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Abstract

The wild-type human p53 (TP53) tumor suppressor can be posttranslationally modified at over 60
of its 393 residues. These modifications contribute to changes in TP53 stability and in its activity
as a transcription factor in response to a wide variety of intrinsic and extrinsic stresses in part
through regulation of protein-protein and protein-DNA interactions. The TP53 gene frequently is
mutated in cancers, and in contrast to most other tumor suppressors the mutations are mostly
missense often resulting in the accumulation of mutant protein, which may have novel or altered
functions. Most mutant TP53s can be posttranslationally modified at the same residues as in wild-
type TP53. Strikingly, however, codons for modified residues are rarely mutated in human tumors,
suggesting that TP53 modifications are not essential for tumor suppression activity. Nevertheless,
these modifications might alter mutant TP53 activity and contribute to a gain-of-function leading
to increased metastasis and tumor progression. Furthermore, many of the signal transduction
pathways that result in TP53 modifications are altered or disrupted in cancers. Understanding the
signaling pathways that result in TP53 modification and the functions of these modifications in
both wild-type TP53 and its many mutant forms may contribute to more effective cancer therapies.
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Introduction

In the words of Robert S. McNamara: “Perhaps | don't know how much I don't
know, and there is much indeed.”

The human tumor suppressing p53 (hereafter TP53; MIM# 191170) transcription factor can
be posttranslationally modified at over 15 percent (~60) of its 393 amino acid residues
(SwissProt # P04637-1) by a myriad of alterations including phosphorylation, acetylation,
methylation and ubiquitylation (Supp. Figure S1) in response to a wide variety of stresses
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and signaling pathways. The physical and metabolic stresses relevant to cancer include
oncogene activation, DNA damage, oxidative stress, hypoxia, hyperoxia and nutrient
starvation (Fig. 1). Other posttranslational modifications (PTMs) that are less studied
include glycosylation, ADP ribosylation, sumoylation, neddylation, cysteine and methionine
oxidation, cysteine alkylation and tyrosine nitration; however, little or no information
relevant to mutant (MUT) p53 is available for these PTMs.

In normal unstressed cells TP53 is kept at a low level through ubiquitylation by its major
negative regulators MDM2 and MDM4 (MDMX) which target TP53 for proteasomal
degradation. MDM2/MDM4 also bind to transactivation domain 1 (TAD1) and inhibit the
ability of TP53 to interact with transcriptional components, thus preventing transcription.
TP53 PTMs modulate TP53 stability as well as its interactions with DNA, chromatin and
many cofactors that influence TP53-mediated transcription or repression of target genes.
TP53 directly activates the transcription of several hundred genes through binding to
response elements near promoters or in enhancers; some genes are also directly repressed
(Riley et al., 2008). Many more genes are indirectly repressed by TP53 through the
induction of microRNAs or long non-coding RNAs (Rinn and Huarte, 2011). TP53
“activation” is a loosely used term that means different things in different contexts. We use
“activation” to mean a change in the functional properties of TP53 that are not due solely to
an increase in its intracellular concentration. TP53 also has non-transcriptional, cytoplasmic
functions that are only briefly addressed. The possibility that TP53 may have nuclear
functions that extend beyond transcriptional regulation is not addressed here.

The majority of TP53 PTMs occur in unstructured regions: i) the amino- (N-)terminal
transactivation domains (TAD1 and TAD?2); ii) the linker after the sequence-specific DNA
binding domain (DBD); and iii) the carboxyl- (C-) terminal regulatory domain that also
serves as a DNA binding domain that is not sequence specific. These regions primarily serve
as sites for interaction with the many proteins (>300) that interact with TP53. Thus, PTMs
primarily control TP53 activity through modulating many of these interactions rather than
by changing TP53 structure. Unfortunately, there have been relatively few in-depth studies
addressing the effects of PTMs on TP53 protein interactions (see below). A few
modifications do occur in the structured DBD (e.g. Fig. 2) and tetramerization (TET) (Fig.
3) domains (Table 1; see the Supporting Information for the color version, Supp. Table S1),
but these may also be involved primarily in controlling protein-protein interactions rather
than structure per se.

TP53 PTMs show significant redundancy and interdependency. N-terminal phosphorylation
was first shown to direct TP53 C-terminal acetylation (Sakaguchi et al., 1998), and several
N-terminal phosphorylations were found subsequently to be interdependent (Saito et al.,
2003). For example, using transient transfection of TP53 plasmids into H1299 tumor-
derived cells, a change in Ser15 to alanine blocked phosphorylation at Ser9, Thr18 and
Ser20 after ionizing radiation (IR). Similar interdependencies have been reported for
acetylation and methylation sites in the C-terminal region (West and Gozani, 2011).
Interdependencies suggest that mutation of some sites could have wider consequences with
respect to TP53 activity. Nevertheless, mutations at six sites (see below) that abrogate PTMs
are frequent in human cancers (Table 1). Redundancy is clearly demonstrated with mouse
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knock-in mutants for Ser18 and Ser23. Changing either residue to alanine had relatively
minor effects on DNA damage responses, but changes in both residues to alanine abrogated
DNA damage-induced apoptosis (Chao et al., 2006a). Several of the enzymes that modify
TP53 depend on “docking sites” that are somewhat remote from the site modified (Endicott
et al., 2012). While cancer mutations in these remote landing sites might abrogate
modification of MUT TP53 proteins in cancer without directly affecting the modification
site, TP53 docking sites for only a few modifying enzymes have been elucidated.

TP53 PTMs have been most extensively studied in response to DNA damage, which
activates the ATM/ATR DNA damage response pathway (Kruse and Gu, 2009b; Vousden
and Prives, 2009). Following the induction of DNA double-strand breaks (DSBs) or the
generation of single-stranded DNA from DNA replication stress, telomere uncapping, or
other repair processes, ATM and ATR rapidly phosphorylate TP53 on Ser15, Ser37 and
possibly on Ser46. ATM and ATR also activate the effector kinases CHK1 and CHK2,
which phosphorylate TP53 at additional sites (Table 1, Supp. Figure S1). The DNA damage
response can activate a host of other protein kinases (Bensimon et al., 2011), some of which
also phosphorylate TP53. Phosphorylation of TP53 N-terminal residues inhibits binding of
TP53 by MDM2/MDM4, TP53 ubiquitylation and also promotes binding of the histone
acetylases p300/CBP (KAT3B/KAT3A). The p300 protein acetylates mainly C-terminal
residues that enhance binding of TP53 to DNA, block TP53 ubiquitylation and further
activate TP53, probably by promoting or inhibiting TP53 interactions with binding partner
proteins, some of which serve as co-regulators similar to p300. DNA damage also induces
an important acetylation of the DNA contact residue Lys120 by TIP60/MOF, as well as
methylation of several C-terminal residues by various protein methylases. Methylations can
enhance or repress TP53 transcriptional activity (West and Gozani, 2011). The DNA
damage response also results in PTM of many of the proteins that regulate TP53, such as
MDM2, MDM4 and p300, and independently affects their activity towards TP53.

Contrary to many of the components of the DNA damage response, the TP53 transcriptional
response to acute DNA damage, including classical TP53 DNA damage-induced genes
(Jiang et al., 2011; Li, et al., 2012), does not appear to be essential for tumor suppression
(Christophorou et al., 2006). This finding raises the question of what role PTMs of TP53
play in TP53-mediated tumor suppression (Loughery and Meek, 2013; Meek, 2009; Zilfou
and Lowe, 2009). Extensive studies have shown that no single PTM appears to be essential
for TP53-mediated tumor suppression. In response to oncogene activation and aberrant
proliferative signals, TP53 is activated primarily through the ARF pathway rather than
through DNA damage-induced signaling; however, neoplastic cells often display evidence
of DNA damage. Few TP53 PTMs have been shown to be caused by induction of ARF,
although ARF induction does induce acetylation of TP53 Lys120 (Mellert et al., 2007).
Nevertheless, six residues that are subject to PTM-- Lys132, Thr155, Ser215, Glu258,
Asp259 and Cys277-- are mutated in tumors significantly more frequently than are other
single posttranslationally modified residues (Table 1 and Fig. 2), suggesting that
modifications to these residues might contribute to TP53-mediated tumor suppression.
Alternatively, changes to these residues, all of which lie in the structured DBD, may
contribute to TP53 instability. Surprisingly, modifications of these residues are among the
least studied TP53 PTMs.
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Additional evidence for the importance of TP53 PTMs in TP53-mediated biology, if not in
tumor suppression, comes from the fact that several residues subject to modification,
including the six DBD residues listed in the paragraph above, are highly conserved through
evolution including TP53 from simple eukaryotes (Lane et al., 2010; MacLaine and Hupp,
2009). A third indication for the importance of PTMs in tumor suppression comes from the
mutation or overexpression of TP53 modifiers in cancers with wild-type (WT) TP53. The
best known examples are the amplification of MDM2 and overexpression of its protein, the
major negative regulator of TP53 in cancers, notably in sarcomas but also in breast and other
cancers (Wade et al., 2013), and the overexpression of or a gain-of-function (GoF) mutation
of PPMD1 (WIP1), the gene for a TP53-induced phosphatase that dephosphorylates TP53 as
well as many other DNA damage response and repair proteins, or WIP1 overexpression
(Kleiblova et al., 2013; Lu et al., 2008; Zhu and Bulavin, 2012). However,
dephosphorylation of TP53 by WIP1 may be less important for attenuating its activity than
is reduction of ATM and/or ATR activation or the removal of inactivating phosphorylations
from MDM2/MDM4 by WIP1.

The role of TP53 PTMs in WT TP53-mediated functions has been covered by many
extensive reviews, (e.g., Anderson and Appella, 2009; Freeman and Espinosa, 2013; Gu and
Zhu, 2012; Jenkins et al., 2012; Loughery and Meek, 2013; Meek and Anderson, 2009;
Vousden and Prives, 2009). Here, we review the literature with regard to PTMs that are
known to occur to MUT TP53, and we discuss PTMs that influence TP53 binding partners.
To the best of our knowledge, no PTMs have been identified in MUT TP53s that do not also
occur in WT TP53, but expression of many of the signaling enzymes that modify TP53 and
other chromatin components can become dysregulated in cancer, thus potentially modulating
normal signaling to TP53. Finally, we raise questions that are relevant to future research on
the role of TP53 PTMs in cancer biology.

Posttranslational Modifications of MUT TP53

Alteration of the TP53 gene itself or perturbations in TP53 signaling pathways are the most
frequent events in tumorigenesis (Petitjean et al., 2007) and can be considered hallmarks of
cancer cells (Pfeifer and Hainaut, 2011). Cancer-associated changes in tumor suppressor
genes such as CDKN2A (ARF), RB1 or BRCAL are generally due to loss of protein due to
silencing or deletion. This contrasts with TP53 the normal function of which commonly is
altered by direct single nucleotide substitution missense mutations that often give rise to a
stable mutant protein.

The vast majority of TP53 mutations in cancers result in loss of DNA sequence-specific
binding and the ability to activate transcription of most TP53 target genes and thus loss of
tumor suppressive function. Still nearly one-third of cancer-associated mutants retain limited
or altered TP53 transcriptional function (Resnick and Inga, 2003). Moreover, loss of
function missense MUT TP53 often antagonizes WT TP53 tumor suppressor functions in a
dominant negative manner through tetramer formation with WT protein. In addition and
totally independent of WT TP53 functions, many MUT TP53 proteins also acquire
oncogenic GoF(s) which endow selective growth advantages to cells with the mutations
such as transactivation of new target genes or inappropriate interactions with other cellular
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proteins (Brosh and Rotter, 2009; Goh et al., 2011; Lozano, 2007). Regardless of the general
or mechanistic classification of the MUT TP53s, and knowing the role that PTMs have on
WT TP53 functionality, it is expected and in some cases demonstrated (discussed below)
that PTMs impact the activities of MUT TP53. Although TP53 mutations are found in all
coding exons of the TP53 gene, more than 95% of the base substitution mutations are
located in exons 4-9, which encode the DBD of the protein. Among the mutations in this
domain, about 30% locate within six “hotspot” residues that are frequent in almost all cancer
types (Cho et al., 1994; Hollstein et al., 1991), e.g. Argl75, Gly245, Arg248, Arg249,
Arg273, and Arg282, but which are not known to be posttranslationally modified.

Similar to WT TP53, a variety of parameters at the posttranslational level contribute to the
multifunctionality of MUT TP53 that fine-tune and modify cellular localization, the rate of
its degradation and the specificity of TP53 for its target genes, as well as establishing a code
for the interaction of TP53 with other proteins. For this review, we approach the relationship
between PTMs and MUT TP53 with two simple questions. Are PTM residues on TP53
protein mutated and if so what are the consequences? Do PTMs impact MUT TP53
functions?

If the posttranslationally modified residues are important for the tumor suppressor and
genome guardian roles of TP53, one might expect that a mutation at such residues would
abolish or compromise those functions and that missense mutations in these PTM residues
should be frequently observed in tumors. Analysis of the TP53 tumor mutation databases
reveals that the vast majority of residues subjected to PTM are infrequently mutated in
human tumors (Table 1). In addition, none of the twenty PTM sites described in the DBD
falls in a hotspot for tumor mutations. Nevertheless, the codons for Lys132, Thrl55, Ser215,
Glu258, Asp 259 and Cys277 have over 90 cancer-associated mutations/codon (Table 1),
well above the average of ~70 mutations per codon for the TP53 DBD (excluding hotspot
mutations), although little is known about the role of these mutants in tumor development.
The codons for two other PTM sites in the DBD (Lys164 and Glu271) are mutated
somewhat less frequently (49 and 67 times, respectively) than the average for the DBD
excluding hotspot mutants. Surprisingly, most amino acid changes in these residues only
partially compromised TP53 transactivation (Table 1). The Arg337 residue is subject to
dimethylation and is considered a hotspot for TP53 germline mutations that present as
adrenocortical tumors (Latronico et al., 2001; Ribeiro, et al., 2001). Furthermore, in vitro
mutagenesis for each of the known residues that can be posttranslationally modified in TP53
did not lead to significant reduction of its transactivation activities in a yeast based assay
(Kato et al., 2003).

As for the second question, little is known about the role of PTMs in the regulation of MUT
TP53 activity. Most data comes from in vitro studies using non-physiological expression
levels and/or transformed cell lines where several signaling pathways that influence TP53
activities are also altered. Nevertheless, data coming mainly from animal models supports
the view that PTMs along with the oncogenic context are crucial to malignant functions of
MUT TP53 (Muller et al., 2011). For example, Adorno et al. (2009) showed that activated
RAS signaling promotes the phosphorylation of a MUT TP53 Arg280Lys at Ser6 and Ser9
and results in the formation of a MUT TP53/SMAD complex, which in turn inhibits p63
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(hereafter TP63) antimetastasis activities. In the following sections, examples are presented
of how MUT TP53 is regulated through PTMs. We have focused on three major covalent
modifications: phosphorylation, acetylation and ubiquitylation.

Phosphorylation of Serines and Threonines in MUT TP53

Phosphorylation of TP53 is generally considered the first step in TP53 stabilization and the
enhancement of TP53 transactivating activities at its target genes. There are ~30 residues
that can be phosphorylated, mostly located in the N and C termini. Several can be targeted
by multiple kinases implying some level of redundancy. Yet the residues generally
considered critical for TP53 antiproliferative and antiapoptotic activities, including Ser15,
Thrl8, Ser20, Ser46 and Ser392, are infrequently mutated in cancers. In fact, tumor
missense mutations of TP53 at sites subject to phosphorylation are exceedingly rare (Table
1). In agreement with this, knock-in mice with single amino acid replacements that preclude
modification of those residues have shown unexpectedly modest effects on TP53 function
compared to in vitro results in transfected cell lines that had predicted a more profound
impact (Toledo et al., 2006). The exceptions are residues Thr155 and Ser215 located in the
DBD (found 99 and 110 times in tumors, respectively (Petitjean et al., 2007, TP53 IARC
database R16). Interestingly, Thrl55 is one of the few sites for which phosphorylation
promotes TP53 degradation. The COP9 signalosome (CSN)-associated kinase complex
phosphorylates Thr155, promoting TP53 ubiquitylation by both MDMZ2 and the
papillomavirus E6-AP ligases and subsequent proteasomal degradation (Bech-Otschir et al.,
2001). Phosphorylation of Ser215 also promotes the inhibition of TP53 protein activities. In
this case, phosphorylation of TP53 by Aurora-A kinase abrogates WT TP53 DNA binding
and transactivation activity (Liu et al., 2004). Overexpression in HCT116 TP537 cells of
mutants mimicking non-phosphorylatable (Ser215Ala) and phosphomimetic (Ser215Asp)
forms of this residue resulted in the specific loss of phosphorylation at Ser392 and Ser33,
respectively. In addition Thr155 and Ser215 together with two other PTM sites (Ser269 and
Glu271) are spatially located far from the TP53-DNA interface but have the potential to
induce TP53 protein conformational changes, thus affecting functional activities (Shiraishi
etal., 2004).

Like WT TP53, MUT TP53 can be posttranslationally modified in the absence of, or in
response to, stress signals although relatively little is known about how these modifications
affect MUT TP53 activities. The patterns of phosphorylation on MUT TP53s can differ from
WT patterns. Nearly 20 years ago, Ullrich et al. (1993) showed in one of the pioneering
studies of PTMs of MUT TP53 that in the absence of stress phosphorylation of specific
residues in MUT TP53 were altered compared to WT. Using tumor cells harboring
transcriptionally defective MUT TP53s, no changes in phosphorylation of Ser9 were
observed, but phosphorylation at Ser15 was reduced and phosphorylation at Ser392 was
increased. On the other hand, Minamoto et al. (2001) found that MUT TP53 can be
phosphorylated at various sites including Ser15, Thr81 and Ser392 in vitro and in human
tumors in vivo. The phosphorylation of residues on MUT TP53 is expected to influence the
pattern of other modifications in the protein as well as to promote changes in conformation
that would affect activities of MUT TP53 including interactions with other proteins and
responses to anticancer drugs. For example, mutations at phosphorylation sites
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corresponding to Serl5 and 46 but not to Ser20 in the N-terminal region of TP53 result in
variations in the radiosensitivity of lung cancer cells (Okaichi et al., 2011). Phosphorylation
of the N terminus by JNK or the C terminus by PLK2 enhances MUT TP53 GoF (Valenti, et
al., 2011; Zerbini, et al., 2005), whereas phosphorylation at Ser392 promotes MDM2-
mediated degradation and reduces the transforming activity of the MUT TP53 protein
(Gillotin et al., 2010). Furthermore PML, which interacts constitutively with mutant TP53
and regulates key TP53 PTMs, is required for MUT TP53 GoF (Haupt et al., 2009).

Ser392 is one of the few PTM residues for which detailed information is available as to how
PTMs impact MUT TP53 activities and tumorigenesis (reviewed in Matsumoto et al.
(2006)). Located near the C terminus, Ser392 is phosphorylated in response to UV radiation
by a protein complex containing CK2, hSpt16 and SSRP1 (Keller et al., 2001) which
stabilizes the TP53 tetramer (Sakaguchi et al., 1997) and activates the sequence-specific
DNA binding activity of TP53 (Hupp and Lane, 1995). In the absence of stress, Ser392 is
frequently found to be hyperphosphorylated in several tumor-derived cell lines harboring the
Arg248Trp or Arg273His hotspot mutations (Minamoto et al., 2001; Ullrich et al., 1993;
Warnock et al., 2011). In human transitional cell carcinomas, ~60% of the samples
harboring TP53 missense mutations showed constitutive phosphorylation of Ser392
(Furihata et al., 2002). Other studies have reported a correlation between high frequency of
cells with Ser392 hyperphosphorylation and poor prognosis or advanced tumor stage and
tumor grade in TP53-positive cancers including esophageal squamous cell carcinomas and a
variety of related skin tumors (Bar et al., 2009; Matsumoto et al., 2004a, 2004b). However,
Yap and collaborators (2004) reported that for breast tumors with high expression of MUT
TP53, the levels of phosphorylated Ser392 were reduced.

How Ser392 phosphorylation of MUT TP53 might contribute to tumor progression is not
known. It has been proposed that Ser392 phosphorylation enhances tetramer formation of
certain GoF MUT TP53s, which then become more potent oncoproteins (Bode and Dong,
2004). Also, the Ser392Ala mutation dramatically reduces the half-life of misfolded
(structural) TP53 Argl75His protein but not the Arg248Trp mutant which has a native
conformation (Gillotin et al., 2010). Yet the Ser392Ala protein enhanced the oncogenic
capability of the MUT TP53 Arg175His protein in Ras-transformed rat embryo fibroblasts
(Yap et al., 2004).

Another extensively studied phosphorylated residue in TP53 mutants is Ser15, a key to
TP53 activation after stress signals (Jenkins et al., 2012). Results of these studies often are
contradictory, which may reflect the conditions used and the cells examined. In early
observations of DNA binding mutants, a lack of Ser15 phosphorylation was noted (Nagata
et al., 1999; Ullrich et al., 1993). But in other studies that included many more MUT TP53
cancer cell lines from different tissue origins, no conclusive correlation between Ser15
modification and abundance, localization, or DNA binding affinity of MUT TP53 were
found under stressed or unstressed conditions (Liu et al., 2013; Minamoto et al., 2001; Ray
et al., 2012), suggesting that other players influence the impact of this modification on MUT
TP53 functions. However, Melnikova et al. (2003) found constitutive Ser15 phosphorylation
in UV-induced mouse skin tumors as well as in human breast and pancreatic cancer cell
lines expressing Arg280Lys, Leul94Phe, and Arg273His mutants. In addition they found
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MDM2 overexpression did not alter the level of constitutively phosphorylated MUT TP53, a
result which suggests that phosphorylation of MUT TP53 at Serl5 may contribute to
increased stabilization and to oncogenic activities. While the levels of Serl15
phosphorylation found in squamous cell carcinoma and skin tumors were low (Matsumoto et
al., 20044, 2004b), phosphorylation of this residue was highly correlated with a high Ki-67
labeling index proliferation marker in basal cell carcinoma; this finding suggests that Ser15
phosphorylation might affect the proliferative activity of skin derived cells. In addition,
Zerbini and colleagues (2005) found that Ser15 phosphorylation of MUT TP53 can play a
critical role in regulating the oncogenic function of MUT TP53 and cell survival via the NF-
kB signaling pathway. Inhibition of NF-xB signaling promoted the stabilization of MUT
TP53 (Pro223Leu/Val274Phe) through increased phosphorylation at Ser15 by the INK
kinase. Moreover, it was reported that inhibition of Ser15 or Ser315 phosphorylation
partially restored WT function in osteosarcoma SaOs2 cells transfected with TP53 proteins
mutated at residues Alal43 and His175 (Sugikawa et al., 1999).

The complexity of regulation of MUT TP53 and role of PTMs is illustrated in a recent study
by Valenti et al. (2011) which shows that WT and Arg175His TP53s induce polo-like kinase
2 (PLKZ2) expression in response to doxorubicin and cisplatin, although by different
mechanisms. Whereas WT TP53 binds its consensus sequence in the PLK2 promoter (Burns
et al., 2003), the MUT TP53 lacks this capacity and induces PLK2 expression by hitchhiking
onto the transcription factor NF-Y at CCAAT-boxes, thus promoting p300 recruitment and
histone acetylation. Interestingly, activated PLK2 phosphorylated MUT TP53 at the C
terminus, particularly residue Thr377, stimulating TP53 acetylation (Valenti et al., 2011). As
a result, this modification enhances the transcriptional activity of TP53 and, in the case of
MUT TP53, increases its interaction with the p300 cofactor and MUT TP53 target
promoters. The phosphorylated MUT TP53—-p300 complex subsequently can interact with
NF-Y to induce transcription providing an autoregulatory loop that reinforces MUT TP53
activity which results in enhanced cell growth and chemoresistance to conventional
anticancer drugs.

Acetylation of MUT TP53 Lysines

In addition to phosphorylation, acetylation of TP53 has been described as indispensable for
many TP53 biological activities (Tang et al., 2008). Eleven lysine residues on TP53 can be
acetylated, nine are located in the C terminus while only two are in the DBD (Lys120 and
Lys163). TP53 is acetylated by several histone acetyltransferases (Kruse and Gu, 2009b)
including the structurally related p300 and CREB-Binding Protein (CBP), p300/CBP-
Associated Factor (PCAF), TIP60, hMOF and hMOZ (Table 1 and Supp. Figure S1). The
acetylation levels of TP53 are enhanced in response to stress and correlate well with TP53
activation, promoting the recruitment of cofactors for promoter specific TP53 transcriptional
activity (Brooks and Gu, 2003; Carter and VVousden, 2009). Acetylation also stimulates
TP53 stabilization by inhibiting the ubiquitylation process induced by MDM2/MDM4
repressive complexes (Dai and Gu, 2010).

Although most acetylated lysine sites on TP53 are not altered in human tumors, some
residues including Lys120, 164 and 305 are often found mutated in cancer (Table 1).
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Importantly, the location of Lys120 and 164 in the DBD, the region most often mutated in
cancers, suggests that these residues might have physiological roles and non-redundant
effects on TP53 function. Acetylation of Lys120 is indispensable for the activation of target
genes involved in apoptosis but not cell cycle arrest, while Lys164 acetylation is associated
with activation of the majority of TP53 target genes (Tang et al., 2008). Notably, the fact
that both residues are conserved in all species containing functional TP53 genes suggests a
role for this modification throughout evolution.

Acetylation of several residues in MUT TP53 has been observed in various cancer cell lines.
In the absence of stress, the Arg248Trp and Arg273His MUT TP53 proteins were
hyperacetylated at Lys320, Lys373 or Lys382 when compared with non-tumorigenic cell
lines (Minamoto et al., 2001). A similar observation was found by Warnock et al. (2011) for
Lys382 acetylation in colon carcinoma cells harboring Arg273 mutations. These intense
patterns of acetylation might facilitate accumulation of MUT TP53 in the nucleus (Bode and
Dong, 2004).

As found for other PTMs, the relationship between acetylation and signaling for WT and
MUT TP53 proteins remains unclear. One of the major issues contributing to a lack of
understanding of the impact of TP53 acetylation is the battle for lysine modifications (Carter
and Vousden, 2009). Most of the lysine residues subject to acetylation can also be modified
by methylation, ubiquitylation, and neddylation, all of which have inhibitory effects on a
variety of TP53 functions (Kruse and Gu, 2009b). For example, acetylation of C-terminal
lysine residues stabilizes TP53 and blocks TP53 degradation by inhibiting ubiquitylation of
these residues (Li et al., 2002). The picture is even more complex if we consider the
crosstalk between phosphorylation and acetylation. Specific phosphorylation patterns can
promote acetylation of the C terminus and initiate a phosphorylation-acetylation cascade
(Ferreon et al., 2009; Ou et al., 2005; Puca et al., 2009; Sakaguchi et al., 1998). This
dynamic process for TP53 PTMs also appears to occur in cells with MUT TP53 as described
in the previous section in the experiments by Valenti and colleagues (2011) with PLK2 and
MUT TP53.

Recently, Rodriguez et al. (2012) showed that acetylation of MUT TP53 has a profound
impact on metabolic and survival activities within cancer cells. Using several MUT TP53
cancer cell lines that included ovarian TOV (TP53Arg175His), breast carcinoma MDA.-
MB-231 (TP53Arg280Lys), T47D (TP53Lys194Phe), BT20 (TP53Lys132GIn) and
pancreatic cancer PANC1 (Arg280Thr), they found that glucose restriction induces
acetylation of lysines at the C terminus of MUT, but not WT, TP53 protein. With a C-
terminal acetylation-mimicking version of TP53 (Gly245Ala-K6Q) autophagic degradation
of TP53 dependent on the acetylation status of the protein was noted. As a result, tumor cells
lost regulation of the autophagic process in response to starvation, which resulted in
increased autophagy and cell death. Perez and collaborators (2010) found that acetylation of
the conformational mutants Arg175His and Gly245Ala by p300/CBP-associated factor
(PCAF) or by treatment with deacetylase inhibitors resulted in the restoration of partial WT
DNA-binding activity and growth suppression. These results demonstrate that acetylation
can influence MUT TP53 activities and also suggest that MUT TP53 affinity for DNA might

Hum Mutat. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Page 10

be influenced by post-acetylation events, such as interaction with cellular factors or by
additional PTMs that occur in an acetylation-dependent manner.

Ubiquitylation and Other Modifications of MUT TP53

While phosphorylation and acetylation of TP53 can be involved in activating TP53
biological functions, polyubiquitylation generally is responsible for inactivating TP53
functions by promoting degradation of TP53 protein. However, the effects of other
modifications such as neddylation and sumoylation are less clear (Hock and VVousden,
2010). In contrast to polyubiquitylation, monoubiquitylation, neddylation and sumoylation
may target TP53 to different cellular locations. With the exception of Lys101, most lysine
residues modified by ubiquitylation (Ub) are located in the DBD and in the C terminus. As
shown in Table 1, most lysine codons distributed in the C terminus are not mutated in
cancers except for Lys305.

Since lysines that are neddylated (320, 321, 370, 372 and 373) or sumoylated (386) have not
been found to be altered in human tumors or implicated in MUT TP53 functions, we restrict
this discussion to ubiquitylation of MUT TP53. The E3 ubiquitin ligase MDM2 is the main
driver of TP53 ubiquitylation, although several other proteins with similar activities
including Pirh2, Copl, TOPORS, and CHIP have been reported to promote the degradation
of TP53 independently of MDM2 (Lukashchuk and Vousden, 2007). Notably, MDM2 is a
TP53 transcriptional target, establishing a negative feedback loop for TP53 activities
(reviewed in (Lee and Gu, 2010)). Additionally, overexpression of MDM2 is observed in
many tumor types and results in aberrant inactivation of TP53.

The tight control that exists between MDM2 and TP53 in normal cells is lost in tumors
harboring MUT TP53 and results in hyperstability that correlates with MUT TP53
oncogenic activities. The hyperstability is associated with the loss of TP53-mediated
transactivation of MDM2 (Midgley and Lane, 1997). Li et al. (2011) characterized the
degradation of endogenous MUT TP53, using a panel of randomly chosen human cancer
cell lines expressing either WT or MUT TP53. Tumor-derived endogenous MUT TP53 cell
lines showed a complete lack of ubiquitylation and exhibited dramatic constitutive TP53
stabilization (10- to 20-fold above WT TP53 cancer cell lines).

The precise mechanisms responsible for deregulating MUT TP53 protein levels in cancer
cells are not clear. Additional alterations may be required to stabilize MUT TP53. For
example, only the tumor tissue arising in knock-in mice that express MUT TP53 Argl72
(human Arg175) display constitutive stabilization of MUT TP53 (Lang et al., 2004; Olive et
al., 2004; Terzian et al., 2008). Lukashchuk and VVousden (2007) provided one of the first
studies showing that the regulation of MUT TP53 stability differs from that of WT TP53.
Although MDM2 could interact with conformationally altered TP53-DBD mutant proteins,
ubiquitylation by MDM2 of MUT TP53 was less efficient than for WT TP53. They
proposed that other E3 ligases could be responsible for the degradation of MUT TP53. Two
recent studies identified new players in the regulation of MUT TP53 stability. Li et al.
(2011) found that stabilization of MUT TP53 in cancer cells can result from inhibition of
MDM2 and the chaperone CHIP E3 ligases by the HSP90 chaperone machinery. Wiech et
al. (2012) showed that HSP70 together with MDM2 enhances TP53Arg175His aggregation

Hum Mutat. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Nguyen et al.

Page 11

and alters its subcellular distribution resulting in the stabilization of this MUT TP53.
Together, these observations suggest a more complex relationship between MDM2 and
TP53 and indicate that the degradation of MUT TP53 may be selectively compromised in
tumor cells.

Finally, TP53 can undergo other modifications, including methylation, O-linked -N-
acetylglucosamine (O-GIcNAcylation), poly(ADP-ribosyl)ation and nitration, but the
significance of these modifications for MUT TP53 functions and tumorigenesis is unclear.
Overall, understanding the effects of PTMs on MUT TP53 stability and function may help
predict responsiveness to chemotherapy of tumors harboring MUT TP53.

Mouse Knock-in Models of PTM Sites

Knock-in mutations in mice have provided important information about TP53 functions
even though significant differences exist between the human and mouse TP53 networks (see
(Menendez et al., 2009)). To date, twelve Trp53 knock-in mouse models have been created
that contain mutations in residues that are posttranslationally modified, and these are
described below (see Table 1). Since there have not been any studies that address the impact
of PTMs in mice with MUT TP53, we summarize findings regarding the roles of PTMs
themselves on TP53 function, with the idea that these findings will guide future studies on
the interaction between PTMs and MUT TP53s. Although some PTM site mutations
decreased survival and increased spontaneous tumor formation, none of these mutations
were as severe as the Trp537 mutation. The median survivals for Trp53-, Trp53*/", and
Trp53** mice are 20, 78 and 120 weeks, respectively (Donehower and Lozano, 2009). The
mouse models specifically targeted phosphorylation and acetylation residues consisting of
serines and lysines, respectively. Most TP53 PTMs were dispensable and the changes did
not affect lifespan. Only three studies showed increases in spontaneous tumor formation and
decreased lifespan as compared to TP53 WT mice (Armata et al., 2007; Chao et al., 2006g;
MacPherson et al., 2004). Whether any of the residues examined are essential when mice are
stressed/challenged has not been thoroughly studied. Most of the PTM mutations were found
to result in tissue specific defects in response to DNA damage. For a more comprehensive
review of engineered mouse models of TP53, see Donehower (this issue).

Changes to Phosphorylated Residues

To address the consequences of loss of phosphorylation, two groups changed the Ser18
codon (equivalent to Ser15 in human TP53) to a hon-phosphorylatable Ala codon to create
Trp53S18AS18A mouse models in different genetic backgrounds (Chao et al., 2003; Sluss et
al., 2004). The Sluss group went on to report the median lifespan for Trp53518A S18A mice as
81 weeks (Armata et al., 2007), whereas the lifespan was 98 weeks and 71 weeks for
Trp53*/* and Trp53*/- mice, respectively. Chao and colleagues (2003) reported their mice
had no predisposition to spontaneous tumorigenesis. The Trp53518A/S18A mytation did not
affect basal or DNA damage-induced TP53 protein levels nor DNA binding as compared to
WT. However, TP53 PTM levels, specifically of Lys379 (human Lys382) acetylation, were
reduced in mouse embryonic fibroblasts (MEFs) after DNA damage. Transactivation of
apoptotic targets was defective in thymocytes, fibroblasts, and splenocytes after DNA
damage. Despite impaired apoptotic responses, Trp53518A/S18A could not rescue the
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embryonic lethality phenotype of Mdm2-/- mice and rescued the embryonic lethality of
Xrec4™ caused by TP53-dependent apoptosis in only a few mice (2/11) (Chao et al., 2003;
Sluss et al., 2004). The Trp53S18A/S18A mice developed lymphomas more rapidly than the
heterozygous or WT mice following crosses with Ey-myc transgenic mice (Sluss et al.,
2010), but to a lesser extent than Trp53 null mice. Interestingly, Trp53518A/S18A a5 compared
to WT MEFs exhibited increased levels of ROS and decreased gene expression of the
Sestrin family of antioxidants, increased inflammatory cytokines, metabolic stress and
defects in glucose homeostasis (Armata et al., 2010).

The Trp53523A/S23A (corresponding to human Ser20Ala) mice had a decreased lifespan
(median was 63 weeks) and developed B-cell lineage lymphomas, while Trp537- mice
developed thymic lymphomas and sarcomas. Thymocytes and developing cerebellum were
defective in apoptosis and had decreased TP53 stabilization following DNA damage
(MacPherson et al., 2004).

Combining the Ser18Ala and Ser23Ala mutations led to dramatic changes. In the double
homozygous mutant mice Trp53S18A/S18A;S23A/S23A anoptosis was abolished in thymocytes,
similar to Trp537- thymocytes (Chao et al., 2006a), whereas apoptosis in Trp53518A/S18A
thymocytes was slightly impaired as compared to WT thymocytes. Similar to TP53 null
mice, Trp53S18A/S18AS23A/S23A cqyld rescue embryonic lethality of Xrccd™™ mice. However,
unlike Xrcca™ Trp537, the Xrcca™- Trp53S18A/S18AS23AIS23A mice were not prone to
spontaneous tumor formation. Trp53S18A/S18A;S23A/SZ3A mice had a reduced lifespan (median
was 80 weeks) as compared to WT mice, and the spectrum of tumors in these mice differed
from those in Trp53523A4/S23A animals. It should be noted that the differences in tumor
spectrum and lifespan could be due to the different genetic background of the mutant strains
(Chao et al., 2006a). The absence of Trp53523A/S23A mice in this background precludes a
conclusion about the relative roles of Ser18 and Ser23 PTMs.

Modification at human TP53 Ser46 was examined in a mouse with a human TP53
replacement (hupki) since this amino acid is not conserved between humans and mice. A
knock-in consisting of exons 4 through 9 of mouse Trp53 was replaced with the
corresponding human TP53 exons (codons 33-332; p53hki) as well as with a Ser46Ala
replacement (Trp53hkiS64), TP53 stabilization after DNA damage or oxidative stress was
reduced in embryonic stem cells (ESCs), fibroblasts and thymocytes of Trp53hkiS46A as
compared to the Trp53hki cells. Like the other two TP53 PTM single mutants, Ser18Ala and
Ser23Ala, TP53-dependent apoptosis was partially defective after DNA damage, yet the
defect could not rescue the embryonic lethality of the Xrcc4 " mice (Feng et al., 2006).
Additionally, apoptosis also was impaired in Ras-expressing MEFs challenged with DNA
damage. Possible effects of the Ser46Ala mutation on lifespan or spontaneous tumor
formation were not described.

Three mouse models have been described for assessing the consequences of phosphorylation
at Ser315. In a Trp53hkiS315A Hupki mouse system (Lin et al., 2005), similar TP53 protein
levels compared to Trp53hki were observed after DNA damage. However, the TP53 in ESCs
from Trp53hkiS315A mice was hyperphosphorylated at Ser46 and Ser392 as compared to
ESCs from Trp53hki mice. Also, TP53 protein levels were increased after retinoic acid
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induced differentiation in Trp53hkiS315A ESCs as compared to Trp53hki ESCs. Some TP53-
dependent transcriptional responses were defective in Trp53hkiS31%A ESCs during ESC
differentiation, notably repression of the self-renewal factor Nanog.

Two mouse models based on TP53 Ser312Ala (corresponding to human TP53 Ser315) have
been created in different backgrounds (Lee et al., 2011; Slee et al., 2010). These mice
developed normally and remained tumor free for at least 2 years (Lee et al., 2011; Slee et al.,
2010). The TP53 from Trp535312A/S312A \yas functionally normal after DNA damage in that
it could induce apoptosis and cell-cycle arrest as well as prevent centrosome duplication as
compared to WT cells (Lee et al., 2011). Moreover, Trp535312A/S312A MEFs and thymocytes
were still phosphorylated at Ser18 and Ser23 after DNA damage (Lee et al., 2011). The
Trp53S312A/S312A jn hoth mouse strains was unable to rescue Mdm27- embryonic lethality
(Lee et al., 2011; Slee et al., 2010) although, Trp535312A/S312A Mdm2-/- embryos could be
detected at day 13.5 in one of the studies (Slee et al., 2010). Tumorigenesis following
irradiation was enhanced in Trp535312A/S312A mice in the Slee et al. (2010) study, but not in
the Lee et al. (2011) experiments. Furthermore, Lee et al. found that tumorigenesis was not
increased following crosses with an Eg-myc mouse. Gene expression profiles from Ep-
mycT9; Trp53S312A/S312A and Ep-mycT9; Trp53*/* mice were comparable suggesting that
phosphorylation at the Ser312 site is not necessary for TP53 function (Lee et al., 2011).

The lifespan and tumor incidence of Trp53S389A/S389A (corresponding to human Ser392)
were similar to that in WT mice (median lifespan is 110 weeks) (Bruins et al., 2004). The
MEFs had decreased in vitro DNA binding activity, delayed transcriptional activation of
some target genes, and decreased apoptotic response after UV irradiation but not after IR or
oncogene activation (Bruins et al., 2004). The Trp535389A/S389A mice were more susceptible
to skin tumors and urinary bladder tumors than WT mice when challenged with two
nucleotide excision repair-specific DNA damaging agents, UVB irradiation or 2-
acetylaminofluorene, respectively (Bruins et al., 2004; Hoogervorst, et al., 2005), while
whole body IR effects on Trp53S389A/S389A mjce did not differ from WT (Hoogervorst et al.,
2005).

Changes to Acetylated Residues

Changing a lysine to arginine prevents acetylation. The Lys117Arg (corresponding to
human Lys120) mutation results in a complete blockage of apoptotic responses in mouse
thymocytes, testis, intestine, and spleen after DNA damage (Li et al., 2012). The
Trp53K1L7R/KILTR MEFs could not induce Noxa, Dr5 or Puma apoptotic genes, but could
still induce cell-cycle arrest and senescence. Li et al. also created Trp533KR/3KR mice with
Lys117Arg, Lys161Arg, Lys162Arg mutations (corresponding to the human Lys120,
Lys164, and GIn165). Unlike cells from the Trp53K117R/KI17R mice MEFs and thymocytes
from the Trp533KR/BKR mice were defective in apoptosis, cell cycle arrest, and senescence
following DNA damage, but the Trp533KR/3KR mice retain the ability to regulate metabolic
genes. TP53 protein was induced and acetylated on the C-terminal lysines and
phosphorylated on Ser18 following DNA damage in MEFs from both Trp53K117R/K117R gng
Trp533KRBKR mice (Li et al., 2012). Surprisingly, the lifespan and tumor incidence of
Trp53KLL7RIKIITR and Trp533KRIBKR mice were similar to WT mice.
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The lifespan of Lys317Arg (corresponding to human Lys320) mice is similar to WT mice
(Chao et al., 2006b), and TP53 induction following DNA damage in MUT and WT MEFs
and in thymocytes was similar. There was enhanced apoptosis in Trp53K317R/K317R
thymocytes and in cells from the small intestine and retinas, but not in MEFs as compared to
WT following DNA damage. Oncogene activated (E1A/Ras) Trp53K317R/K317R MEFs
exposed to DNA damage also had increased apoptotic responses vs. WT. Trp53K317R/K317R
thymocytes had enhanced TP53 transcriptional activity (both activation and repression)
following DNA damage as compared to WT, a finding that led to the conclusion that
acetylation of Lys317 normally decreases TP53 transcriptional activity (Chao et al., 2006b).

In two mouse models, modifications of C-terminal PTMs are addressed. Feng et al. (2005)
mutated six lysine codons while Krummel et al. (2005) mutated seven. The Trp53X6R model
corresponds to Lys to Arg changes for the residues 367, 369, 370, 378, 379, 383 (human
lysines 370, 372, 373, 381, 382, 386). DNA damage induced TP53 protein and
phosphorylation at Ser18 and Ser389 in ESCs and MEFs from Trp53K6R/KER mice at levels
similar to WT cells. TP53 also could be ubiquitylated but at lower levels than WT. Some
defects in TP53 transcriptional activity in Trp53%6R/KER ESCs, but not in MEFs, were
observed (Feng et al., 2005). In the Trp537XR model, which in addition to the Trp53K6R
changes added Lys384Arg (corresponding to human Thr387), the mice are viable and
normal. TP53 protein levels after DNA damage in Trp537XR/7KR MEFs were similar to those
in WT cells and Trp537XR/7KR thymocytes, and DNA damage or oncogene activation could
induce cell cycle arrest and apoptosis in Trp53’KR/7KR MEFs. Interestingly, TP53 protein
and target genes were induced in thymocytes from Trp537KR/7KR mice at a faster rate as
compared to WT cells after DNA damage (Krummel et al., 2005). We note that the above
changes also would prevent methylation, neddylation, or sumoylation of these residues.
Arginines can be methylated, but not by the enzymes that normally methylate lysines.
Overall, modifications to the seven C-terminal lysines do not appear important, at least in
the assays examined.

Like human TP53, mutant forms of mouse TP53 also can be posttranslationally modified;
however, little is known about how these modifications affect MUT TP53 activities. Ser18
in MEFs from Trp53R172H or Trp53R270H mice (corresponding to human hotspot residues
Argl75 or Arg273, respectively) undergoes phosphorylation after DNA damage and p21
(Cdknla) expression was induced (Olive et al., 2004). In contrast, MEFs from the
Trp53hkiR248W mouse also were phosphorylated at Ser18 after DNA damage, but induction
of common TP53 target genes such as Cdknla (p21), Mdm2, Pidd and Bax were greatly
decreased (Song et al., 2007). Phosphorylation of Ser18 was only detected in thymoma but
not the normal thymus of Trp53R246S mice (corresponding to human Arg249) (Lee et al.,
2012). MEFs containing TP53 single point mutations corresponding to human Asn131Tyr,
Arg248Trp, Arg249Trp, or Arg273Cys could all be phosphorylated at Ser15 and acetylated
at Lys379 even though none of these could induce p21 and Puma protein expression,
whereas GIn104Leu MEFs underwent the same PTMs but could induce p21 and Puma
expression (Odell et al., 2013).

Overall, while data from knock-in TP53 mice suggest that some PTMs (e.g. phosphorylation
of Ser46 or acetylation of Lys120) or combinations of PTMs (phosphorylation of Ser15 and
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Ser20) contribute importantly to individual TP53 functions, none are crucial for tumor
suppression. Most surprising is the lack of effects of the 6KR and 7KR constructs as these
residues are highly modified in multiple ways that appear from in vitro studies to be
important for individual TP53 functions (Carter and Vousden, 2009).

Dysregulation of Signaling Pathways that Modify TP53 in Cancer

Sequencing of cancer genomes has revealed altered signaling pathways in many human
tumors either directly through mutation or indirectly through copy number changes or
epigenetic mechanisms (Vogelstein et al., 2013; You and Jones, 2012). Indeed, nearly half
the driver genes mutated in cancers encode proteins that directly regulate chromatin through
the modification of histones or DNA. Among these are some that also modify TP53.
Although a comprehensive analysis is beyond the scope of this review, we summarize below
several cancer-associated changes that may affect TP53. For many of these pathways,
enzymes or cofactors, the impact on various MUT TP53s remains to be investigated.

As mentioned above, the WIP1 phosphatase and MDM2/MDM4 are overexpressed in
several different cancers. While overexpression of these enzymes frequently is associated
with WT TP53, overexpression also may occur in tumors with MUT TP53. In contrast to
WIP1, the gene for the scaffolding subunit of the PP2A phosphatase, encoded by PPP2R2A,
is commonly mutated or deleted in several cancers including prostate and breast (Kurimchak
and Grafia, 2013). The PP2A phosphatase is abundant and regulates various branches of the
DNA damage response pathway. It dephosphorylates several TP53 residues including
constitutively phosphorylated Thr55, which is important for TP53 stabilization after stress
(Table 1, Supp. Figure S1). Other phosphatases also may become dysregulated in cancers
(Stebbing et al., 2013).

ATM is critical for initiation of the DNA damage response, for activating several effector
kinases, and for phosphorylating several residues on TP53. ATM is one of the ~140 mutated
driver genes altered in human cancers as is CHEK2 (CHK?2), a DNA damage checkpoint
effector kinase (Vogelstein et al., 2013). ATM activation also requires TIP60, which is
downregulated in several cancers including prostate, breast, and colorectal (Xu et al., 2012).
Several of the Polo-like kinases are overexpressed or down regulated in tumors (Strebhardt,
2010). PLK1 is overexpressed and regulates TP53 indirectly through phosphorylation of
TOPORS, which inhibits its sumoylation activity and enhances TP53 degradation (Yang et
al., 2009). On the other hand, PLK3 is downregulated in human tumors and directly
phosphorylates TP53 Ser20, thereby inhibiting MDM2 binding and enhancing p300 binding.
MDM2 and MDM4 are amplified or overexpressed in a number of cancers and are driver
genes for human cancer (Vogelstein et al., 2013; Wade et al., 2013). Both AURA and
AURB are overexpressed in several cancers including breast, colorectal, and prostate (Lens
et al., 2010), and many cancers exhibit elevated JINK activity (Sabapathy, 2012).

Among the chromatin-modifying enzymes mutated or dysregulated in cancers that modify
TP53, in addition to TIP60, are the histone methyltransferases G9A and PRMTS5, the histone
demethylase LSD1, and the histone lysine acetyltransferases p300, CBP, and PCAF. The
histone deacetylases HDAC?2 and SIRT1 also show altered expression or mutation (You and
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Jones, 2012). Epigenetic cofactors, for example DBC1, an ATM phosphorylation-dependent
negative regulator of SIRT1 activity, also are mutated or dysregulated in cancers. Deletion
or down-regulation of DBC1 activity activates SIRT1, resulting in the deacetylation of TP53
and a decrease in its activity as a transcription factor (Zannini et al., 2012). The PIN1 proline
isomerase, which binds TP53 in a phosphorylation-dependent manner, frequently is
overexpressed in breast cancers, and 53BP1, which binds dimethylated TP53 to direct it to
repair foci, is downregulated in some cancers.

The above examples are but a few of the ways the mutation and altered expression of genes
in cancer might affect the status of MUT TP53 PTMs and TP53's functions in different
cancers. However, while some PTMs of MUT TP53 have been shown to contribute to a GoF
(e.9., INK phosphorylation of Ser6, Ser9, and Thr81 described below), relatively little is
known about how dysregulation of other modifications might affect the activity of MUT
TP53.

TP53 Protein-Protein Interactions Modulated by PTMs

Over the past 30 years more than 300 individual proteins or protein complexes have been
reported to interact with TP53 (Collavin et al., 2010), and more recent proteomics
approaches have confirmed a large number of interacting partners for WT TP53 (Huang et
al., 2012) as well as unique binding partners for cancer-associated MUT TP53 (Coffill et al.,
2012). The activities of many enzymes that modify TP53 are affected by binding cofactors.
The co-crystal or NMR structures of several TP53 fragments with a binding partner have
been determined. Like the tails of histones, the unstructured N- and C-terminal tails of TP53
extend outward to provide interaction and modification surfaces. This similarity with
histones may not be entirely accidental; many of the histone writers, readers and erasers also
interact with TP53 (Badeaux and Shi, 2013; Patel and Wang, 2013). However, the effects of
PTMs on binding partner interactions have been examined in detail for only a handful of
proteins. Below, we summarize what is known for a few examples relevant to cancer. While
PTMs can modify interactions, little is known about the effects of PTMSs on interactions
between TP53 partners and MUT TP53 proteins. Dysregulation of signaling pathways that
modify TP53 could affect the activities of those MUT TP53s that retain transactivation
potential, and alterations of TP53 binding partners could contribute to TP53 GoF.

TP53 Tetramerization and PTMs

Tetramerization of TP53 is required both for stable binding to most response elements and
for efficient transcriptional activation of target genes as well as for tumor suppressive
activity (Pietenpol et al., 1994). Although the frequency of mutations in the TET domain
(~8%) is lower than that for the DBD, mutations that change more than 70 percent of the
residues in the ~34 residue TET have been reported in human cancers. Furthermore, 17% of
germline mutants in people with Li-Fraumeni or Li-Fraumeni-like syndrome reside in the
TET. Most TET missense mutants diminish or abrogate the formation of tetrameric peptides
in vitro (Kamada et al., 2011).

In addition to TP53-mediated transcriptional activation and repression, tetramerization is
required for some PTMs (Warnock et al., 2008) including efficient ubiquitylation by MDM?2
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(Maki, 1999). Abrogation of tetramerization reduces phosphorylation at Ser6, Ser9, Ser15
(in human TP53 but not at mouse Ser18), Ser46 and Ser315 as well as acetylation at Lys320
(Sakaguchi et al., 1998) and Lys382 (Warnock et al., 2008). Efficient oligomerization of
BAK in the mitochondrial apoptosis pathway, which may contribute to TP53-mediated
tumor suppression, also requires formation of TP53 tetramers (Pietsch et al., 2007). The
TET interacts with several binding partners including the S100 protein family, ARC, cABL,
MDM2 and 14-3-3, and these interactions may require tetramer formation or the binding
partners may influence tetramerization (see (Kamada et al., 2011)). Phosphorylation of the N
terminus and phosphorylation and acetylation of the C terminus of TP53 modulate the
affinity of some S100 proteins for the TP53 TET or TAD domains and thus may influence
TP53-mediated transcription (van Dieck et al., 2009).

Five amino acids - Tyr327, Arg333, 335, and 337, and Lys351 - in the TET are subject to
PTM (Fig. 3). Low, physiological concentrations of nitrous oxide donors can cause nitration
of Tyr327, nuclear retention of TP53 and increased DNA binding (Yakovlev et al., 2010).
Monomethylation of Arg333, and dimethylation of Arg335 and 337 by PRMT5 in
association with the TP53 cofactors, Strap and JMY, also induce nuclear accumulation and
oligomerization of TP53 which can stimulate TP53-mediated G1 arrest after DNA damage
(Jansson et al., 2008). Depletion of PRMTS5 shifts TP53 binding to the promoters of genes
connected with apoptosis. The effect of PRMT5-mediated dimethylation on TP53
oligomerization is somewhat puzzling because most cancer-associated mutations that alter
one of the three TET Arg residues significantly reduce the ability of a tetramer-domain
peptide to form tetramers at physiological concentrations. Lys351, which is located within
the alpha helix of the TET, is ubiquitylated by MSL2. MLS2 also ubiquitylates the nearby
Lys357 independently of MDM2 and induces cytoplasmic localization of TP53 (Kruse and
Gu, 2009a). No cancer-associated mutations have been reported to affect Lys357, and the
one mutation that affects Lys351 was still transactivation competent, suggesting this may be
a passenger mutation. Possible roles for TET domain PTMs in modulating MUT TP53
function remain to be investigated.

MDM2 and p300/CBP

MDM2 was among the first proteins whose interaction with TP53 was shown to be
modulated by TP53 PTMs. In a landmark paper, Shieh et al. (1997) reported that DNA
damage-induced phosphorylation of Serl5 and Ser37 reduced the interaction of MDM2 with
human TP53. Shortly thereafter, Sakaguchi et al. (1998) provided evidence that
phosphorylation of N-terminal TP53 residues enhanced TP53 acetylation at Lys320 and
Lys382 by PCAF and p300, respectively, again in response to DNA damage. We now know
that the regulation of these interactions is more complex. MDM2 binding to the TP53 N
terminus, and probably the binding of MDM4, is inhibited primarily by phosphorylation of
Thr18, although the phosphorylation of this residue may depend on prior phosphorylation of
Ser15 or Thr81. MDM2 also interacts with TP53 through a weaker site in the DBD of TP53.
This interaction, which is needed for MDM2-mediated degradation of TP53, also is
modulated by phosphorylation (Kulikov et al., 2006). In contrast to MDM2, the interaction
of p300 and CBP with TP53 is enhanced by multisite phosphorylation of the TP53 N
terminus (Lee et al., 2010; Teufel et al., 2009). Furthermore, TP53, MDM2 and p300/CBP
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form a ternary complex that promotes the polyubiquitylation of TP53 (Ferreon et al., 2009).
[Readers are referred to several excellent reviews that address PTMs and TP53-MDM2/
MDM4-p300/CBP interactions, e.g. (Loughery and Meek, 2013; Wade et al., 2009).] As
noted above, the expression of MDM2, MDM4, p300 and CBP can be dysregulated in
cancers with both WT and MUT TP53. Overexpression of MDM2/MDM4 may well
overcome the inhibitory N-terminal phosphorylation of TP53; nevertheless, some tumors
exhibit overexpression of both MDM2 and MUT TP53, and these have poor patient
prognosis. Small molecules that inhibit the interaction of MDM2/MDM4 with TP53 are
being developed for cancer therapies, but caution has been suggested since their use could
stabilize MUT TP53 with GoF, leading to worse outcomes. Efforts also are being made to
enhance the degradation of stabilized, MUT TP53s (Muller and VVousden, 2013).

Cordenonsi et al. (2007) demonstrated that SMAD2/3 binds to the N terminus of WT TP53
in a manner dependent on the phosphorylation of Ser6/9 by CK1e/8 (but not phosphorylation
of Ser15, Thr18, or Ser20) in response to Ras/MAPK signaling, thus integrating TGF-
signaling with TP53-mediated stress responses. Subsequently, Adorno et al. (2009) showed
that activated Ras-mediated phosphorylation of Ser6/9 in MUT TP53 greatly enhanced the
formation of a ternary MUT TP53-SMAD-TP63 complex in breast cancer cells which
inactivates the ability of TP63 to protect against cell migration and invasion. Oncogenic Ras
was required for the CK1e/8-mediated phosphorylation of TP53 and for metastatic spread of
tumor cells. Thus, in the context of MUT TP53, phosphorylation contributes to GoF through
coupling with the TGF- pathway (for reviews see (Elston and Inman, 2012; Meek and
Anderson, 2009)).

Proline Isomerase 1 (PIN1)

PIN1 is a highly conserved prolyl isomerase that specifically recognizes phosphorylated
pSer-Pro and pThr-Pro sequences, often in unstructured regions of proteins. PIN1 facilitates
conformational changes that create or remove protein interaction sites that serve as switches
for regulating a variety of cell processes including cell cycle progression (Liou et al., 2011).
PIN1 expression and activity is tightly controlled in a cell type and cell cycle specific
manner. It binds to at least 4 of 6 potential binding sites in the human TP53 protein in a
phosphorylation-specific manner: pSer33-Pro34, pSer46-Pro47, pThr81-Pro82 and pSer315-
Pro316. These sites are phosphorylated in response to DNA damage and/or oncogene
activation. Phosphorylation of Thr81 in WT TP53 creates a binding site for PIN1 which
induces dissociation of MDMZ2 through creation of a binding site for CHK2 and
phosphorylation of Ser20, thereby preventing poly-ubiquitylation and increasing TP53
stability (Berger et al., 2005) (Fig. 4A). PIN1 binding also increases the association of TP53
with p300 leading to increased acetylation of Lys373 and 382, thus enhancing TP53
association with its response elements. For individuals with the TP53 Pro72 polymorphism
that enhances binding of iASPP, a highly evolutionarily conserved inhibitor of TP53-
mediated apoptosis and transcriptional activation, phosphorylation of Ser46 and PIN1
binding releases iASPP thereby enhancing apoptosis (Mantovani et al., 2007). For WT
TP53, all of these effects contribute to tumor suppression. In contrast, the downstream
effects of PIN1 binding to MUT TP53 are very different (Fig. 4B) (Girardini et al., 2011). In
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MDA-MB-231 breast cancer cells (Arg280Lys) PIN1 enhanced the interaction of MUT
TP53 with antimetastatic TP63 and with transcription factors such as Ets-1, NF-Y, Sp1 and
VDR, all of which can activate a transcriptional program that increases cell migration and
invasiveness. Overexpression of PIN1 in association with MUT TP53 in breast cancer is
associated with poor prognosis. PIN1 also is important for enabling a number of other
phosphorylation-mediated switches that regulate tumor growth (Theuerkorn et al., 2011).

Binding Proteins Modulated by TP53 Methylation

Mono- or di-methylation of TP53 at four C-terminal lysine residues by at least six different
lysine methyltransferases facilitates binding by TIP60, PHF20, L3MBTL1 and 53BP1 to
TP53 (Fig. 5, Table 1, Supp. Figure S1) (Carr et al., 2012; West and Gozani, 2011). SMYD2
(KMT3C) monomethylates Lys370 to repress TP53 activity; SET7/9 (KMT7)
monomethylates Lys372 and stabilizes chromatin-bound TP53; the related
methyltransferases GOA (KMT1C) and GLP (KMT1D) dimethylate Lys373 and inactivate
TP53; and SET8 (KMT5A) monomethylates Lys382 and represses TP53 activity. The
enzymes that dimethylate Lys370 and Lys 382 have not yet been identified. SET7/9
monomethylation of Lys372 is enhanced by DNA damage while SET8 is downregulated by
DNA damage, and G9A/GLP activity remains unchanged. The demethylase LSD1 removes
one methyl moiety from dimethylated Lys370. Additionally, there is crosstalk between the
different methylations as well as TP53 acetylation. Although none of these modifications are
crucial for tumor suppression based on data from mice having the C-terminal six or seven
lysines substituted by arginine (K6R, 7KR) as described above (Feng et al., 2005; Krummel,
et al., 2005), the dysregulation of these modifications might well contribute to tumor
initiation or progression. The interactions of TIP60, PHF20, L3MBTL1 and 53BP1 (and
perhaps others) modulate TP53 stability, its interaction with DNA, and the targeting of TP53
to different locations, and thus also could influence the functionality of MUT TP53.

TIP60 (KAT5)

PHF20

The binding of the acetytransferase TIP60 to TP53 was reported to depend on K372
monomethylation by the acetyltransferase SET7/9 (Kurash et al., 2008). However, since
more recent studies failed to confirm a role for SET7/9 in regulating TP53 activity
(Campaner et al., 2011; Lehnertz, et al., 2011), the role of lysine methylation in recruitment
of TIP60 or its cousins hMOF (KAT8) and hMOZ (KAT6EB) to TP53 after DNA damage
remains to be determined. Nevertheless, these MYST family acetyltransferases contain
conserved bromodomains that bind methylated lysines. Several TP53-interacting proteins
(e.g. CCDCS8, PML, UHRF1) also modulate the acetylation of TP53 by MYST family
acetyltransferases (e.g., Dai et al., 2013; Dai et al., 2011; Rokudai et al., 2013). Thus, the
relative importance of TP53 methylation for mediating acetylation in normal or tumor cells
still needs to be addressed.

PHF20 is a transcription factor that transcriptionally activates TP53 expression and also is a
component of the hMOF lysine acetyltransferase that acetylates TP53 at Lys120. PHF20
specifically binds TP53 Lys370me2 and Lys382me2 through one of its two Tudor domains.
Homodimeric PHF20 simultaneously binds Lys370me2 and Lys382me2 (Fig. 5), greatly
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strengthening its interaction with TP53 (Cui et al., 2012). Through inhibition of
ubiquitylation, PHF20 stabilizes TP53 thereby contributing to increased TP53 expression
after DNA damage. However, PHF20 is overexpressed in a number of cancers where
phosphorylation on PHF20 Ser291 by AKT/PKB, which frequently is over-activated in
human cancer, causes a reduction in TP53 accumulation and inhibition of TP53
transcriptional activity (Li et al., 2013; Park et al., 2012). Thus, PHF20 is postulated to
contribute to tumor progression of several cancers through inhibition of TP53, but whether it
affects activities of MUT TP53 has yet to be investigated.

L3MBTLL is a transcriptional repressor that binds monomethyl H3K4 or dimethylated
H4K20 through its three MBT (malignant brain tumor) domains to effect the compaction of
nucleosomes (Trojer et al., 2007). LAMBTL1 interacts with TP53 that is monomethylated at
Lys382 by SET8 and is recruited to TP53 target genes to repress TP53-mediated induction
under basal conditions (Fig. 5). In vitro, L3MBT1 can bind a dimethylated Lys382 peptide
with equal affinity (West et al., 2010). In response to DNA damage, the levels of SET8 and
consequently Lys382 monomethylation decline; this reduction would be expected to reduce
the association of L3AMBTL1 with TP53 target promoters and to alleviate the transcriptional
repression of DNA-damage response genes.

53BP1 was the first identified TP53 binding protein (Ilwabuchi et al., 1994). It is an
important component of the DNA damage response machinery that assembles at DNA
double-strand breaks (DSBs) where it contributes to the decision to repair by homologous
recombination (HR) or by non-homologous end joining (NHEJ) (Noon and Goodarzi, 2011).
53BP1 is recruited to DSBs through an interaction with dimethylated Lys20 of histone H4 in
a manner that depends on RNF8- and RNF168-mediated ubiquitylation and removal of
L3MBTLL1 by the AAA-ATPase VCP/p97 (Acs et al., 2011). 53BP1 binds TP53
dimethylated at either Lys370 or Lys382 (Fig. 5) through its tandem Tudor domains (Huang
et al., 2007; Kachirskaia et al., 2008). The dimethylation of Lys382, which is increased in
response to DNA damage, stabilizes TP53 and recruits it to sites of DNA damage where
TP53 may enhance the fidelity of DNA repair (Roy et al., 2010). 53BP1 expression is lost in
some tumors (Bartkova et al., 2007). How the recruitment and release of methyl binding
proteins to TP53 is choreographed is largely unknown, but the nearby location of acetylation
and phosphorylation sites on TP53 to the methylated residues (Fig. 5) suggests opportunities
for regulated binding and/or regulated methylation/demethylation.

Other Interacting Proteins

Other proteins whose interactions with TP53 have been shown to be modulated by PTMs
include RPA, 14-3-3, PC4, TAF1 and H1.2 (Supp. Figure S1C), but little is known about the
interaction of these proteins with MUT TP53. The RPA70 subunit interacts with TAD2 of
TP53, but the RPA32 subunit becomes hyperphosphorylated after DNA damage which leads
to dissociation of the two proteins. Serrano et al. (2013) recently reported that the TP53-
RPA interaction is collaboratively regulated by DNA-PK, ATM/ATR. Release presumably
frees both proteins to carry out their diverse functions.
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The 14-3-3 family of proteins was the first phosphoserine/phosphothreonine binding
proteins discovered, and they play important roles in cellular signaling (Gardino and Yaffe,
2011). 14-3-3 proteins also were the first TP53 binding partners shown to be modulated by
PTMs; dephosphorylation of Ser376 in response to DNA damage creates a consensus 14-3-3
binding site at phospho-Ser378 which enhances TP53 binding to response elements
(Waterman et al., 1998). More recently the structure of 14-3-3c bound to a C-terminal TP53
peptide phosphorylated at Thr387 was solved (Schumacher et al., 2010). Binding of two
14-3-3 dimers to the C-terminal TP53 tails is postulated as a mechanism for enhancing TP53
tetramer formation as well as for inhibiting TP53 ubiquitylation.

The acetylation of TP53 Lys373 and 382 in response to UV irradiation promotes recruitment
of the TFIID subunit TAF1 to two sites in the p21 (CDKN1A) promoter through TAF1's
bromodomains to promote looping and transcriptional activation (Li et al., 2007).
Acetylation of Lys382/381 in a TP53 C-terminal peptide enhances binding of the
transcriptional positive coactivator PC4 by about an order of magnitude (Debnath et al.,
2011). PC4 binding increases TP53 binding to response elements and activation of
transcription, possibly in part through inducing DNA bending. However, PC4 is
overexpressed in several human cancers suggesting that it also may function as an oncogene.
H1.2 is a linker histone that forms a stable complex with TP53 in normal cells and represses
TP53-mediated transcription. Recently, the interaction of H1.2 with TP53 was found to be
suppressed by p300-mediated acetylation of the TP53 C-terminal REG and by DNA-PK
mediated phosphorylation of H1.2, which triggers rapid activation of TP53-mediated
transcription (Kim et al., 2012).

Conclusions and Perspectives

“There are known knowns; there are things we know we know.

We also know there are known unknowns; that is to say we know there are some
things we do not know.

But there are also unknown unknowns — the ones we don't know we don't know.”
Donald Rumsfeld.

Thirty years of research have illuminated multiple pathways and mechanisms by which the
TP53 protein is modified at more than 60 sites. While in vitro studies suggest that a number
of these PTMs modulate the ability of TP53 to carry out a still growing list of tasks it
performs in normal cells, in vivo studies indicate that none of these PTMs are essential for
tumor suppression. Nevertheless, we suggest that many may contribute to tumor suppression
in important ways. Until relatively recently, the primary roles of TP53 in tumor suppression
were thought to be similar to its main roles in the DNA damage response — cell cycle arrest,
providing time for repair, apoptosis and the establishment of senescence. However, recent
elegant in vivo studies using several independent approaches (Jiang et al., 2011; Li et al.,
2012; Timofeev et al., 2013; Valente, et al., 2013) have uncovered additional ways by which
TP53 prevents tumor formation, including mechanisms through metabolic control,
amelioration of oxidative stress and DNA repair. Although any single mechanism may not
be essential for tumor suppression in most cases, collectively each contributes and backs up
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the others. As a consequence of this redundancy, mutations that change single modifiable
residues that primarily influence one of these mechanisms may show little effect on the
overall suppression of spontaneous tumor formation in knock-in mouse models. However, as
techniques are refined to allow the study of individual pathways of tumor suppression, the
importance of individual modifications for specific pathways may be revealed. Such
dissection also should lead to a better mechanistic understanding of roles of each PTM,
keeping in mind, however, that not all PTMs may have discernible functional significance.

The role(s) of most PTMs for MUT TP53 are less clear. For the one-third of missense
mutants that retain some transactivation function, PTMs may perform roles similar to their
roles in modulating WT TP53, but this remains to be determined. For structurally
destabilized MUT TP53, recent studies indicate contributions for phosphorylation of Serg,
Ser9 and Thr81 toward a GoF for at least some mutants (Adorno et al., 2009; Girardini et al.,
2011). For most other modifications, the jury remains out. We simply do not have a
sufficient understanding of their effects, especially for MUT TP53s that may accumulate to
many times the concentration attained for WT TP53. We know that structurally destabilized
MUT TP53 complexes with its cousin TP63 sequestering it and inhibiting TP63's ability to
repress functions that contribute to cell migration, invasion and metastasis, but what other
cellular pathways might be disrupted through the sequestering or altered targeting of other
proteins? Powerful proteomics approaches are just beginning to be used to probe differences
in the interaction partners of WT and MUT TP53 (Coffill et al., 2012), and similar
approaches can be used to interrogate the effects of PTMs (Jenkins et al., 2008).

Despite 30 years of intense research, there remains much to be revealed about the PTMs of
WT TP53. Although enzymes have been identified in vitro that can perform most PTMs, in
many cases, it is not known which enzyme or enzymes respond to specific signals in vivo.
Likewise, there is relatively little information about where in the cell PTMs take place or
how long they remain. TP53 functions primarily as a tetramer on DNA, but virtually nothing
is known about the stoichiometry of modification in a tetramer in vivo. Are the effects of
modification of a site additive or must all four sites be modified? How many modifications
may coexist on one TP53? As measured in vivo, many sites are sparsely occupied. How
does PTM signaling to TP53 differ in different cell types? Which PTMs are important for
each TP53 function? How do modifications and pathways differ between humans and model
systems or between individual humans?

In addition to these issues, the following are among many important questions to be
addressed concerning MUT TP53:

Can PTMs be increased or decreased to modulate MUT TP53 stability or location?
Which PTMs contribute significantly to MUT TP53 GoF?
Can PTMs rescue or inhibit MUT TP53 function?

How does dysregulation of signaling pathways in cancer cells affect MUT as well as
WT TP53?

Because cancer is mainly a disease of old age, little if any evolutionary pressure exists to
optimize TP53 function in tumor suppression. In most cases, mutation of TP53 is a late
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event in tumor progression. Thus, one can imagine that someday the willful manipulation of
TP53 activity, possibly through control of specific TP53 PTMs, might contribute to cancer
prevention, possibly by eliminating precancerous cells or neoplastic cells before they
become invasive and establish the metastases that kill most patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cancer-related signaling to WT and MUT p53
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Figure 1.
Cancer-related signaling to WT and MUT TP53. A wide variety of stress stimuli activate

cellular signaling pathways leading to PTMs of TP53 and many of its interacting partners,
resulting in the activation and stabilization of WT TP53. WT TP53 functions as a
transcription factor to activate or repress hundreds of target genes; it also has non-
transcriptional functions that are primarily cytoplasmic. MUT TP53 is modified in much the
same manner but some modifications to MUT TP53 result in a GoF that enhances
tumorigenesis.
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p53 DNA-Binding Domain

Figure 2.
Frequent mutations of modified residues in the TP53 DBD. A space-filling dimer of the

TP53 DBD bound to a representation of a response element based on the X-ray structure of
Emamzadah et al. (2011) (residues 94-291; PDB 3TS8). The two subunits are colored gray
or purple. The six modified residues that are more commonly mutated are shown in color
(red or green in the different subunits) and are identified in one subunit. The structure is
rotated 180° to give front and back views.
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p53 Tetramerization Domain

Figure3.
Modified residues in the TET of TP53. A space filling model of the TET (subunits colored

purple, blue, green and gray) based on the X-ray structure of Jeffery et al. (1995) is shown
(residues 325-356, PDB 1C26); the five residues that can be posttranslationally modified are
colored red on one subunit and are labeled. The structure is rotated 180° to give front and
back views.
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Figure4.

Model for the regulation of WT (A) and MUT (B) TP53 by PIN1. DNA damage and
oncogenic signaling activate both WT TP53 (WTp53) and MUT TP53 (Mutp53) through
several common kinases, e.g. JINK1/2, p38MAPK, PKCS, that phosphorylate the same
residues in each (Table 1, Supp. Fig. S1) creating binding sites for PIN1. Activation of WT
TP53 by PIN1 contributes to the DNA damage response and to mechanisms that may
suppress tumor development (see text). In contrast, binding of PIN1 to MUT TP53 leads to
MUT TP53-mediated sequestration of TP63 and the interaction of MUT TP53 with
transcription factors such as ETS-1, NF-Y, SP1 and VDR. These interactions alter the
transcription profile of cells to induce metastasis and activities that contribute to tumor
development. PIN1 often is overexpressed in tumors.
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A. Basal Condition: TP53 repressed
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Figureb5.
The functions and locations of TP53 are modulated by methylation of lysines at its C

terminus and the interactions of these with methyl-binding proteins in basal conditions and
after DNA damage. TP53 is mono- or dimethylated at four lysines under basal conditions
(Lys370Mel, Lys373Me2, L:ys382Mel) or after DNA damage (Lys370Me2, Lys362Mel,
Lys382Me2) by at least six lysine methyltransferases (see text). These lysines as well as
others and nearby serines and threonines also are subject to PTMs including ubiquitylation,
neddylation (not shown), sumoylation (not shown), and phosphorylation. The choreography
of these events is not well known.
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