). It was then shown
that modification of the CTD negatively regu-
lates the core domain’s ability to bind to short
oligonucleotides in vitro and that acetylation
of the CTD could enhance the transactivation
of p53 targets (Avantaggiati et al. 1997; Gu
and Roeder 1997; Sakaguchi et al. 1998; Liu
et al. 1999); as a result, it was postulated that
CTD acetylation enhances p53’s ability to bind
to DNA. This hypothesis was challenged by
the observation that carboxy-terminal modifi-
cation affects p53 binding to short oligonucleo-
tides but not to long segments of DNA such that
are found in the cell (Espinosa and Emerson
2001). Although in vivo, acetylated p53 has
been found enriched at promoters (Luo et al.
2004), it is not yet clear whether p53 needs to
be acetylated to bind its RE, or whether DNA-
bound p53 is more apt to be acetylated by
HATs such as p300 (Dornan et al. 2003). Fur-
ther, the CTD may also facilitate the enhanced
recruitment of the TRRAP histone acetyl-
transferase containing complex as an alternate
mechanism behind acetylated p53’s increased
activity (Barlev et al. 2001). The CTD of p53
also positively regulates p53 binding to unique
DNA structures such that are likely to be found
in the cell, including single-stranded DNA over-
hangs, hemicatenated DNA, minicircular DNA,
and supercoiled DNA (Mazur et al. 1999;
Zotchev et al. 2000; Gohler et al. 2002; McKin-
ney and Prives 2002; Stros et al. 2004). Along
these lines, a carboxy-terminally truncated
p53 (p53DC30) is markedly impaired in bind-
ing to chromatinized DNA templates in vitro

(Espinosa and Emerson 2001) and to p53 target
promoters in vivo when expressed at physiolog-
ical levels (McKinney et al. 2004), indicating
that the p53 CTD is in fact explicitly required
for promoter binding in the context of
chromatin.

Transcription Initiation

The ability of p53 to stimulate transcription
on RNA polymerase II (RNAPII)-transcribed
genes is certainly the most well-studied func-
tion of the tumor suppressor; a depiction
of p53-dependent transactivation is shown in
Figure 2. The modification of histones is neces-
sary to open up chromatin so that the general
transcription machinery can bind. In response
to DNA damage, p53 is involved in the recruit-
ment of the histone variant H2A.Z, an event
which is required for full activation of p21
(Gevry et al. 2007). An elegant study has further
elucidated a role for PRMT1 and CARM1, his-
tone methyltransferases (HMTs) that cooperate
with p300/CBP in a p53-dependent fashion,
to facilitate transcription on the gadd45 locus
after UV irradiation (An et al. 2004). It is pos-
sible that the action of these HMTs is required
for full transcriptional activation of other p53-
responsive genes as well. However, the most
well-documented p53-dependent histone modi-
fication is acetylation: after p53 has bound to
its recognition site, histone acetyltransferases
(HATs) such as p300/CBP (Avantaggiati et al.
1997; Gu and Roeder 1997; Lill et al. 1997;
Scolnick et al. 1997), pCAF (Scolnick et al.
1997; Barlev et al. 2001), GCN5 (Candau et al.
1997), or TIP60 (Gevry et al. 2007), are re-
cruited in a p53-dependent fashion to acetylate
the histones within the vicinity of p53 REs.

The relationship of p53 with its most well-
studied HATs, p300 and CBP, is fairly complex
(Grossman 2001). As mentioned above, not
only do p300/CBP acetylate histones, they also
acetylate p53 itself, correlating with an increase
in target transactivation (Avantaggiati et al.
1997; Gu and Roeder 1997; Scolnick et al.
1997). On DNA damage, p53 becomes phos-
phorylated in its amino-terminal region, and
it has been shown that these damage-inducible
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modifications enhance p300/CBP-mediated
acetylation at the CTD (Lambert et al. 1998;
Sakaguchi et al. 1998). Furthermore, Mdm2,
the main negative regulator of p53, can disrupt
the interaction of p300 and p53 by competing
with p300 for binding to the NTD of p53
(Grossman et al. 1998; Wadgaonkar and Collins
1999). Finally, to convolute matters even fur-
ther, when complexed with Mdm2, p300/CBP
can also serve as an E4 ubiquitin ligase for p53
(Grossman et al. 2003), thus targeting it for
degradation. Taken together, these results dem-
onstrate that p300 can paradoxically exert both
positive and negative control over p53 function,
perhaps implying that p300/CBP can switch
the balance from p53 degradation to stabili-
zation after DNA damage.

Once chromatin has been modified and re-
modeled (Li et al. 2007b), components of the
preinititation complex (PIC) can be recruited
or somehow altered to allow transcription

initiation. TFIID is recruited to the promoter’s
TATA region to nucleate the formation of
the PIC, followed by TFIIB, and finally by the
assembly of the other transcription initiation
factors (TFIIF, TFIIE, TFIIH) complexed with
unphosphorylated RNAPII (Orphanides et al.
1996; Woychik and Hampsey 2002). Adaptor
complexes such as SAGA and Mediator aid
in the recruitment of these general initation
factors to the locus (Thomas and Chiang
2006). p53 itself is able to assist in the recruit-
ment of various PIC components to the
promoter, including TBP and its associated
factors (Seto et al. 1992; Chen et al. 1993;
Liu et al. 1993; Thut et al. 1995; Farmer et al.
1996), as well as TFIIA and TFIIH (Ko and
Prives 1996; Xing et al. 2001). At least one
TFIID subunit, TAF1, is recruited in an acety-
lated-p53-dependent fashion to the p53 RE
on p21 before looping to the core promoter
(Li et al. 2007a).
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Figure 2. p53 can modulate transcription intiation and elongation at RNAPII-transcribed loci. p53 can direct
preinitiation complex (PIC) assembly at certain target gene promoters under basal conditions, and at others
only in response to stress. This process involves the ordered recruitment of histone methyltransferases
(HMTs), histone acetyltransferase (HATs), and other coregulators in the vicinity of the p53 response element
(RE) to open up chromatin so that RNAPII and its associated general transcription factors (GTFs) can bind
to the transcription start site of the locus. In response to specific stimuli, p53 can also modulate
transcription elongation via functional and physical interactions with various elongation factors.
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It is well-established that the kinetics of p53
binding after stress vary by promoter, cell type,
and the nature of the stimulus. However, for
many genes, such as p21, it is clear that the levels
of p53 bound are not the sole determinant of
the ensuing transcriptional response (Espinosa
et al. 2003; Donner et al. 2007; Mattia et al.
2007; Hill et al. 2008b). In fact, it appears that
similar levels of bound p53 can direct a differen-
tial PIC assembly that is both locus- and
stimulus-specific (Espinosa 2008), as depicted
in Figure 3. How is this accomplished? For one
thing, low levels of RNAPII are poised at certain
p53 targets and not others, lowering the barrier
of activation for these genes (Espinosa et al.

2003). Furthermore, select basal components
of the transcription initiation machinery are
recruited to certain p53 target genes such as
p21 regardless of the nature of the stimulus,
whereas the assembly of other factors is strongly
dependent on the nature of the stress. For
example, both TFIIB and cdk8 are recruited to
p21 after DNA damage or nutlin treatment,
but they are absent after treatment with more
mild forms of stress such as hydroxyurea or
UVC (Espinosa et al. 2003; Donner et al. 2007;
Beckerman et al. 2009); the recruitment of these
two factors correlates well with transactivation
of p21 RNA. In contrast, other cofactors such
as TBP or MED1 show no such differential
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Figure 3. p53 target genes are regulated in a stimulus-, locus-, and context-specific manner. In cell types A and B,
both locus X and Y exhibit similar amounts of bound p53, however, their transcriptional output differs. Stress 1
is able to induce a cellular environment where coactivators A and B are available. At locus X in cell type A, this
produces a strong transcriptional response because both coactivators can bind; however, in cell type B, locus X is
methylated and thus is not transcribed. Locus Y in cell types A and B cannot recruit recruit coactivator B,
resulting in only a moderate transcriptional output. Stress 2 induces a transcriptional environment where
coactivator B and corepressor C are available. Locus X does not contain a binding site for corepressor C, and
therefore the transcriptional ouput is moderate. Locus Y, on the other hand, does contain a binding site for
corepressor C, whose binding prevents the strong transactivation of gene Y in both cell types, despite high
levels of bound p53.
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behavior under similar conditions (Donner
et al. 2007; Mattia et al. 2007). These different
stresses likely lead to the activation of different
signaling cascades, thus altering the availability
of key stimulus-specific coregulators—such as
components of Mediator, GTFs, etc.—that are
necessary for the transactivation of a certain
locus. It will be of great interest to subject a
large number of p53 target loci to this type of
analysis, to determine whether any unifying
pattern emerges between the nature of the p53
target and the stimulus-specific regulators it
requires for transactivation.

It should be noted that other cis-regulatory
elements within the locus can influence the
transactivation potential of the target gene as
well. For example, Myc is able to bind and
repress the p21 locus through concerted action
with its cofactor Miz. Importantly, the recruit-
ment of Myc does not affect p53 binding to
p21 (Seoane et al. 2002), nor does it affect the
transactivation of a number of other p53 tar-
gets. Moreover, distinct epigenetic backgrounds
can further define the response to p53 acti-
vation. For example, after treatment with
Nutlin-3, a small molecule that antagonizes
the p53:Mdm2 interaction, and greatly stabil-
izes p53 despite the absence of amino-terminal
phosphorylation (Vassilev et al. 2004), compa-
rable amounts of p53 are bound to the 14-3-3
p53 RE in both HCT116 and BV173 cells. How-
ever, RNAPII is only recruited to the 14-3-3
transcription start site in HCT116 cells. This is
because of the fact that the 14-3-3 promoter is
highly methylated in BV173 cells (Paris et al.
2008). Similarly, hCAS/Cse1L binds independ-
ently of p53 to various promoters, such as pig3,
p53R2, and p53AIP1, and cooperates with p53
at these loci to reduce histone methylation of
histone H3 at K27 (Tanaka et al. 2007). Thus,
the very architecture of chromatin encompass-
ing p53 target genes plays an important role in
defining the transactivation potential of a locus.

Once bound to its cognate element, various
regions of the p53 protein contribute in differ-
ent ways to its transactivation ability. A p53
protein mutated at L22/W23 within TAD-I is
largely inert, but surprisingly can still transacti-
vate select proapoptotic genes (Johnson et al.

2005; Baptiste-Okoh et al. 2008), indicating
that other regions such TAD-II and/or the
proline-rich domain can independently func-
tion in transcriptional activation. On the other
hand, a specific double mutation within TAD-II
at W53/F54 selectively alters the transactivation
of certain proapoptotic targets in yeast (Candau
et al. 1997) and human cells (Zhu et al. 2000).
TAD-I, TAD-II, and the CTD of p53 act in con-
cert to recruit the STAGA complex to trans-
activate various target promoters (Gamper and
Roeder 2008). In turn, the proline-rich domain
of p53 is responsible for interactions with
the corepressor mSin3A (Zilfou et al. 2001), as
well as the p300/CBP histone acetyltransferase
(Dornan et al. 2003) and the prolyl isomerase
Pin1 (Zacchi et al. 2002; Zheng et al. 2002).

Transcription Elongation

Although the initiation phase of transcription
was originally thought to be the stage at which
most regulatory events occur, more recent find-
ings show transcription elongation can also
be an important point of control (Sims et al.
2004). Similarly, it is now becoming clear that
p53-mediated transcriptional regulation is not
confined to the initiation phase. After RNAPII
clears the promoter, its processivity is facilitated
by several elongation factors that function
to repress the stalling and pausing of the poly-
merase. P53 interacts physically or function-
ally with several of these factors, including
cdk9 (Claudio et al. 2006; Radhakrishnan and
Gartel 2006), FACT (Keller et al. 2001), various
components of the mediator complex (Gu et al.
1999; Zhang et al. 2005), and ELL (Shinobu
et al. 1999). One study in budding yeast even
establishes p53 as a bona fide elongation
factor that tracks with RNAPII through gene
coding regions (Balakrishnan and Gross
2008), although this function of p53 has not
yet been shown in a mammalian system.

It is not surprising, then, that several recent
studies have documented a role for p53 and its
upstream signaling pathways in the stimulus-
and locus-specific control of transcription elon-
gation (Gomes et al. 2006; Donner et al. 2007;
Mattia et al. 2007; Hill et al. 2008a; Beckerman
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et al. 2009). In the case of chromium exposure,
the elongation of p21 but not puma RNA is
inhibited, in a process that implicates DNA-PK
(Hill et al. 2008b), whereas after replication
stress, p21 elongation is inhibited in a Chk1-
dependent fashion (Beckerman et al. 2009).
Further work is required to extend these obser-
vations to other p53 targets, as the regulation
of transcription elongation is emerging as a
key layer of control in the fine-tuning of the
p53 response.

p53-Mediated Repression

In addition to its well-documented role in tran-
scription activation, p53 has also been shown
to associate with and repress a wide range of
targets. Although p53-mediated repression is
still poorly understood, several mechanisms
for the process have emerged.

(1) p53 can bind directly to its response ele-
ment and recruit corepressors. One such exam-
ple involves the recruitment of HDAC1 to
specific promoters (such as map4, p21, stath-
min, HSP90-beta, myc, or nanog) via a p53-
dependent interaction with mSIN3A (Murphy
et al. 1999; Zhang et al. 2004; Ho et al. 2005;
Lin et al. 2005) and, in the case of p21 repres-
sion, also Zbtb4 (Weber et al. 2008). In this sce-
nario, what prompts the bound p53 to promote
repression of the target, rather than its acti-
vation? In some cases the answer may lie in
the orientation of the p53 binding site (in which
a “head to tail,” rather than the more common
“head to head” orientation correlates with the
repression of the target) (Johnson et al. 2001;
Godar et al. 2008). The length of the spacer
between the two half-sites may also contribute
to the decision to repress a gene rather than acti-
vate it (Hoffman et al. 2002).

(2) p53 can inhibit expression of some genes
via the activation of a repressor protein.
The most well-studied example of this is the
p53-mediated transactivation of p21 (Lohr
et al. 2003), which inhibits CDK-dependent
phosphorylation of the retinoblastoma protein
(Xiong et al. 1993; Niculescu et al. 1998) to
keep E2F-regulated genes in an inactive state

(Delavaine and La Thangue 1999; Harbour
and Dean 2000). Another example of this type
of repression is the p53-dependent transactiva-
tion of the Slug protein. After high doses of
g-irradiation Slug binds and represses the
puma promoter, preventing apoptosis (Wu
et al. 2005).

(3) p53 can bind to its response element and
squelch the activities of another transcriptional
activator; in other words, p53 binding can
occlude the binding of this other, stronger,
transcription factor. For example, in response
to hypoxic stress, p53 binds the alpha-
fetoprotein promoter (AFP) and displaces the
transcriptional activator HNF3 to repress AFP
expression (Lee et al. 1999). This type of mech-
anism has been documented on a number of
other genes, including cdc25C (St Clair et al.
2004), HBV (Ori et al. 1998), and pold1 (Li
and Lee 2001).

(4) p53 can repress genes that do not con-
tain a p53 response element via protein-protein
interactions. The cyclin B2 promoter, for exam-
ple, contains NF-Y recognition sites but no p53
RE. Promoter-bound NF-Y interacts with p53,
and in this case p53 recruits HDAC1 to repress
the cyclin B2 promoter (Imbriano et al. 2005).

Interestingly, in addition to acting on RNA-
PII-directed genes, p53 can also direct the
repression of RNAPI and RNAPIII promoters.
In the case of RNAPI, p53 is able to bind to
TAF(I)110, preventing its association with SL1
and UBF, therefore repressing transcription
on rRNA promoters by decreasing the rate of
PIC assembly (Zhai and Comai 2000). In the
case of RNAPIII-based transcription, the NTD
of p53 is able to bind and sequester TFIIIB, pre-
venting the transcription of 5S RNA and tRNA
(Chesnokov et al. 1996; Budde and Grummt
1999; Gridasova and Henry 2005; White 2005).

PROMOTER SELECTIVITY WITHIN THE p53
TRANSCRIPTIONAL PROGRAM

One of the most intriguing questions in the field
of p53-mediated transcription is how the pro-
tein is able to discriminate between its myriad
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promoters in response to differing stimuli. Here
we focus on three established mechanisms that
can contribute to the diversity of the transcrip-
tional response: the p53 REs themselves, p53
posttranslational modifications, and p53 bind-
ing partners.

p53 Response Elements

With such a wide variety of REs in the genome,
it is not surprising that p53 has different affinity
for different consensus sequences. In fact, recent
work has shown that tetrameric p53 is capable
of binding to half- and even three quarter-
consensus sites, such as those comprising the
PIDD and Apaf-1 response elements (Jordan
et al. 2008). Using a Saccharomyces cerevisiae
model system, one study found as much as a
1000-fold difference in transactivation by p53
for its weaker versus its stronger sites, with
this difference being largely dependent on the
central sequence element in the p53 RE (Inga
et al. 2002). On the whole, cell cycle target genes
generally contain more robust binding elements
than do proapoptotic targets (Weinberg et al.
2005), perhaps because they are more evolutio-
narily conserved (Horvath et al. 2007). This
differential affinity of p53 for its REs allows
the nuclear concentration of the protein to be
one determining factor in how target genes are
activated, and hence also for which cellular out-
come occurs after genotoxic stress (Szak et al.
2001; Lokshin et al. 2005). The proclivity of a
p53 RE to bend may also play a large role in
determining the affinity and stability of p53
with its cognate element (Batta and Kundu
2007; Pan and Nussinov 2008). Intriguingly, a
genome-wide study has shown that not all sites
bound by p53 are in fact transcriptionally acti-
vated (Wei et al. 2006a), raising the possibility
that other coactivators and/or a specific modi-
fication status of p53 are needed to induce
robust activation of select p53 target genes
(discussed later).

Modifications

p53 is regulated spatially and temporally by many
posttranslational modifications, primarily at the

amino- and carboxy-termini, but also within
the DBD. These modifications integrate the var-
ious cell signaling pathways that converge on the
p53 protein (Sakaguchi et al. 1998; Bode and
Dong 2004; Kruse and Gu 2009). Many modifi-
cations have been shown to predispose p53 to
selectively activate or repress certain targets;
however, the precise combinatorial impact of
the numerous p53 modifications on transacti-
vation is only weakly characterized. Here, only
modifications with a direct, established impact
on transcription are discussed (summarized
in Fig. 4).

One modification that has generated much
attention is the phosphorylation of S46. After
treating cells with UV, p53 can be phosphory-
lated at this residue to specifically induce its
ability to transactivate a pro-apoptotic gene
AIP-1 (Oda et al. 2000). HIPK2 is the main kin-
ase implicated in the modification of this residue
(D’Orazi et al. 2002), although AMPK (Okoshi
et al. 2008), PKC-d (Yoshida et al. 2006), p38
(Perfettini et al. 2005), and DYRK-2 (Taira et al.
2007) can also phosphorylate this site. Phos-
phorylation of S46 is the earliest and perhaps
the most clear-cut example of a modification
promoting promoter selectivity by p53.

Furthermore, two groups have shown that
p53 can be acetylated in the DNA-binding
domain in response to genotoxic stress at either
K120 or K164 (Sykes et al. 2006; Tang et al. 2006;
Tang et al. 2008). The K120 modification is
catalyzed by hMOF or TIP60, and this acety-
lation is required for the p53-mediated transac-
tivation of the proapoptotic targets puma and
bax, at a post-binding step. The K164 residue
is modified by p300/CBP and, in concert with
the acetylation of the extreme CTD, is indispen-
sible for the activation of most p53 target genes
(including p21, pig3, puma, and bax) with the
remarkable exception of mdm2. It is possible
that the unique, nucleosome-free architecture
of the mdm2 p53 RE contributes to this distinc-
tive phenomenon. To that end, it would be
informative to assess the transactivation capa-
bility of the p53-8KR mutant (which abrogates
acetylation on K164, K120, and six lysines in the
extreme CTD) on other p53 target genes with a
similar nucleosome-free status, such as pcna.

Transcriptional Regulation by p53
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Various investigators have attempted to
determine the discrete effects of the acetylation
of individual CTD lysine residues on transcrip-
tion. Within the CTD, lysine residues 305, 370,
372, 373, 381, and 382 can each be acetylated
by p300/CBP whereas K320 is acetylated by
pCAF. The Avantagiatti group describes a model
in which distinct p53 CTD acetylation cassettes
can differentially influence gene-expression
patterns and cell fate (Knights et al. 2006).
By interacting with different coactivators and
repressors, the acetylation-mimicking mutant
p53-K320Q promotes cell cycle arrest by pre-
dominantly transactivating high-affinity p53
binding sites such as p21; in contrast, p53-
K373Q promotes apoptosis by favoring inter-
action with lower-affinity binding sites that
included such promoters as bax and p53AIP1.
Similarly, others report an increased association
of K320-acetylated p53 with p21 after etoposide
treatment compared with K382-acetylated p53
(Xenaki et al. 2008). These data agree with the
K317R knock-in mice (the equivalent of human

K320) that show reduced transactivation of
various proapoptotic, but not cell cycle, p53
targets (Chao et al. 2006). In line with this
work, treatment of LNCaP cells, which contain
constitutively K320-acetylated p53 (Roy et al.
2005), with two different HDAC inhibitors,
CG-1521 and TSA, produces differentially
acetylated p53 at K373 and K382 respectively.
These distinctly modified versions of p53
promote differential association with various
transcriptional cofactors leading to strong
transcription from p21 and other targets in
the case of p53-K373Ac but not in the case of
p53-K382Ac (Roy and Tenniswood 2007). As a
result, cells containing p53 modified at K373
are able to promote apoptosis, but cells contain-
ing p53 modified at K382 can only cause arrest
(Roy et al. 2005).

To further complicate matters, the CTD
lysines of p53 can also be methylated. When
p53 is monomethylated at K382 by Set8, strong
targets such as p21 and puma are inhibited,
whereas the activation of other weaker targets

CBP/p300

Tip60/
hMOF

E4F1
HIPK2

Apoptosis Arrest

N C

Cell fate

Target gene

p53 modifying enzymes

S46 K120 K164 K320 K372 K373 K382R335R333

pCAF SET7/9PRMT5

e.g p53AIP1 e.g p21e.g puma e.g bax

Figure 4. Selective impact of p53 modifications on transactivation Several examples are depicted of residues
within p53 that can be modified by acetylation (orange), phosphorylation (red), ubiquitylation (green), or
methylation (purple). The preferential activation of the indicated target genes (and others, not depicted) can
result in specific cell fates, such as apoptosis or cell cycle arrest.

R. Beckerman and C. Prives

10 Cite this article as Cold Spring Harb Perspect Biol 2010;2:a000935



remains unaffected (Shi et al. 2007). On the
other hand, Set7- and Set9-mediated methyla-
tion of Lys372 increases transcription from the
p21 locus (Chuikov et al. 2004), and is also an
important step in the acetylation of p53 CTD
lysine residues and subsequent stabilization of
the protein (Ivanov et al. 2007). Adding another
layer of complexity, p53 methylation at K372 is
refractory to Smyd2-mediated monomethyla-
tion at K370, which itself causes inhibition of
p53 activity (Huang et al. 2006). Dimethylation
at K370, however, increases p53 activity by
promoting interaction with its coactivator
53BP1. LSD1, a lysine demethylase, can reverse
K370 dimethylation, inhibiting this interaction
(Huang et al. 2007). Furthermore, arginine
methylation of the p53 tetramerization domain
at R333, R335 and R337 has been implica-
ted in transcriptional control: depletion of the
PRMT5 methyltransferase results in reduced
transcription of p21, but not puma or noxa,
resulting in increased apoptosis (Jansson et al.
2008).

Even ubiquitylation can affect p53’s ability
to regulate transcription. Unlike Mdm2-me-
diated monoubiquitylation of p53, which pro-
motes export of p53 from the nucleus, the effect

of E4F1-mediated monoubiquitylation at K320
of p53 is transcriptional. K320 ubiquitylation
predisposes the p53 protein to transactivate cell
cycle targets such as p21 and cyclinG1 while hav-
ing no impact on noxa transcription, prompting
the cell to undergo arrest rather than apoptosis
(Le Cam et al. 2006).

Clearly, great complexity exists in the world
of p53 posttranslational modifications, convo-
luted by the fact that many of the modifications
appear to be stress- and cell-type specific. How-
ever, these studies (and others) put forth the
exciting idea of a p53 modification code, analo-
gous to the histone modification code, whereby
diverse modifications of p53 at specific residues
can direct it toward activating or repressing
select target genes.

p53 Binding Partners

Many cofactors have been described that selec-
tively alter p53’s transcriptional program (sum-
marized in Fig. 5). These binding partners
can function either by altering the ability of
p53 to recognize a specific subset of REs, or
by influencing the ability of p53 to recruit
transcriptional coactivators at certain loci. In

p18 

Hzf 

N C 

Promotion of 
cell-cycle arrest 

Brn3a 

Promotion 
of apoptosis 

c-abl 

Muc1 

YB1 

BRCA1 

APAK 

TADI 
and II 

PP DNA binding core tet CTD 

ASPPs p53β

Brn3b 

NFKB/p52Pin1 

Figure 5. p53 target genes and cellular outcomes can be influenced by p53 binding partners. P53 activity can be
modulated by different binding partners to induce differential transactivation of target genes and outcome.
Proteins that interact with the TADs, the DNA binding core, the tetramerization domain, and the CTD are
shown. Hzf, Brn3a, c-abl, Muc1 YB1, APAK, and BRCA1 induce a transcriptional program that facilitates cell
cycle arrest, whereas Strap, JMY, Pin1, ASPP1 and ASPP2, p53b, NFkB/p52, and Brn3b induce a program
that promotes apoptosis.
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particular cases, an interplay exists between the
modification status of p53 modification and its
ability to selectively interact with a binding
partner.

One of the more clear-cut examples of co-
factor-induced promoter selectivity involves
the three members of the ASPP family of pro-
teins, ASPP1, ASPP2 and iASPP. ASPP1 and
ASPP2 bind the p53 core domain and predis-
pose the cell toward an apoptotic phenotype,
by causing transactivation of bax but not p21
(Samuels-Lev et al. 2001). On the other hand,
iASPP binds to p53 and inhibits the transactiva-
tion of proapoptotic genes (Bergamaschi et al.
2006). Highlighting the interplay between p53
posttranslational modifications and selective
cofactor binding, p53 phosphorylated at S46 is
recognized by the prolyl-isomerase Pin1, and
binding of Pin1 to thus modified p53 leads to
its dissociation from iASPP and the consequent
induction of apoptosis (Mantovani et al. 2007).
Moreover, a well-studied p53 polymorphism,
P72, shows increased association with the
iASPP protein when compared with the R72
version, perhaps providing insight as to why
R72 is more pro-apoptotic than P72 (Bergama-
schi et al. 2006).

Such symmetrical phenotypes are not uni-
que to the ASPP family of proteins. An isoform
of p53, p53-b, which can form heterotetra-
mers with wild-type p53, promotes binding to
the bax but not the p21 RE (Bourdon et al.
2005); conversely, phosphorylation of p53 by
c-abl stabilizes the homotetramer, and promotes
binding to p21 rather than bax (Wei et al. 2005).
Brn3a and Brn3b have similarly opposing phe-
notypes: Brn3a influences p53 to transactivate
bax and not p21, whereas Brn3b does the reverse
(Budhram-Mahadeo et al. 2006).

Certain proteins are able to bind to and pre-
dispose p53 exclusively toward an apoptotic
program. For instance, YB1, a Y-box binding
protein, interacts with p53 to block the trans-
activation of bax, but not p21 (Homer et al.
2005). Similarly, the p52 subunit of NF-kB has
been shown to inhibit p21 activation, but can
also act in concert with p53 to increase gadd45,
puma, and DR5/Killer expression (Schumm
et al. 2006). Furthermore, the p38-regulated

p18/hamlet protein binds to p53 and shows
increased transactivation of target promoters
such as noxa, but not bax, p21, or puma, result-
ing in an increased apoptotic response (Cua-
drado et al. 2007; Lafarga et al. 2007).

On the flip side, other p53 binding partners
selectively promote cell cycle arrest. BRCA1
is one such case. By interacting with the p53
CTD (Zhang et al. 1998), BRCA1 selectively
redirects p53 to activate its cell cycle arrest and
DNA repair genes (MacLachlan et al. 2002),
perhaps by recruiting acetyltransferases such
as CBP/p300 to the locus (Pao et al. 2000).
Notably, BRCA1 has also been implicated in sta-
bilizing S15-phosphorylated p53 and the sub-
sequent maintenance of G1 arrest (Fabbro
et al. 2004). Similarly, the membrane glycopro-
tein Muc1 is able to bind to and activate p21 in a
p53-dependent fashion while at the same time
repressing Bax in a p53-independent manner
(Wei et al. 2006b). An analogous function is
ascribed to Hzf, a zinc-finger protein itself
induced by p53, which promotes p53 binding
and transactivation of p21 and 14-3-3, but
not bax (Das et al. 2007). APAK, a KRAB-type
zinc finger protein, binds p53 under basal con-
ditions and prevents the transactivation of
proapoptotic targets (Tian et al. 2009).

Several p53 cofactors, although indeed
displaying the ability to discriminate between
promoters, nonetheless show no clear predis-
position toward either pro- or antiapoptotic
targets. For instance, it should be noted that
endogenously expressed Mdm2 can be found
at promoters such as p21 (Minsky and Oren
2004; Arva et al. 2005; Ohkubo et al. 2006;
White et al. 2006; Tang et al. 2008), negatively
influencing p53’s transcriptional output. The
mechanism by which this occurs is unclear,
but perhaps Mdm2 functions through recruit-
ment of the histone deacetylases KAP1 (Wang
et al. 2005) and HDAC1 (Ito et al. 2002), the dis-
ruption of HAT interactions with p53 (Ito et al.
2002; Jin et al. 2004), or the monoubiquityla-
tion of histone H2B within the vicinity of the
p53 RE (Minsky and Oren 2004). Notably, a
role for a Mdm2/Rb/p53 trimeric complex has
been described in transrepressing pro-apoptotic
targets (Hsieh et al. 1999). Interestingly, when
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both Mdm2 and MdmX are overexpressed, they
can bind many p53 target promoters with the
notable exception of Mdm2 gene itself.
Although the precise influence of MdmX pro-
moter binding on p53 transcriptional output
is unclear (Tang et al. 2008), it remains to be
seen whether the disruption of the p53/
Mdm2 interaction at the promoter is required
for the antirepression of certain target genes.

Although it is tempting to invoke cofactors
to explain p53’s decision to effectuate cell cycle
arrest or apoptosis, we must keep in mind that
for most binding partners, simply too few tar-
gets have been looked at to draw any firm
conclusions to this end. It is likely that as the
influence of these p53-interacting proteins is
assessed on more targets, their ability to strictly
discriminate between pro- and antiapoptotic
targets genes may have to be refined.

CONCLUDING REMARKS

Even more than 20 years on, our understanding
of p53-mediated transcription continues to
grow by leaps and bounds. It is now clear the
p53 can both activate and repress its target
genes; that p53’s regulatory influence extends
not just to transcription initiation, but also to
elongation; and that several features—including
but not limited to the epigenetic landscape of
the locus, p53 posttranslational modifications,
the nature of the p53 RE, and p53-interacting
partners – function in concert to determine the
specificity of the p53 transcriptional response.
Although it will take a massive effort to integrate
the individual effects of each of these factors into
a coherent model for transcriptional regulation
by p53, great insight into cancer therapy will
undoubtedly be gained from doing so.
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