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The last 40 years have witnessed how p53 rose from a viral binding protein to a central factor in both stress responses and tumor
suppression. The exquisite regulation of p53 functions is of vital importance for cell fate decisions. Among the multiple layers of
mechanisms controlling p53 function, posttranslational modifications (PTMs) represent an efficient and precise way. Major p53
PTMs include phosphorylation, ubiquitination, acetylation, and methylation. Meanwhile, other PTMs like sumoylation, neddyla-
tion, 0-GlcNAcylation, adenosine diphosphate (ADP)-ribosylation, hydroxylation, and 3-hydroxybutyrylation are also shown to play
various roles in p53 regulation. By independent action or interaction, PTMs affect p53 stability, conformation, localization, and
binding partners. Deregulation of the PTM-related pathway is among the major causes of p53-associated developmental disorders
or diseases, especially in cancers. This review focuses on the roles of different p53 modification types and shows how these
modifications are orchestrated to produce various outcomes by modulating p53 activities or targeted to treat different diseases

caused by p53 dysregulation.
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Introduction

When referring to tumor suppressors, p53 is an absolutely
non-negligible member. Since its discovery in 1979 (Deleo
etal., 1979; Lane and Crawford, 1979; Linzer and Levine, 1979),
40 years have passed, and now p53 has been accepted as
the most important tumor suppressor. The significant effect of
p53 on tumors has been demonstrated by numerous mouse
experiments in which p53 loss of function predisposes cells to
permanent damage and neoplastic transformation (Donehower
etal., 1992;)acksetal., 1994; Olive etal., 2004). This is refueled
by the clinical data that p53 is mutated in ~50% of human
tumors, which rankfirstin all the oncogenes ortumor suppressor
genes (Bykov et al., 2018). Even in the p53 wild-type patients, a
large portion of them bear a dysfunctional p53 pathway due to
various causes (Yue et al., 2017).
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p53 exerts its major functions as a homotetrameric transcrip-
tional factor with a multidomain structure. There are six major
protein domains in p53, namely two intrinsically disordered
N-terminal transactivation domains (TADs), a proline-rich
domain (PRD), a central deoxyribonucleic acid (DNA)-binding
domain (DBD) followed by a tetramerization domain (TD), and
an intrinsically disordered C-terminal regulatory domain (CTD)
(Joergerand Fersht, 2008, 2016). By binding the p53-responsive
elements located at target genes’ promoters or enhancers, p53
can activate expression of multiple genes. Originally, p53 was
called ‘the guardian of the genome’ (Lane, 1992) for it was found
to be activated in response to various types of DNA damages.
Later research identified that p53 functions as a hub to handle a
broad range of cellular stress, both endogenous and exogenous.
Besides DNA damage, p53 can respond to multiple upstream
stress signals like oncogene activation, telomere erosion,
ribosomal stress, and hypoxia (Horn and Vousden, 2007). Once
activated, p53 can regulate lots of cellular processes like cell
cycle arrest, DNA repair, apoptosis, ferroptosis, senescence,
or autophagy to promote cell survival or limit the malignant
transformation of cell. Besides its role in cancer suppression,
p53 can also participate in the modulation of cell metabolism,
pluripotency, epigenetic states, and aging (Kastenhuber and
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Figure 1 Overview of p53 PTMs. The major sites for p53 modifications (phosphorylation, ubiquitination, sumoylation, neddylation, acety-
lation, methylation, O-GlcNAcylation, ADP-ribosylation, hydroxylation, and B-hydroxybutyrylation) are plotted. Different colors are used to
differentiate distinct modification types. Representative functions of some modifications are indicated. The figure is mainly revised from

Dai and Gu (2010) and Gu and Zhu (2012) and not drawn to scale.

Lowe, 2017). Moreover, increasing data support transcription-
independent roles of p53 (Speidel, 2010; Comel et al., 2014).
Functions of p53 are far beyond just dealing with DNA damages.
Given these facts, p53 should be regarded not as a simple
‘guardian of the genome’, but as an all-powerful ‘guardian of
the cell’.

Since p53 has so many vital roles in cell life, its functional
regulation is obviously critical. There exist many layers of
mechanisms adjusting p53 functions. For example, p53 can
be regulated at the genetic level like mutation (Muller and
Vousden, 2014) or single-nucleotide polymorphism (Grochola
et al., 2010), transcriptional level like epigenetic inhibition of
p53 transcription (Saldana-Meyer and Recillas-Targa, 2011),
messenger RNA level like alternative splicing (Vieler and Sanvyal,
2018), and protein level like protein folding (Walerych et al.,
2004) and localization (Liang and Clarke, 2001). Among these
mechanisms, p53 posttranslational modifications (PTMs) repre-
sent the most widespread and effective type. The multimodular
structure of p53 makes it a perfect platform to undergo a
multitude of covalent modifications, including phosphorylation,
ubiquitination, acetylation, methylation, sumoylation, neddy-
lation, O-GlcNAcylation, ADP-ribosylation, hydroxylation, and
B-hydroxybutyrylation (Figure 1).

These modification types have some common features. (i)
Multiple sites: each modification type can occur on many
different amino acids; for some amino acids, they can be
modified by different chemical groups. (ii) Multiple functions:
the functions of the modifications are site-, type-, and context-

dependent. The same modification at different sites may have
disparate roles; however, different modifications can exert
similar functions. (iii) Reversibility: for each modification, there
are also one or more corresponding de-modification enzymes.
(iv) Widespread crosstalk: modifications can influence the
effects of modifications at other sites. The basic working mech-
anisms of these modifications include affecting p53 stability
and localization, causing protein conformational changes,
providing interacting partner docking motifs, and altering the
local electrostatic forces (Figure 2) (Gu and Zhu, 2012). These
features and modes will be reiterated in the sections below.

This review will introduce some typical examples of each
modification type. Then the crosstalk between modifications
will be emphasized. Additionally, the therapeutic potential of
targeting p53 modification pathways will also be discussed.
What should be mentioned is that there have been other
excellent reviews written previously on similar topics (Bode and
Dong, 2004; Meek and Anderson, 2009; Gu and Zhu, 2012;
Taira and Yoshida, 2012; Nguyen et al., 2014; Kruiswijk et al.,
2015; Meek, 2015; Joerger and Fersht, 2016; Kastenhuber and
Lowe, 2017; Hafner et al., 2019). This review includes recent
findings.

Phosphorylation

On the p53 protein, there are many serine (S)/threonine (1)
sites that can be phosphorylated. The phosphorylation sites
span across the whole protein, with an obvious enrichment in
the N-terminus. Phosphorylation belongs to the earliest modi-
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Figure 2 PTMs can regulate p53 in different modes. (A) Phosphorylation at S33, T81, and S315 of p53 provides docking motif for Pin1.
(B) Phosphorylations at p53 N-terminal mask it with negative electrostatic forces to facilitate the binding of CBP/p300 with positive
electrostatic forces. (C and D) Mdm2 polyubiquitinates p53 for proteasomal degradation whereas monoubiquitinates it for nuclear export.
(E) Acetylation at K120 by Tip60 may cause p53 conformational change, making it bind to specific target gene promoter. (F) Certain p53
modifications may help establish phase separation with other regulators.

fication type identified on p53. As early as 1992, Hupp et al.
(1992) reported that casein kinase Il (CK2) can phosphorylate
p53 at a C-terminal site to promote its DNA binding.

Some sites (like T55, S376, and S378) are constitutively
phosphorylated in unstressed cells (Waterman et al., 1998;
Li et al., 2004a, 2007; Wu et al., 2014). Under normal cellular
growth conditions, TATA box binding protein-associated factor 1
(TAF1) phosphorylates p53 at 755, promoting degradation of p53
viathe proteasome (Lietal., 2004a; Wu etal., 2014). In response
to DNA damage, the B56y subunit of protein phosphatase 2A
(PP2A) can dephosphorylate T55, which improves p53 stability
and promotes cell cycle arrest. The phosphate group at S376 can
also be removed under ionizing radiation (IR) stress (Waterman
et al., 1998). This dephosphorylation will create a consensus
binding site for 14-3-3, leading to increased DNA binding affinity
of p53; conversely, phosphorylation at S33, T81, and S315 of
p53 provides docking motif for Pin1 (Figure 2A) (Zacchi et al.,
2002; Zheng et al., 2002). Phosphorylation of p53 at S378 by
protein kinase C abolishes its reactivity to a carboxyl-terminal
antibody PAb421 but activates its DNA binding activity, which
can be reversed by protein phosphatases PP1 and PP2A
(Takenaka et al., 1995). This provides a model to regulate the

transition of p53 from a latent state (PAb421-reactive) to an
active (PAb421-negative) form.

Most phosphorylation sites (especially the N-terminal ones)
are modified upon meeting cellular stresses to initiate p53
reaction. Once cells are exposed to various types of DNA damage,
Ser-Thr kinase VRK1 can phosphorylate p53 at T18 (Teufel et al.,
2009). In addition, S15 (mouse S18) and S20 (mouse S23)
can be phosphorylated by ataxia—telangiectasia mutated kinase
and checkpoint kinase 1/2 (Chk1/2), respectively (Shieh et al.,
1997; Shieh et al., 2000). Phosphorylation at these sites protect
p53 from its major negative regulator mouse double minute
2 homolog (Mdm2), thus improving its stability and function.
Previously, this mechanism was accepted as the first step forp53
activation. However, some in vivo data do not fully support this;
for example, Ser18Ala (518A) or Ser23Ala (S23A) point mutant
knockin mice both showed subtle changes on p53 function,
unlike the in vitro data (Wu et al., 2002; Chao et al., 2003;
MacPherson et al., 2004; Sluss et al.,, 2004). Although the
S18/23A double mutant mice manifest more severe defects
on both p53 protein and function, these defects are limited
to certain tissues and are mostly limited for DNA damage-
induced apoptosis (Chao et al., 2006a). Moreover, in a study by



Blattner et al. (1999), the researchers ruled out a role of
phosphorylation of some amino acids (56, S9, S15, S33, S315,
S$392,and T18 and even several double-site combinations) in the
stabilization of p53 after UV and vy irradiation or actinomycin C
treatment. These facts, togetherwith some other studies (like the
repressive roles of Mdm2/Mdmx on p53), suggest a novel model
named ‘antirepression’ for p53 activation, which is highlighted
in Kruse and Gu (2009a).

If the DNA damage stress is strong enough, S46 at p53 will be
additionally phosphorylated to induce p53-mediated apoptosis.
Some pro-apoptotic genes, such as p53-regulated apoptosis-
inducing protein 1 (p53AIP1) will be induced, but not those for
cell cycle arrest (Olsson et al., 2007; Taira et al., 2007). This is
an example revealing the role of p53 modification in p53 target
selectivity. Interestingly, phosphorylation of exogenous p53 on
S46 was severely impaired in HSC-3 cells. A mutant mimicking
S46-phosphorylation (p53546D) enhanced proapoptotic Noxa
promoter activity, overcoming the resistance to p53-mediated
apoptosis and growth suppression in HSC-3 cells. These
results reveal the possibility that acquisition of resistance
to the p53 effect can result from phosphorylation defects
(Ichwan et al., 2006).

Beyond the enrichment of phosphorylation sites in the TAD
domain, Ser and Thr on other domains can also undergo phos-
phorylation. S106 of p53 was identified as a novel site phos-
phorylated by Aurora-A, which inhibited the interaction between
p53 and MDM2 (Hsueh et al., 2013). IKKB phosphorylates p53 at
$392 to facilitate its activation, leading to the adaptation of can-
cer cell to glutamine deprivation (Ishak Gabra et al., 2018). 5392
phosphorylation also regulates p53 mitochondrial translocation
and transcription-independent apoptosis (Castrogiovanni et al.,
2018).)ab1 was reported to stimulate phosphorylation of p53 at
T155 to mediate its nuclear export (Lee et al., 2017a). In a recent
study, researchers found that downregulation of LATS kinases
reduces p53 phosphorylation at S15 and S315 and shifts p53’s
conformation and transcriptional output toward a form resem-
bling cancer-associated p53 mutants. This made p53 function as
an oncogene to promote migration (Furth et al., 2015). In hepa-
tocellular carcinoma (HCC), overexpression of PAK4 phosphory-
lated p53 at S215, which not only attenuated its transcriptional
transactivation activity but also suppressed the ability of p53
to repress HCC cell invasion (Xu et al., 2016). By computational
analysis and experimental validation, Choi et al. (2018) identi-
fied NEK2 as a novel kinase that phosphorylates p53 at S315,
which represses p53 and promotes cell division.

Phosphorylation of p53 can also create p53 binding protein
recognition site. T81 on the p53 PRD domain can be phos-
phorylated by c-Jun N-terminal kinase (Wolf et al., 2018). T81-
phosphorylated p53 gains the ability to dimerize with its homo-
logue p73 to determine cell fate. T18 phosphorylation of p53
specially recruits Pellinol to the DNA damage site (Dai et al.,
2019). Recently, Liao et al., (2017) found that CDK4 can phos-
phorylate a p53 mutant site R249S . This modification enhances
p53 nuclear localization and endows it binding with PIN1. As
a result, the p53 mutant interacts with c-Myc and enhances
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c-Myc-dependent rDNA transcription. IKK2 phosphorylates p53
at $362 and S366 (Xia et al., 2009). E3 ubiquitin ligase B-TrCP1
recognizes these modifications to promote p53 ubiquitination
and degradation. Similarly, UBE4B can target S15 and S392
phosphorylated p53 for degradation (Du et al., 2016).

After the damage is relieved, p53 response needs to be
terminated, for sustained p53 activation will cause hurt to the
cellandis notsuitable for cells to resume normal functions. Since
phosphorylation plays critical roles in adjusting p53 activity, it is
not surprising that dephosphorylation of p53 is very important
in reverting p53 activation. All three main types of Ser-Thr
phosphatases (PP family, PP type 2 family, and PPM family) reg-
ulate the p53 dephosphorylation process (Lazo, 2017). Protein
serine/threonine phosphatase 1 (PP1) promotes cell survival
by removing the phosphate groups at S15 and S37 of p53
(Li et al., 2006). This causes alteration of p53 activity and
downregulation of downstream apoptosis-associated gene
expression. The GAS41-PP2CB complex was found to be
specially required for dephosphorylation of S366 on p53, which
increases cell survival upon genotoxic DNA damage (Park et al.,
2011). PPM1D (also known as Wip1) is a transcriptional target
of p53 (Fiscella et al., 1997) and can reversely inactivate p53
by dephosphorylating it at S15, S33, and S46 (Takekawa et al.,
2000; Lu et al., 2005). Once p53 is activated, it induces PPM1D
expression. The de novo PPM1D gene expression leaves a time
window for p53 to exert its protective roles. Then PPM1D, in
conjugation with other phosphatases, dephosphorylates p53
and makes cells restart cell cycle (Shaltiel et al., 2014). Polo-
like kinase 1 can also regulate cell cycle re-entry by activating
Cdc25C and later will dephosphorylate p53 at S15 to abolish its
cell cycle arrest effect (Chen et al., 2006). Moreover, an unknown
phosphatase dephosphorylates p53 at S20 to decrease p53
mitochondrial localization during late apoptosis, leading to
the attenuation of mitochondrial p53-mediated cell apoptosis
(Castrogiovanni et al., 2015).

Taken together, phosphorylation and dephosphorylation are
of vital importance in p53 reaction initiation, execution, and
termination. When phosphorylation happens (before or after
p53 activation) and what effects phosphorylation has on p53
(activation or repression) are highly variable across different
conditions.

Ubiquitination, sumoylation, and neddylation

Ubiquitin is a 76-amino acid small protein with a molecular
mass of ~8.5 kDa. After a hierarchical cascade of enzymatic reac-
tions, which are catalyzed by three enzymes—an E1 ubiquitin-
activating enzyme, an E2 ubiquitin-conjugating enzyme, and an
E3 ubiquitin-ligating enzyme, ubiquitins can be transferred to
specific substrates, resulting in monoubiquitin- or polyubiquitin-
modified substrates. This process is named ubiquitination
(Pickart, 2001). The major role of this modification is to
target substrates for proteasomal degradation; meanwhile,
ubiquitination can also regulate protein localization, protein
activity, and protein—protein interaction (Schnell and Hicke,
2003; Mukhopadhyay and Riezman, 2007; Senft et al., 2018).
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Ubiquitination plays a vital role in p53 regulation. The first report
about p53 ubiquitination came from the Howley lab in 1993 that
showed that the oncogenic HPV-16 E6 and E6-AP complex could
ubiquitinate p53 (Scheffner et al., 1993).

Mdm?2 is the major E3 ubiquitin ligase and negative regulator
of p53. Mdm2 can modify p53 at six lysine residues within the
CTD (K370, K372, K373, K381, K382, and K386) (Rodriguez
et al., 2000). High levels of Mdm2 activity promote p53’s
polyubiquitination and nuclear degradation (Figure 2C), whereas
low levels induce monoubiquitination and nuclear export of p53
(Figure 2D) (Li et al., 2003). However, in the cytoplasm, p53 can
perform transcription-independent roles (Green and Kroemer,
2009). So the monoubiquitination-mediated cytoplasmic p53
accumulation may affect these roles. Pivotal evidence to support
the important role of Mdm2 on p53 suppression is that the
embryonic lethality in Mdm2-null mice can be rescued by
the loss of p53 (Brooks and Gu, 2006; Moyer et al., 2017).
Interestingly, Mdm2 itself is a transcriptional target of p53.
Thus, p53 and Mdm2 can form a double-negative regulatory
loop (Brooks and Gu, 2006; Lu, 2017; Zhou et al., 2017). What
should be mentioned here is that Mdm2 can also inhibit p53
transcriptional functions by directly binding with p53 at the
target DNA site. The E3 ligase activity lacking homologue of
Mdm2-Mdmx (or Mdm4) can dimerize with Mdm2 and strengthen
this inhibition (Kruse and Gu, 2009a).

Besides Mdm2, there are also other E3 ligases that can target
p53. Tripartite motif 69 (TRIM69) can interact with p53 and
induce its ubiquitination (Rong et al., 2019). In the cataracto-
genesis process, TRIM69 expression is inhibited, leading to p53
activation and cataract formation. Another TRIM family member
TRIM59 is upregulated in gastric cancer (Zhou et al., 2014).
TRIM59 interacts with p53 and induces its ubiquitination and
degradation, thus promoting gastric carcinogenesis. In human
hepatocellular and colorectal carcinomas, RING1 promotes can-
cercell proliferation and survival by directly ubiquitinating p53 to
cause its degradation (Shen et al., 2018). Likely, UBE2T, RBCK1,
and SMYD3 can ubiquitinate p53 for degradation to support HCC,
renal cell carcinoma, and ovarian cancer development, respec-
tively (Liu et al., 2017a; Yu et al., 2019; Zhang et al., 2019).
In addition, Arf-BP1, COP1, CHIP, and Pirh2 all ubiquitinate p53
and target it for proteasomal degradation (Leng et al., 2003;
Dornan etal., 2004; Chen et al., 2005; Esser et al., 2005). Unlike
these E3 ubiquitin ligases, WWP1 and MSL2 ubiquitinate p53
to promote its nuclear export, without proteasomal degradation
(Laine and Ronai, 2007; Kruse and Gu, 2009b). Interestingly,
an atypical E3 ligase E4F1 ubiquitinates p53 to promote p53-
dependent transcriptional program specifically involved in cell
cycle arrest, but not apoptosis; similarly, this ubiquitination
pattern does not affect its degradation or cellular localization
(Le Cam et al., 2006).

Ubiquitin on p53 can also be removed by deubiquitinases
(DUBs). Herpesvirus-associated ubiquitin-specific protease
(HAUSP, also caller USP7) is an important p53 regulator, which
can deubiquitinate p53 (Li et al., 2002a). HAUSP can stabilize
p53 both in vitro (even in the presence of excess Mdm?2) and

in vivo. Interestingly, partial reduction of endogenous HAUSP
levels indeed destabilizes endogenous p53; however, total loss
of HAUSP stabilizes and activates p53. Further studies reveal
that HAUSP can also deubiquitinate Mdm2. Mdm2 will become
quite unstable due to its autoubiquitination when HAUSP is
inhibited, leading to the stabilization of p53 (Li et al., 2004b).
The physiological functions of HAUSP were discovered through
generation of HAUSP knockout mice (Kon et al., 2010). These
mice die during early embryonic development between E6.5 and
E7.5, partly due to p53 activation. Although deletion of p53
did not completely rescue the embryonic lethality caused by
the HAUSP knockout, embryonic development was extended in
HAUSP and p53 double-knockout embryos (Kon et al., 2010).

Besides HAUSP, a list of other DUBs (including USP3, USP11,
USP15, USP49, OTUD1, OTUD5, and ataxin-3) can also deubig-
uitinate p53 to influence its stability (Luo et al., 2013; Ke et al.,
2014; Liuetal., 2016a,2017b; Fuetal., 2017; Piao etal., 2017;
Tu et al., 2018). In U20S and HEK293 cells, TGF-B promotes the
translation of USP15. Upregulated USP15 deubiquitinates p53
to stabilize it (Liu et al., 2017b). In response to DNA damage,
p53 promotes the expression of USP49 (Tu et al., 2018). Interest-
ingly, USP49 can in turn stabilize p53 through deubiquitination.
Thus, p53 and USP49 form a positive feedback loop upon DNA
damage. Unlike these DUBs, which deubiquitinate and stabilize
p53 primarily in the nucleus, another deubiquitination enzyme
USP10 mainly functions in the cytoplasm. USP10 deubiquiti-
nates p53 to reverse the Mdm2-induced p53 nuclear export and
degradation (Yuan et al., 2010).

There are also two other ubiquitin-like proteins, small
ubiquitin-like modifier (SUMO) and neural precursor cell
expressed developmentally downregulated protein 8 (NEDDS),
that can be conjugated to the p53 lysines via a similar
mechanism as ubiquitination. These two processes are named
sumoylation and neddylation, respectively (Geiss-Friedlander
and Melchior, 2007; Carterand Vousden, 2008; Rabut and Peter,
2008). Unlike ubiquitination, sumoylation and neddylation
seem unable to affect p53 stability or localization. Protein
inhibitor of activated Stat (PIAS) family and TOP1 binding
arginine/serine-rich protein (Topors) can sumoylate p53 at K386
to prevent p300 access to the C-terminal lysines. This will inhibit
p53 transcriptional activation function (Bischof et al., 2006;
Stehmeierand Muller, 2009; Wu and Chiang, 2009). Neddylation
of p53 by Mdm2 (at K370, K372, and K373) or FBXO11 (at
K320 and K321) inhibits p53 transcriptional activation activity
(Xirodimas et al., 2004; Abida et al., 2007).

Acetylation

Histone lysine residue acetylation is a critical epigenetic
modification to influence histone structure and gene expression
(Verdone et al., 2006). The first example of protein acetylation
is reported on histones in 1964 (Allfrey et al., 1964). In the
following 30 years, lysine acetylation was also discovered in
non-histone proteins, like HMG-1 (Sterner et al., 1979) and
tubulin (L’Hernault and Rosenbaum, 1983). However, this field



(non-histone protein acetylation) received little attention until
the discovery of p53 acetylation in 1997 (Gu et al., 1997; Lill
etal., 1997; Verdin and Ott, 2015; Narita et al., 2019).

Co-activators CREB-binding protein (CBP) and its paralog E1A-
binding protein (p300) play vital roles in gene transcriptional
regulation via various mechanisms, among which is acetylating
histones to remold the chromatin conformation (Wang et al.,
2013). Initially, we found that CBP/p300 could bind with p53
to promote its transcriptional activity (Gu et al., 1997). Given
the inner histone acetyltransferase (HAT) activity of CBP/p300,
we speculated that it might also acetylate p53, which was not
deemed as a classical acetylation substrate at that time. Strik-
ingly, we demonstrated that CBP/p300 could truly acetylate p53
at several C-terminal lysines (K370, K372, K373, K381, K382,
and K386) (Gu and Roeder, 1997). C-terminal acetylation will
boost p53 binding to its target gene locus to activate down-
stream pathways, like cell cycle arrest, senescence, or apoptosis
(Reed and Quelle, 2014). Mechanically, there are several expla-
nations for this activation. First, all these six acetylated sites
can also be ubiquitinated. Acetylation at these sites may prevent
p53 from being ubiquitinated, thus increasing its stability. Sec-
ond, acetylation of p53 abrogates Mdm2-mediated repression by
blocking the recruitment of Mdm2 to p53-responsive promoters
(Tang et al., 2008). Third, acetylation of p53 CTD abolishes
the binding of the acidic domain of SET, which can inhibit p53
transcriptional activity in unstressed cells (Wang et al., 2016a).
Previously, protein acetylation was often recognized to endow
proteins with the ability to be bound by some readers (like
the bromodomain-containing proteins). However, whether there
were some readers that could bind non-acetylated p53 (and if
so, what were the biological significances of this binding) was
unknown until the discovery of p53 suppression by SET. This
finding is of vital importance because it not only identified a
new regulator of p53 function, but also revealed a widespread
regulatory mode. The same study also identified some other
proteins (like VPRBP, DAXX, and PELP1) that may act similarly
to SET to regulate p53, which awaits to be demonstrated. More-
over, this mode can also expand to other proteins that can
undergo acetylation. However, there are also different effects
of p53 acetylation in specific cell types. For example, unlike
in many cancer cells, acetylation at K381 and K382 prevents
p53 from activating the proapoptotic PUMA gene, decreasing its
ability to induce apoptosis in mouse primary cortical neurons
(Brochier et al., 2013).

Another extensively studied p53 acetylation site is K120
on the DBD, which is catalyzed by three members (Tip60,
MOF, and MOZ) of the MYST HAT family. Tip60 acetylates p53
at K120 to selectively induce the expression of proapoptotic
genes (like PUMA and Bax), but not cell cycle arrest genes (like
p21). Mechanically, K120 acetylation by Tip60 may change the
conformation of the DBD, causing target promoter selectivity
(Figure 2E) (Sykes et al., 2006; Tang et al., 2006). K120 is often
mutated in cancers. The tumor-derived mutant p53 (K120R) is
defective for Tip60-mediated acetylation, thus abrogating p53-
dependent activation of apoptosis but having no significant
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effect on cell growth arrest. Tip60 can also regulate p53 in
an acetylation-independent way. For example, Tip60 can block
Mdm2-mediated p53 neddylation to improve its transcriptional
activity (Dohmesen et al., 2008). Similar to Tip60, MOF also
acetylates K120 on p53 to induce apoptosis (Li et al., 2009).
However, MOZ-mediated K120 acetylation of p53 specifically
enhances its antiproliferative activity. Meanwhile, MOZ can
also acetylate K382 (Rokudai et al., 2009, 2013). Recently,
NAT10 was reported as a novel regulator for p53 activation
(Liu et al., 2016b). Interestingly, NAT10 acts to both acetylate
p53 at K120 and ubiquitinate MDM2 for degradation, which
synergistically stabilize p53. These results reveal the complexity
of p53 modifications. How the target gene selectivity is achieved
even when different enzymes add the same modification to the
same site needs further investigation.

There are two other sites (K164 and K101) on DBD of p53 that
can be acetylated. Both of them are modified by CBP/p300 (Tang
etal.,2008; Lietal.,2012; Wangetal., 2016b). K164 acetylation
is responsible for the induction of cell cycle arrest. In an in vivo
experiment, K117 (K120 in human), K161, and K162 (K164 in
human) of mouse p53 were mutated to arginine (3KR). This muta-
tion completely abolished the ability of p53 to mediate cell cycle
arrest, apoptosis, and senescence in vivo, verifying the ability of
K164 acetylation to induce p21 expression (Li et al., 2012). This
result also provides novel evidence to show that the acetylation
at the C-terminus of p53 is not a necessary requirement for p53
functions (cell cycle arrest, apoptosis, and senescence), but a
regulatory unit (like antagonizing ubiquitination or repressing
SET binding). On the other hand, K101 acetylation is critical for
regulation of SLC7A11-dependent ferroptosis. p53 with K101R
mutation will lose its ability to induce the expression of SLC7A11
(Wang et al., 2016b). Taken together, the acetylation status of
the three lysines (K101, K120, and K164) on p53 DBD is critical
for p53 target selectivity. Besides these amino acids, there may
be other sites on the DBD responsible for different p53 functions
(like affecting autophagy and metabolism), which need further
investigation. Additionally, the underlining mechanism of this
selectivity needs to be solved in the future.

In response to DNA damage, p300-CBP associated factor
(PCAF) can acetylate p53 at K320 (Liu et al., 1999). This
prevents phosphorylation of crucial serines in the N-terminus
of p53, allowing activation of specific target genes to promote
cell survival, but not apoptosis (Knights et al., 2006). In a
K317R knock-in mouse model (K320 in human), increased
p53-dependent apoptosis was observed in cells from various
tissues, like thymocytes, small intestine, and retina after IR as
well as in E1A/Ras-expressing MEFs after doxorubicin treatment
(Chao et al., 2006b). These data support a pro-survival role of
p53 K320 acetylation.

Acetylated p53 can be deacetylated by various deacetylases.
Previously, we identified that histone deacetylase-1 (HDAC1)-
containing complex could deacetylate p53 to strongly repress
p53-dependent transcriptional activation, cell growth arrest,
and apoptosis (Luo et al., 2000). Interestingly, Mdm2 can
promote p53 deacetylation by recruiting a complex containing
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HDAC1 to p53, thus abrogating the obstruction of acetylation on
Mdm2-mediated p53 ubiquitination (Ito et al., 2002; Li et al.,
2002b). Sirtl can repress p53 function through deacetylation
(Luo et al., 2001; Vaziri et al., 2001). This process can be
inhibited by nicotinamide (Vitamin B3) (Luo etal., 2001) orDBC1
(Zhao et al., 2008). Recently, HDAC6 was reported to deacetylate
p53 at K381/382. An HDAC6-selective inhibitor A452 blocked
HDAC6 nuclear localization, resulting in increased levels of
acetylated p53 at K381/382 and its proapoptotic activity (Ryu
et al.,, 2017). Additionally, other histone deacetylases like
SIRT3 and HDACS8 that can deacetylate p53 were also reported
(Hua et al., 2017; Xiong et al., 2018).

In summary, acetylation clearly plays an important role in
directly or indirectly modulating p53 functions. Targeting this
pathway may serve as a promising therapeutic method in various
p53-related diseases, which will be discussed later.

Methylation

Like acetylation, methylation is also an important epigenetic
mark on the lysine of histone tails. Some lysines on p53 can
also be methylated. Chuikov et al. (2004) firstly reported p53
lysine methylation by SET7/9 at K372. This modification can
stabilize p53 and restrict it in the nucleus. Meanwhile, it is also
associated with enhanced transcription of some target genes
like p21. However, monomethylation of p53 at K382 by SET8
attenuates p53-regulated transcription of target genes (Shi et al.,
2007). SMYD2 can also methylate p53 at K370 to decrease p53
binding to the promoter of its target genes, thus repressing
p53-mediated transcription (Huang et al., 2006). Besides lysine
methylation, arginine on p53 can also be methylated. Jansson
et al. (2008) showed that protein arginine methyltransferase 5
(PRMT5) is responsible for methylating p53 at R333, R335, and
R337. This reaction is regulated during the p53 response to DNA
damage and affects p53 target gene specificity.

Methylation sites can also recruit special effectors to p53.
SET8-mediated methylation of p53 at K382 promotes the
interaction between L3MBTL1 and p53 in p53 target promoters
(Westetal., 2010). This interaction impedes p53 to transactivate
its target genes. On the contrary, PHF20 recognizes p53
dimethylated K370 or K382 to stabilize and activate p53 (Cui
et al., 2012). Additionally, a senescence-associated E3 ligase
SCF (Fbxo22)-KDM4A can target methylated p53 for degradation
(Johmura et al., 2016).

However, only one demethylase of p53 has been conclu-
sively defined to date. Huang et al. (2007) identified that
histone lysine-specific demethylase LSD1 could demethylate
p53 at K370 to abrogate its interaction with the coactiva-
tor 53BP1 (p53-binding protein 1), which repressed p53
function.

Overall, methylation is the simplest (in structure) modification
type with complicated effects on p53 functions. Whether there
are other sites on p53 that can be methylated or other writers,
readers, or especially erasers responsible for p53 methylation
regulation remains to be elucidated.

Other modifications

Besides the modification types mentioned above, p53 can
also undergo other modifications. p53 S149 is O-GlcNAcylated
upon DNA damage (Yang et al., 2006). This modification is
associated with decreased T155 phosphorylation and stabilizes
p53inan ubiquitination-dependent manner. When DNA damage
happens, poly(ADP-ribose) polymerase-1 (PARP-1) mediates the
ADP-ribosylation of p53 to respond to the stress. However,
this regulation of p53 by PARP1 is damage type-dependent
(Valenzuela et al., 2002; Watanabe et al., 2004). In 2018, p53
was found to be hydroxylated at P359 by PHD3 (Rodriguez
et al., 2018). P359 hydroxylation forms a binding site for
USP7/10, which can deubiquitinate p53 to increase its stability.
Recently, Liuetal. (2019) identified a novel B-hydroxybutyrylation
(kbhb) of p53 at K120, K319, and K370, which is catalyzed
by CBP. p53 kbhb reduces p53 acetylation and expression of
p53 downstream genes p21 and PUMA, thus weakening p53-
dependent cell growth arrest and apoptosis.

Crosstalk between modifications

As discussed above, there are so many sites in p53 that can
undergo myriad types of modifications, leading to the doubt
about the relative significance of a single-site modification in
p53 function modulation. Actually, in most cases, the role of a
single site modification is hardly decisive. There is widespread
crosstalk between modifications. Researchers once differenti-
ated these interplays between modifications into sequential
crosstalk and spatial crosstalk (Gu and Zhu, 2012). According to
different standards, we can also classify them as homogenous
modification crosstalk (one modification influences the other
one with the same type at a different site) vs. heterogeneous
modification crosstalk (crosstalk between different modification
types), nearby modification crosstalk (one modification affects
another in its local area) vs. distant modification crosstalk
(crosstalk between modifications located at a distance), or
cooperative modification crosstalk (one modification promotes
or enhances the effect of another) vs. antagonistic modification
crosstalk (one modification antagonizes the effect of another).
Examples of different crosstalk types are depicted below and
in Figure 3.

The simplest case for p53 modification crosstalk is that some
amino acids in p53 can be modified by different modification
types. This will cause competition between corresponding modi-
fying enzymes to access this site. The six acetylation sites (K370,
K372, K373, K381, K382, and K386) at p53 C-terminus can all
be ubiquitinated. Thus, acetylation and ubiquitination at those
sites can block each other (Nakamura et al., 2000; Ito et al.,
2002; Li et al., 2002b). Similarly, E4F1 and PCAF compete at
K320 of p53. Ubiquitination of K320 by E4F1 will abrogate acety-
lation by PCAF at the same site, affecting the downstream tran-
scriptional program specifically involved in cell cycle arrest, but
not apoptosis (Le Cam et al., 2006).

Phosphorylation of p53 often performs a cascade behav-
ior, which means that the latter phosphorylations may be
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Figure 3 Crosstalk between p53 modifications. There are widespread interplays between p53 modifications. These crosstalks can be divided
into different types via diverse standards. For example, homogeneous modification crosstalk (phosphorylation of S15 boosts the latter
phosphorylation at T18) vs. heterogeneous modification crosstalk (ubiquitination and acetylation compete for K320 and six C-terminal lysine
residues), nearby modification crosstalk (methylation of K372 can promote acetylation of local K373 and K382) vs. distant modification
crosstalk (phosphorylation at N-terminus influences the acetylation at C-terminus), or cooperative modification crosstalk (the case that
K372 methylation promotes K373 and K382 acetylation can also be categorized as cooperative modification crosstalk) vs. antagonistic
modification crosstalk (T377 and S378 phosphorylation inhibits K373 and K382 acetylation). For detailed discussion, see the context. Black
arrows indicate positive effects. Red perpendicular bars indicate negative effects.

dependent on the former ones. In response to DNA damage,
T18 is phosphorylated in vivo, which requires the prior S15
phosphorylation (Saito et al., 2003). Different stress signals
can induce different phosphorylation cascades. N-terminal
phosphorylation of p53 at certain sites (like S15, T18, S20,
and S37) or the combination of several phosphorylation sites
can promote p53 acetylation through recruiting CBP/p300,
likely due to the negative electrostatic forces of phosphate
groups (Figure 2B) (Lambert et al., 1998; Kar et al., 2002;
Jenkins et al.,, 2009; Teufel et al., 2009; Lee et al., 2010).
After exposing cells to UV light or IR, S33 and S37 of p53
are phosphorylated, which then promote the acetylation of
p53 by p300 and PCAF (Sakaguchi et al., 1998). However,
T377 and S378 phosphorylations inhibit but not promote
p53 acetylation at K373 and K382, without affecting K120
(Ou et al., 2005). Phosphorylation is also influenced by
other modifications, such as O-GlcNAcylation and poly(ADP-
ribosylation) (Valenzuela et al., 2002; Yang et al., 2006).
Methylation of p53 at K372 by Set7/9 is important for the
following acetylation of K373 and K382, which leads to the
stabilization and activation of p53 (Ivanov et al., 2007). Another
study shows that methylation of p53 by Set7/9 is required
for Tip60 binding to p53 and subsequent acetylation of p53.
Set7/9 mutation fails to methylate p53 K369, thus being unable
to induce p53 downstream targets upon DNA damage, and
these mutant cells are predisposed to oncogenic transformation
(Kurash et al., 2008). However, in vivo studies in other labs
challenge the necessity of Set7/9 in p53 activation (Campaner
etal,, 2011; Lehnertz etal., 2011).

Targeting p53 modification pathway for disease treatment

The p53 pathway is deregulated in various diseases, espe-
cially in cancers (Vousden and Lane, 2007). Rescuing the pro-
tective function of p53 is a focus in drug discovery. In those
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Figure 4 Targeting wild-type p53 modification for disease therapy.
Various small-molecular compounds have been developed to target
the major enzymes in wild-type p53 modification pathways. These
targets and molecules include Mdm2 (Nutlins, TDP665759, and MI-
319), Mdmx (SJ172550), Mdm2 and Mdmx (ATSP-7041), HAUSP
(P22077,P5049, and HBX41108), and Sirt1 (tenovins). Black arrows
indicate positive effects. Red perpendicular bars indicate negative
effects.

patients retaining wild-type p53, the expression, stability, local-
ization, and activity of p53 can also be disrupted due to different
mechanisms. As we discussed above, p53 PTMs can influence
p53 functions in many aspects, making it an attractive target
to recover the p53 functions. Now extensive efforts have been
made on targeting the negative modifications of p53 function
(Mandinova and Lee, 2011) (Figure 4).

Mdm?2 is the major negative regulator of p53. There have been
several small molecules developed to target the Mdm2-p53
interaction, among which are Nutlins. Nutlins are imidazoline
derivatives that specially bind MDM2 in the p53-binding
pocket and prevent MDM2-mediated p53 degradation, thereby
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activating the p53 pathway. Nutlin treatment can stabilize and
activate p53, improving the effect of p53 to mediate cell cycle
arrest, apoptosis, and growth inhibition (Vassilev et al., 2004;
Duan et al. 2018). The analog of Nutlin, RG7112, has become
the first small-molecule Mdm2 inhibitor in clinical development
(Vu et al., 2013). Additionally, other Mdm2 inhibitors like
RG7388, MK8242, and AMG232 have entered the clinic (Ding
et al.,, 2013; Sun et al.,, 2014; Ravandi et al., 2016). MI-
319 and TDP665759 are two other types of small-molecule
inhibitors of Mdm2, derived from benzodiazepines and spiro-
oxindole, respectively (Grasberger et al., 2005; Ding et al.,
2006). Both compounds show good antitumor activity in cancer
cells. Although Mdmx has no ubiquitin ligase activity, it can
dimerize with Mdm2 and strengthen the latter’s function. Thus
targeting Mdmx will promote p53 activation. Indeed, the first
MDMX inhibitor, S)J172550, has been developed and shows a
therapeutic effect (Reed et al., 2010). Moreover, dual inhibitors
(like ATSP-7041) targeting both MDM2 and MDMX have also
been developed (Chang et al., 2013; Lee et al., 2017h).

Besides inhibiting Mdm2 and Mdmx function on p53, deubig-
uitinating enzymes that regulate the stability of p53 E3 ligases
can also be targeted. For example, our lab has demonstrated
that HAUSP inhibition indirectly stabilizes p53 protein levels
by destabilizing both MDM2 and MDMX (reviewed in detail by
Tavana and Gu, 2017). From these pivotal studies, inhibitors
targeting the enzymatic function of HAUSP have been devel-
oped (Altun et al., 2011; Chauhan et al., 2012; Chen et al.,
2017; Tavana and Gu, 2017). P22077 and P5091, two HAUSP
inhibitors discovered by high-throughput screens, were demon-
strated to inhibit neuroblastoma or multiple myeloma growth in
vivo, respectively (Chauhan et al., 2012; Fan et al., 2013). In
2017, Turnbull et al. (2017) reported two compounds (FT671
and FT827) targeting HAUSP with high potency and a novel bind-
ing site on HAUSP. Another group developed two other small-
molecule inhibitors GNE-6640 and GNE-6776 for HAUSP, which
bound non-covalently with HAUSP to attenuate ubiquitin binding
(Kategaya et al., 2017). In a recent study, inhibitors of HAUSP
(HBX41108; Colland et al., 2009) and Nutlin-3 were combined
(Tavana et al., 2018). Although single treatment with low dose
of either agent was unable to induce apoptosis, remarkably,
the combination of HAUSP and Mdm2 inhibition can strikingly
activate p53 levels and induce apoptosis.

Since acetylation is critical for p53 activity, targeting the
deacetylating enzymes may be a good choice to activate p53. In
a cell-based screen, researchers discovered a novel compound
Tenovins, which inhibits the deacetylating activities of Sirt1 and
Sirt2 to activate p53 (Lain et al., 2008). Tenovins can retard
growth of tumors derived from a highly aggressive melanoma
cell line without significant general toxicity, showing a promising
clinical potential.

There have been hundreds of molecules reported to target
the p53 modification pathway, among which only limited ones
entered the clinical trial stage and even fewer survived into
clinical use. One major obstacle in the p53 modification-
targeting drug development is the specificity of drugs. There

are two dimensions for the specificity. One is that most of the
modification enzymes belong to different groups of proteins
with a large number of members bearing similar structures (and
similar or quite different functions), like the DUB family, SIRT
family, and HDAC family. The drug designed for enzyme may also
target another family member. For example, HAUSP inhibitor
HBX41108 was reported also targeting other USP members
(Harrigan et al., 2018). The other aspect for specificity is that
most of the modification enzymes have a large list of substrates.
For example, inhibiting the HDAC may cause a global epigenetic
state and gene expression change (Qin et al., 2017). Therefore,
the designs of p53 modification-targeting drugs must take the
potential off-target effects into extensive consideration and test.
Another question is that these small molecular compounds were
developed mainly to activate wild-type p53 activity. In those
patients bearing mutant modification sites, like K120 mutation
in various cancers or R249S mutation in HCC (Liao et al., 2017),
gene therapy (like adenovirus-based or CRISPR-Cas9-based gene
therapy) may serve as an ideal choice in the future (Naldini,
2015; Wang et al., 2019; Yin et al., 2019).

Concluding remarks and future directions

The last 40 years’ comprehensive research on p53 exhibits a
spectacular scene that a single transcriptional factor can control
so many physiological or pathological processes. Meanwhile,
the regulator itself is under control of multilayered and compli-
cated regulation, among which PTMs play critical roles. Extensive
results about multiple modification sites, modification types,
and a myriad of associated enzymes have been shown, which
allow for a better understanding about p53 function, mecha-
nism, regulation, and therapeutic application. Promising as this
fieldis, there are some questions calling for attention or solution.

p53 modification is a highly dynamic and context-dependent
process. p53 is the hub to orchestrate the multiple responses
to various cellular stresses. The final cellular results of p53
activation depend on the types and magnitude of stresses and
types of cells. Thus, when studying the p53 modification process
in a specific context, the researchers should caution the possible
difference between their cases with other studied situations.
How exactly do specific p53 modification states help to differ-
entiate different stresses and choose different target genes to
activate? The promoter selectivity will remain a central topic in
p53 reaction mechanism research in the future. How can the
cell characteristics (like the genome structure, epigenetic state,
and the endogenous proteome) influence the p53 functions?
Crosstalk between modifications expands the functional spec-
trum of p53 modifications. How is crosstalk precisely regulated?
These are still vital and urgent questions to be solved. Novel
functions of p53 have been discovered these years, e.g. the
role of p53 in stem cell differentiation, autophagy, necrosis, cell
epigenetic state regulation, metabolism, and ferroptosis. Are
there any otherimportant roles of p53 to be uncovered? In future
studies about p53 modifications, these new functions should
be considered. What should be specially strengthened is that a
large part of the research about p53 modification was performed



in vitro. However, these conclusions could not be fully repeated
invivo according to the past research. Future in vitro study results
should be validated in vivo.

There are so many proteins (especially modification writers,
readers, and erasers) participating in the p53 modification mod-
ulation. Are there any other regulators yet to be discovered? How
are these proteins regulated in different physiological and patho-
logical processes? Answering these questions not only helps us
understand the mechanism of p53 function, but also benefits
the clinical application of targeting p53-modifying pathways.
At present, there have been some promising small molecular
compounds targeting the p53 modification pathway for disease
treatment. The complexity of this pathway makes it difficult to
target, but also provides many suitable enzymes worth targeting.
On the other hand, p53 mutation is quite a common occurrence
in many diseases, especially in cancers. Do some mutations dis-
rupt certain normal modifications (like K120 mutation abolishes
its acetylation)? Or can some mutations create new modification
sites (like the R249S mutation of p53)? Will targeting PTM path-
ways help regulate the mutant p53 cell stress response? This
field is poorly understood and needs more attention. We hope
that more candidate drugs targeting both wild-type and mutant
p53 modification pathways will be discovered in the future.

The studies about p53 modifications will benefit researches
about other transcriptional factors or proteins. The types and
mechanisms of the reaction of p53 modifications may extend to
other proteins (especially transcriptional factors). Phase separa-
tion is an emerging concept to explain a novel mode of protein
interaction (Hnisz et al., 2017). Two recent papers revealed that
phase separation played an important role in the transcriptional
regulation process (Boija et al., 2018; Sabari et al., 2018). Does
p53 exert its transcription activation function by phase separa-
tion with other proteins? Does p53 modification participate in
the regulation of this process? It will be interesting to solve these
questions (Figure 2F).

All in all, we are greeting warmly that a new era about p53
research will come in the future. We look forward that in the next
decade or 40 years, this powerful guardian will bring us much
more surprise and excitement.
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