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Abstract

The tumor suppressor p53 plays a central role in stress responses and tumor suppression. The increasingly complex p53
network is controlled by multiple layers of mechanisms, including the genetic level, transcriptional level, and protein level.
Post-translational modifications (PTMs) of p53 represent a precise and efficient form of regulation. To date, the modification
of p53 by ubiquitin and ubiquitin-like proteins (UBLs) has been studied extensively, including SUMOylation, NEDDy]la-
tion, FATylation, ISGylation, and the recently identified UFMylation. They affect p53 stability, conformation, localization,
transcriptional activity and binding partners. Here, we review these recent discoveries and summarize our understanding
of ubiquitination and UBL modifications of p53 to better comprehend the complex landscape of p53 regulation. We will
discuss how the ubiquitination and UBL modifications of p53 dynamically adjust its function to respond to various stress

stimuli, thereby determining cell fate.
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Introduction

p53, the well-known “guardian of the genome” (Lane,
1992), has been studied for more than 40 years and is the
most studied gene of all time (Dolgin, 2017). As a tumor
suppressor, p53 is mutated in more than half of human
tumors, which perturbs p53 function and disrupts the p53
regulatory network (Kruse & Gu, 2009a). p53 controls a
broad and flexible network, including proliferation, cell
cycle, apoptosis, ferroptosis, DNA repair, embryo implan-
tation, pluripotency, angiogenesis, metabolism, inflamma-
tion, immunity, autophagy and senescence (Kastenhuber &
Lowe, 2017; Vousden & Prives, 2009). Functioning as a
transcriptional regulator, hundreds of target genes are regu-
lated by p53 to execute these varied functions. For example,
the canonical p53 target cyclin-dependent kinase inhibitor
p21 plays a critical role in the regulation of the cell cycle
and senescence (Brown et al., 1997; Marx, 1993), although
several other p53 target genes such as GADD45 and PAI-1
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also contribute to these responses (Vousden & Prives, 2009).
PUMA and NOXA are key mediators in pS3-dependent apop-
tosis (Chipuk et al., 2005; Oda et al., 2000). In addition,
SLC7A11, GLS2, PTGS2, and SATI have been discovered
to be directly regulated by p53 in regulation of ferropto-
sis (Jiang et al., 2015). p53 activates the expression of LIF,
as well as numerous long non-coding RNAs (LncRNAs)
such as TUNA, for the maintenance of embryonic stem
cell pluripotency (Fu et al., 2020). p53 also participates in
metabolism regulation, including glucose metabolism, lipid
metabolism, serine metabolism and nucleotide metabolism,
by direct or indirect modulation of a series of key factors
or enzymes such as glucose transporters (GLUTs), TIGER,
SREBP-1, carnitine palmitoyltransferase, malonyl-CoA
decarboxylase, PHGDH and GMP synthetase (Liu, Zhang,
et al., 2019). These examples highlight the growing com-
plexity of our understanding of the p53 regulation network
(Fig. 1), although the mechanisms underlying the ability of
p53 to induce multiple biological processes remain unclear.

Regulation of p53 occurs at multiple levels, including the
genetic level, transcriptional level, and protein level. PTMs
at protein level have been extensively studied. Reported
PTMs of p53 include phosphorylation, ubiquitination, acety-
lation, crotonylation, succinylation, methylation, SUMOyla-
tion, NEDDylation, FATylation, ISGylation, UFMylation,
ADP-ribosylation, hydroxylation, f-hydroxybutyrylation
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Fig.1 The p53 network. p53 controls many distinct biological processes involved in tumor suppression and progression. Regulation of p53

includes the genetic level, transcriptional level, and PTM level

and O-GlcNAcylation (Huang et al., 2014; Kruse & Gu,
2009a; Li et al., 2011; Liao et al., 2020; Liu et al., 2020;
Liu, Tavana, et al., 2019; Park et al., 2016). Some of these
PTMs have been well studied and shown to be essential for
the activity and stability of p53, such as phosphorylation and
ubiquitination (Dai & Gu, 2010). In the steady-state condi-
tion, the expression of p53 is maintained at a very low level
mediated by the ubiquitin—proteasome pathway, whereas in
the stressed conditions, p53 protein is accumulated and acti-
vated, a process mediated by phosphorylation, acetylation
and some other PTMs like UFMylation (Kruse & Gu, 2009a;
Liu et al., 2020; Rodriguez et al., 2000). Similar to ubig-
uitin, there are more than a dozen UBLs, including small
ubiquitin-like modifiers (SUMOs), neural precursor cell
expressed, developmentally down-regulated 8 (NEDDS),
interferon-stimulated gene 15 (ISG15), human leukocyte
antigen (HLA)-F adjacent transcript 10 (FAT10), ubiqui-
tin-fold modifier 1 (UFM1), ubiquitin-related modifier-1
(URM1), autophagy-related protein 8 (ATGS8), autophagy-
related protein 12 (ATG12), fan ubiquitin-like protein 1
(FUB1), histone monoubiquitylation 1 (HUB1) and prokary-
otic ubiquitin-like protein (PUP) (Pearce et al., 2008; Wang,
Zhu, et al., 2017). These small proteins share a similar struc-
ture with ubiquitin and conjugate to their targets following
an E1-E2-E3 enzymatic cascade (Wang, Zhu, et al., 2017).
p53 has been found to be covalently modified by SUMOs,
NEDDS, FAT10, ISG15 and UFM1 (Fig. 2). The functions
of these UBLs are not only associated with p53 stability
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and conformation, but also alter its transcriptional activity
and subcellular localization. There have been many excel-
lent reviews written previously on the topic of PTMs of p53
(Gu & Zhu, 2012; Kruse & Gu, 2008, 2009a; Liu, Tavana,
et al., 2019; Meek & Anderson, 2009); therefore, here we
will summarize the characteristics of the ubiquitination and
UBL modifications of p53, with particular focus on the bio-
logical function of UBLs of p53.

Ubiquitination of p53

Ubiquitin is an 8.6-kD protein with 76-amino acids, and
relies on maturation of ubiquitin precursor by de-ubiquity-
lating enzymes (DUBs) to expose the dipeptide glycine—gly-
cine (Gly—Gly) for conjugation to substrates via a three-step
enzymatic reaction. Thus far, 2 E1 enzymes, 38 E2 enzymes,
and > 600 E3 ligases have been identified in the human
genome. Ubiquitination is a dynamically reversible process,
and > 100 DUBs act on ubiquitin (Komander, 2009; Zhang
& Sun, 2020). The ubiquitin molecule possesses seven lysine
residues (K6, K11, K27, K29, K33, K48 and K68), and all
of these lysine residues together with the first methionine
(M1) can be ubiquitinated to form ubiquitin chains. These
chains are then transferred to different substrates leading
to polyubiquitination of the targets (Swatek & Komander,
2016). K48-linked chains are the most common chains to
target proteins for degradation, whereas K63-linked chains
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execute non-degradative functions. K11-linked chains are
involved in target protein degradation by working with K48-
and K63-linked chains. Other lysine-linked chains are not
well understood (Kwon & Ciechanover, 2017; Swatek &
Komander, 2016). Besides polyubiquitination, substrates can
also be modified with only one ubiquitin, resulting in mon-
oubiquitination, or with individual ubiquitin at several lysine
residues, resulting in multi-monoubiquitination. Monoubig-
uitination appears to mainly regulate the substrates traffick-
ing, activity and interactions with other proteins (Kwon &
Ciechanover, 2017). Collectively, ubiquitination can target
proteins for proteasomal degradation, intracellular protein
trafficking, cellular signaling transduction, protein activity,
and protein—protein interactions.

The protein p53 functions as a tetramer with four iden-
tical chains of 393 residues, encompassing an amino (N)-
terminal transactivation domain, a proline-rich domain, a
central DNA-binding domain, a tetramerization domain,
and a carboxy (C)-terminal regulatory domain (Fig. 2). The
C-terminal region of p53 is rich in basic amino acids and
prone to be modified by various PTMs, especially by ubig-
uitin and UBLs (Ko & Prives, 1996; Liu et al., 2020; Liu,
Tavana, et al., 2019). p53 is found to be modified by both
polyubiquitination and monoubiquitination, which occurr at
a series of different lysine residues in the C terminus. Mouse

double minute 2 homolog (MDM?2) is the major ubiquitin E3
ligase, and belongs to RING-domain E3s family that binds
to and leads to p53 degradation (Haupt et al., 1997; Honda
et al., 1997; Kubbutat et al., 1997). The crystal structure
of the N-terminal 109-residue fragment of MDM?2 inter-
acts with the transactivation domain of p53 (Kussie et al.,
1996). p53 degradation is mediated by polyubiquitination
with K48-linked chains at six lysine residues (K370, K372,
K373, K381, K382 and K386) of p53 (Nakamura et al.,
2000; Rodriguez et al., 2000). It is reported that high lev-
els of MDM2 promotes p53 polyubiquitination and nuclear
degradation, whereas low levels of MDM?2 induces mon-
oubiquitination and nuclear export of p53 (Li et al., 2003).
MDM2 is well known to be transcriptionally induced by
p353 thereby forming a negative feedback loop that main-
tains low activity of p53 in normal conditions (Wu et al.,
1993). In response to a multitude of stresses, including geno-
toxic stress signals, hypoxia, oncogenic activation, nutrient
deprivation, ribosomal stress, chronic stress and nucleolar
stress, MDM2 funnels into a common node in each stress
regulatory network, which in turn regulates p53 and induces
its biological responses under these adverse conditions (Hu
etal., 2012; Russo & Russo, 2017; Vousden & Prives, 2009).
For example, there is a sophisticated mechanism for p53
accumulation and activation following DNA damage: (i)
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serine (S) and tyrosine (Y) residues of MDM2 are rapidly
phosphorylated by Ataxia Telangiectasia Mutated (ATM)
kinase and c-Abl tyrosine kinase, which is necessary for the
activity of MDM?2 inhibition and p53 activation in cells and
in vivo (Gannon et al., 2012; Maya et al., 2001; Saadatzadeh
et al., 2017); (ii) phosphorylation of p53 at S15 and S20
also mediated by the ATM kinase family, which reduces
the affinity of p53 with MDM2, resulting in p53 accumula-
tion and activation (Chao et al., 2000; Shieh et al., 1997,
Unger et al., 1999); (iii) phosphorylation of MDMX, a
homologue of MDM?2 that represses p53’s function (San-
ford et al., 2021), leads to increased binding to MDM?2
and thus be degraded by MDM2, preceding activation and
accumulation of p53 (Chen et al., 2005; Pereg et al., 2005).
The simultaneous phosphorylation of MDM2, MDMX and
p53 ensures an effective release of p53 from the inhibitory
action of MDM?2 upon DNA damage, thereby inducing a
well-coordinated p53 response. Furthermore, crucial evi-
dence to support the pivotal role of MDM2 on the negative
regulation of p53 activity is that the embryonic lethality in
Mdm2-null mice can be rescued by the loss of p53 (Jones
et al., 1995; Montes de Oca Luna et al., 1995). Contrary to
the Mdm?2 depletion mice, overexpressed-Mdm2 transgenic
mice are predisposed to spontaneous tumorigenesis, which
probably due to the increased inhibition of p53 function
(Jones et al., 1998). In addition to the E3 activity of MDM?2
in regulating p53, MDM?2 also inhibits p53 transcriptional
activity by recruiting histone deacetylase and corepressors
to p53 (Chen et al., 2010), as well as controls p53 synthesis
by prompting proteasomal degradation of ribosomal protein
L26 (RPL26) thereby diminishing the interaction of RPL26
with p53 mRNA region (Ofir-Rosenfeld et al., 2008). Over-
all, MDM?2 is a key regulator of the tumor suppressor p53,
making it more attractive for anti-cancer drug design.
Besides MDM2, there are scores of ubiquitin E3 ligases,
including constitutive photomorphogenic protein 1 (COP1),
p53-induced protein with a RING-H2 domain (PIRH2),
ARF-BPI1, makorin ring finger protein 1 (MKRNI),
MKRN?2, Synoviolin, TOP1 binding arginine/serine rich
protein (TOPORS), CHIP, UBE4B, ring finger protein 1
(RNF1), RNF2, RNF128, CARP1, CARP2, JFK and the
TRIM-family members. These ubiquitin E3 ligases can
modify p53 with K48-linked polyubiquitin chains for deg-
radation: many of their functions in the regulation of p53
are described in Table 1 and have been summarized well
previously (Pan & Blattner, 2021). The differing mecha-
nistic pathways and physiological functions of the varied
E3 ligases present a complex picture. Similar to MDM?2,
COP1 and PIRH2 are RING-domain containing proteins
that bind to and target p53 for ubiquitination and degrada-
tion, respectively. They both can be transcriptionally upreg-
ulated by p53, and constitute an autoregulatory feedback
loop that controls the function of p53 to regulate cell cycle
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and apoptosis (Dornan et al., 2004; Hakem et al., 2011; Ka
et al., 2018; Leng et al., 2003). Importantly, the degrada-
tion of p53 mediated by COP1 is independent of MDM?2 or
PIRH2. COPI can inhibit p53’s effects on cell cycle arrest
and apoptosis by regulating p27/ and BAX (Dornan et al.,
2004). PIRH2 also targets and ubiquitinates p53 indepen-
dently of MDM?2, thereby suppressing p53 transactivation
(Sheng et al., 2008). PIRH2 favors different lysine residues
in p53, including K101, K164, K292 and K305 within the
DNA-binding domain and K357, K370, K382 and K386 in
the C-terminus of p53 (Shloush et al., 2011). However, the
biological significance of these lysines regulated by PIRH2
remains to be determined. Furthermore, PIRH2 has been
reported to coordinate with Axin, HIPK?2 and TIP60 to lead
to maximal activation of p53 in response to genotoxic stress
through p53 phosphorylation at S46, which ultimately trig-
gers apoptosis (Li et al., 2009). MKRN1, a member of the
RING-domain E3 ligases, regulates p53 polyubiquitination
at lysine residues K291 and K292, subsequently resulting
in proteasomal degradation of p53 (Lee et al., 2009). The
association of p53 with MKRNI is strongly reduced upon
DNA damage, thus resulting in stabilization of p53 but not
p21, indicating a dual function of MKRNI1 in regulating cell
death under stress conditions (Lee et al., 2009). Recently,
MKRN?2 has been identified as a novel E3 ligase that directly
interact with p53, and promotes p53 ubiquitination and deg-
radation in vivo and in vitro (Zhang et al., 2020). Distinct
from those lysines targeted by MDM2, PIRH2 and MKRN1,
an atypical ubiquitin E3 ligase E4F1 mediates ubiquitination
at lysine residues K319, K320 and K321 of p53 for localiza-
tion on chromatin but not degradation, and stimulates a tran-
scriptional program that specifically controls the cell cycle
(Le Cam et al., 2006). MSL2, another RING-domain E3
ligase, ubiquitinates pS3 at K351 and K357, and also does
not affect the stability of p53, but promotes pS3 cytoplasmic
localization (Kruse & Gu, 2009b). Similar to MSL2, the
RING-domain E3 ligase RNF38 can ubiquitinate p53 in vitro
and in vivo, resulting in relocalization of p53 to discrete
foci associated with promyelocytic leukemia (PML) nuclear
bodies (Sheren & Kassenbrock, 2013). Other RNF proteins
that can directly target p53 are RNF1, RNF2 and RNF128,
which all regulate p53 stabilization and p53-dependent cell
proliferation and death (Chen et al., 2013; Shen et al., 2018;
Wen et al., 2014).

In contrast to the above examples regulated by the RING-
domain E3 ligases, the ubiquitination of p53 also can be
regulated by the HECT-domain E3 ligases, U-BOX E3
ligases, and F-BOX E3 ligases (Pan & Blattner, 2021).
Human papilloma virus (HPV) E6-associated cellular pro-
tein E6-AP is the first reported HECT-domain containing
E3 ligase that interacts with p53, mediating p53 ubiquitina-
tion and its subsequent degradation (Scheffner et al., 1993).
WWPI is another HECT-domain E3 ligase involved in p53



Genome Instability & Disease (2022) 3:179-198

183

Table 1 The effects of p53 ubiquitination

E3 family E3 Major sites

Impact on p53 References

Stability Transactivity Localization

RING-Domain E3s MDM2 K370, K372, K373,

K381, K382, K386

PIRH2 K101, K164, K292,
K305, K357, K370,
K382, K386

MKRN1 K291, K292

MKRN?2, TOPORS,
synoviolin, CARP1,
CARP2, RNF1, RNF2

COP1, RNF128
RNF38

E4F1

MSL2
TRIM-family
E6-AP
ARF-BP1
WWP1

CHIP, UBE4B

K319, K320, K321
K351, K357

HECT-domain E3s

U-BOX E3s

F-BOX E3s JFK

v v

Rodriguez et al. (2000);
Haupt et al. (1997);
Honda et al. (1997);
Kubbutat et al. (1997);
Nakamura et al. (2000);
Li et al. (2003)

Shloush et al. (2011);
Hakem et al. (2011);
Leng et al. (2003)

Lee et al. (2009)

Zhang et al. (2020); Pan
and Blattner (2021); Shen
et al. (2018); Wen et al.
(2014)

Dornan et al. (2004); Chen
et al. (2013)

Sheren and Kassenbrock
(2013)

Le Cam et al. (2006)

Kruse and Gu (2009b)

Pan and Blattner (2021)

Scheffner et al. (1993)

Pan and Blattner (2021)

Laine and Ronai (2007)

Pan and Blattner (2021);
Esser et al. (2005)

Sun et al. (2009); Sun et al.
(2011)
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regulation. Unlike other E3 ligases, WWP1 stabilizes p53
in a ubiquitination-dependent manner with a surprisingly
concomitant decrease of its transcriptional activities. The
expression of WWPI1 also has been found to be reduced
by p53, pointing to a previously unrecognized regulatory
feedback loop (Laine & Ronai, 2007). In addition to HECT-
domain E3 ligase, the U-BOX E3 ligase CHIP, is able to
polyubiquitinate p53 and induce its proteasomal degrada-
tion by association with the chaperones Hsc70 and Hsp90
(Esser et al., 2005). JFK, a Kelch domain-containing F-box
protein, also can promote ubiquitination and the degradation
of p53 by assembling with the Skp1-Cull-F-box complex.
Interestingly, JFK is also transcriptionally regulated by p53
and forms an auto-regulatory negative feedback loop with
p53 (Sun et al., 2009, 2011). These findings indicate that
due to the necessity of maintaining low expression levels of
pS53 under normal conditions, a large number of E3s form
regulatory feedback loops to participate in the regulation
of p53 homeostasis. In summary, these different classes of
E3 ligases play a central role in p53 ubiquitination, deg-
radation, protein stability and trafficking, and control the

transcriptional activity of p53, providing a regulatory net-
work for p53.

As we have known that ubiquitination is a reversible
process, a large number of DUBs has been identified that
involved in p53 management, including ubiquitin-specific
proteases (USPs), ovarian tumor proteases (OTUs), and
Machado-Joseph disease-like proteins (MJDs). They regu-
late several E3 ligases of p53 or p53 directly by removing
the ubiquitin, thereby controlling p53 stabilization (Kwon
et al., 2017). Herpesvirus-associated ubiquitin-specific pro-
tease (HAUSP, also known as USP7) is the first identified
DUB that specifically deubiquitinates p53 both in vivo and
in vitro (Li, Chen, et al., 2002). However, subsequent stud-
ies have reported that MDM?2 is a preferred substrate for
HAUSP rather than p53 (Cummins et al., 2004; Li et al.,
2004), indicating that the regulation of p53 by HAUSP
is a complex process. Similar to HAUSP, ovarian tumor
domain-containing Ub aldehyde binding protein 1 (OTUBI1),
a member of OTUs family, can suppress MDM?2-mediated
p53 ubiquitination, resulting in regulation of p53 stability
and activity (Sun et al., 2012). OTUBI can also stabilize
MDMX, thereby contributing to p5S3 phosphorylation and
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p53-mediated apoptosis (Chen et al., 2017). In addition,
USP2a, USP2 and USP15 regulate p53 stability by deubiq-
uitinating and stabilizing MDM?2 (Stevenson et al., 2007;
Wei et al., 2016; Zou et al., 2014). USP26 is also found
to deubiquitinate and stabilize MDM2 (Lahav-Baratz et al.,
2017), which may negatively regulate p53. USP4 can tar-
get ARF-BP1, thereby mediating ARF-BP1-associated p53
ubiquitination (Zhang et al., 2011). Furthermore, USP28 can
deubiquitinate of H2A, resulting in transcriptional activation
of p53, p21 and p16, thereby regulating cell proliferation (Li
et al., 2019). USP47 can target ubiquitinated ribosomal pro-
tein S2 (RPS2), thereby inhibiting the interaction between
RPS2 and MDM2, and alleviating RPS2-mediated suppres-
sion of MDM2, consequently inducing p53 expression under
ribosomal stress (Cho et al., 2020).

Unlike the DUBs mentioned above indirectly regulating
p53 stability and activity, a class of USPs, including USP3,
USP5, USP9X, USP10, USP11, USP24, USP29 and USP42,
has been reported to directly control p53 stability and activ-
ity, respectively (Fu et al., 2017; Kwon et al., 2017). Among
them, USP3 interacts with and deubiquitinates p53 in normal
fibroblast cells, and regulates normal cell transformation (Fu
et al., 2017). USP10 is mainly localized in the cytoplasm
where it deubiquitinates p53 at normal conditions, whereas
USP10 translocates from the cytoplasm to the nucleus and
subsequently influencing p53 localization in response to
stress conditions (Yuan et al., 2010). In contrast to USP10,
USP42 is a nuclear protein that is required for the stabili-
zation and activation of p53 in response to various stress
signals (Hock et al., 2011). Besides USPs family, OTUDS,
another OTUs family member, functions to deubiquitinate
and stabilize p53, thereby activating a p53 response upon
DNA damage (Luo et al., 2013). Ataxin-3 (ATX-3), a mem-
ber of MJDs family, has also been reported to interact with
and stabilize p53, thus promoting p53-dependent apoptosis
in both mammalian cells and the central nervous system of
zebrafish, which providing an explanation for the pathogenic
mechanism of spinocerebellar ataxia type 3 (SCA3) (Liu,
Li, et al., 2016). Collectively, these DUBs together with
E3 ligases of p53 dynamically regulate p5S3 homeostasis,
thereby controlling p53 regulatory network and determin-
ing cell fate.

Crosstalk between ubiquitination,
acetylation and methylation

Ubiquitination, acetylation, methylation and the UBL
modifications all occur at lysine residues, especially in the
C-terminal region of p53, thereby affecting the activity
and stability of p53 by intersection. It has been reported
that acetylated p53 can not be ubiquitinated in vitro, and
the ubiquitination of p53 has been shown to be abrogated
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after the induction of acetylation at the C-terminal domain
(Li, Luo, et al., 2002). MDM2 actively suppresses acetyl-
transferase CBP/p300-mediated p53 acetylation, whereas
acetylated p53 is capable of inhibiting p53 ubiquitination
in vivo and in vitro (Ito et al., 2001; Li, Luo, et al., 2002).
To date, 10 lysine residues have been reported to be acety-
lated and involved in p53 transcriptional activation, stabil-
ity regulation, inducing apoptosis, cell cycle arrest and fer-
roptosis (Tang et al., 2008). Among them, acetylation of
p53 on K370, K372, K373, K381, K382 and K386 by CBP/
p300 activates its transcriptional activity and enhances p53
stability by inhibiting its ubiquitination by MDM2 at these
lysines (Gu & Roeder, 1997; Kruse & Gu, 2008). Notably,
acetylation of p53 abrogates MDM2-mediated transcrip-
tional repression by blocking the recruitment of MDM2 to
pS53-responsive promoters, which leads to p53 activation
independent of its phosphorylation status (Tang et al., 2008).
In addition, N-acetyltransferase 10 (NAT10) acetylates p53
at K120 and stabilizes p53 by inhibiting MDM2-mediated
p53 ubiquitination. Under stress conditions, NAT10 trans-
locates from the nucleolus to nucleoplasm, stabilizes p53 by
preventing the interaction between p53 and MDM2, thereby
regulating the cell cycle and apoptosis pathways depend-
ent on p53 (Liu, Tan, et al., 2016). Interestingly, NAT10
also promotes MDM?2 degradation, which synergistically
stabilizes pS3 (Liu, Tan, et al., 2016). K120 of p53 can be
acetylated by p300/CBP-associated factor (PCAF), TIP60
and MOZ, which is important for accumulation of p53 at
BAX and PUMA promoters to initiate apoptosis. K320 is the
predominant acetylation site targeted by PCAF in hypoxia
and the DNA damage response, and acetylated p53 at K320
is prone to recruit specific target genes that promote cell
survival (Xenaki et al., 2008). Conversely, ubiquitinated p53
at K320 is preferentially located on chromatin to regulate
the cell cycle, indicating an interplay between PCAF medi-
ated acetylation and E4F1 mediated ubiquitination (Le Cam
et al., 2006). PCAF also has the intrinsic ubiquitin E3 ligase
activity and targets MDM2 for ubiquitination thereby regu-
lating p53 activity (Linares et al., 2007). As critical acetyl-
transferases, both CBP and p300 can function as E4 ligases
by enhancing polyubiquitination of p53 that is already mon-
oubiquitinated by MDM2 in the cytoplasm (Grossman et al.,
2003; Shi et al., 2009). In contrast, CBP/p300 acetylates
MDM?2 in the RING-domain to restrain its E3 ligase activity,
in turn to inhibit p53 polyubiquitination. Therefore, CBP/
p300 plays a dual role in the regulation of p53.

Acetylation is highly reversible. Acetylated lysine resi-
dues of p53 can be deacetylated by various histone deacety-
lases (HDACS), including HDAC1, HDAC2, HDAC6 and
HDACS, as well as Sir2-like proteins (sirtuins), sirtuinl and
sirtuin3 (Sirtl and Sirt3) (Brandl et al., 2012; Liu, Tavana,
et al., 2019). HDAC]1-containing complex has been first
identified to deacetylate p5S3 and modulate p53-dependent
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cell growth and apoptosis (Luo et al., 2000). Notably,
MDM2 and HDAC1 can form a complex that regulates p53
ubiquitination and deacetylation in a cooperative fashion,
thus controlling p53 stability and function (Ito et al., 2002).
It is reported that HDAC2 can deacetylate p53 at K320
(Brandl et al., 2012), whereas HDACG6 deacetylates p53 at
K120, K381 and K382 (Park et al., 2017; Ryu et al., 2017),
which all these lysines also are the ubiquitination sites, indi-
cating a regulatory network between acetylation and ubiq-
uitination. Indeed, the HDAC6 inhibitor A452 can disrupt
wild-type p5S3—-MDM2-MDMX interaction while promote
mutant p5S3-MDM2-MDMX interaction, thus stabilizing
wild-type p53 and destabilizing mutant p53 in cancer cells
(Ryu et al., 2017), which providing an encouraging evi-
dence for the feasibility of p53-targeted anticancer therapy.
In contrast to these HDACs that can directly deacetylate
p53, Sirt7 has been reported to deacetylate serine/threonine
kinase receptor associated protein (STRAP), and influences
the interaction between STRAP and p53, thereby regulat-
ing p53 function and subsequently pS3-mediated signaling
pathways (Yu et al., 2020).

Besides acetylation, methylation of p53 occurs at K370,
K372, K373 and K382 of p53 by different methyltrans-
ferases. The interplay between p53 methylation and acety-
lation is well established (Carr et al., 2012). For example,
the methylation level at K382 is decreased upon DNA dam-
age, which allows induction of K382-acetylation mediated
by CBP/p300 thereby promoting p53 activity. Additionally,
K372 of p53 can be methylated by a lysine-specific meth-
yltransferase SET9, which restricts methylated p53 to the
nucleus and stabilizes p53 (Chuikov et al., 2004). Although
little is known regarding the crosstalk between methylation
and ubiquitination in this context, it is possible that meth-
ylation directly interferes with MDM2-mediated ubiquitina-
tion or indirectly targets some important factors involved in
regulating p53 stabilization. The molecular mechanism for
the methylation-induced stabilization of p53 remains to be
elucidated.

SUMOylation of p53

SUMOylation is the most intensively studied UBL modifica-
tion. Unlike ubiquitination, there are several modifiers for
SUMOylation, consisting of SUMO-1, SUMO-2, SUMO-3
and SUMO-4. Whilst the three-dimensional structure of
SUMO proteins is similar to ubiquitin, they share less than
20% sequence identity with ubiquitin (Geiss-Friedlander
& Melchior, 2007). The enzymatic cascade of SUMOyla-
tion is similar to ubiquitination, in that mature SUMOs
with dipeptide Gly—Gly are exposed for conjunction to sub-
strates. SUMOylation has one SUMO-E1 enzyme in the
form of a heterodimer containing SAE1/Aosl and SAE2/

Uba2 subunits, and the only known SUMO-E2 enzyme
UBC9. The reported SUMO-E3 ligases for SUMOQylation
are the protein inhibitor of activated STAT (PIAS) family
as well as RanBP2. Sentrin-specific proteases (SENPs) and
de-SUMOylating isopeptidase-1/2 (DESI-1/2) as well as
USPLI are responsible for de-SUMOylation. To our knowl-
edge, SUMO-1 is distinct from the other family members
and usually forms mono-SUMO for the targets, whereas
SUMO-2 and SUMO-3 (referred to as SUMO-2/3) share
97% sequence identity and can form poly-SUMO chains
(Geiss-Friedlander & Melchior, 2007; Saitoh & Hinchey,
2000; Ulrich, 2008). SUMO-4 only appears to be conjugated
to its substrates under stressed conditions, however, the roles
of SUMO-4 have yet to be uncovered (Owerbach et al.,
2005; Wei et al., 2008). To date, hundreds of proteins can be
SUMOylated, which involved in regulating protein—protein
interaction, protein activity, stability, cellular localization,
chromatin remodeling, precursor-mRNA splicing and ribo-
some assembly (Becker et al., 2013; Hendriks et al., 2014).

p53 is one of the SUMOylated substrates that is conju-
gated by SUMO-1 in osteosarcoma cells and in vitro (Rod-
riguez et al., 1999). The major SUMOylation site of p53
is K386, and this SUMOylation is mediated by different
SUMO-E3 ligases, including the PIAS family, TOPORS,
TRIM19, TRIM27, RanBP2, adenovirus E1B-55 K, and a
viral protein KSHV basic-leucine-zipper (K-bZIP) (Ashikari
et al., 2017; Chang et al., 2010; Chu & Yang, 2011; Kahyo
et al., 2001; Pennella et al., 2010; Schmidt & Muller, 2002;
Takayama et al., 2018; Weger et al., 2005). The regulation
of p53’s function by SUMO-1 is still in debate. Early reports
have shown that conjugation of SUMO-1 can increase the
transcriptional activity of p53 (Gostissa et al., 1999; Rodri-
guez et al., 1999); however, PIAS1 and PIASxf, the PIAS
family members, can promote SUMOylation of p53 and
strongly repress the transcriptional activity of p53 in HeLa
cells (Schmidt & Muller, 2002). Interestingly, SUMO-1
modification of p53 at K386 has no effect on p53’s transcrip-
tional activation, cellular localization, or growth regulation
(Kwek et al., 2001). Recently, one study has reported that
PIAS1 can promote SUMO-1 conjugation of p53 at K386 in
lens epithelial cells, thus enhances p53 transcription activ-
ity by specifically upregulating BAX expression (Nie et al.,
2021). One possibility is that the transactivation activity of
p53 regulated by SUMOylation is preferentially mediated
by different SUMO-E3 ligases, in a cell type-specific and
context-dependent fashion. In addition to the PIAS family,
MDM?2 can increase the level of p5S3 SUMOylation, espe-
cially by forming a complex with ARF, an important regula-
tor of p53 stability. However, MDM2 exhibits no SUMOyla-
tion activity in a cell-free system (Chen & Chen, 2003).

In contrast to MDM2, TOPORS and the PIAS family can
directly enhance SUMOylation of p53 (Weger et al., 2005).
Previous studies have reported that PIASy, another PIAS
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family member, binds to p53 and inhibits transactivity of
p53 (Nelson et al., 2001); MDM2 can cooperate with PIASy
to promote p53 SUMOylation and nuclear export (Carter
et al., 2007). In addition, SUMO-2/3 also conjugates to
p53 (Chang et al., 2010; Li et al., 2006; Stindt et al., 2011).
SUMO-2/3 can be modified at K386, and cells treated with
H,0, can induce p53 SUMOylation by SUMO-2/3, but not
SUMO-1. Moreover, such modification can stimulate p53
transcriptional activity and play roles in premature senes-
cence and stress response (Li et al., 2006). It is interesting
to note that MDM?2 can enhance the conjugation of endoge-
nous SUMO-2/3 to p53, which is correlated with a reduction
of both activation and repression of a subset of p53-target
genes, including the activation genes p21, BAX and mac-
rophage inhibitory cytokine-1 (Mic-1), and the repression
genes cyclin-dependent kinase 1 (Cdkl) and cyclin A2
(Stindt et al., 2011). The addition of ARF and ribosomal
protein L11 (RPL11) also strongly induced SUMOylation of
p53 (Stindt et al., 2011). Mitotic arrest-deficient 1 (Madl),
a well-characterized regulator of chromosome segregation
during mitosis (Rodriguez-Bravo et al., 2014; Ryan et al.,
2012), interacts with the PML nuclear body scaffold, and
this interaction is enhanced by SUMOylation. Upregulated
Madl causes a reduction of p53 protein levels by displac-
ing MDM2 from PML nuclear bodies (Wan et al., 2019).
Alternately, the adenovirus protein E1B-55 K functions as a
SUMO-ES3 ligase, promotes SUMOylation of p53 and tethers
p53 in PML nuclear bodies, resulting in the inhibition of p53
activity (Pennella et al., 2010). Similar to E1B-55 K, another
virus protein K-bZIP also functions as a SUMO-E3 ligase,
enhancing the global SUMOylation of cellular proteins in
a SUMO-2/3-dependent manner, including p53, leading to
an increase of p53-dependent transcriptional activity (Chang
et al., 2010). Although SUMO-1 is involved in p53 traffick-
ing, SUMO-2/3 has no effect on the subcellular distribution
of p53 (Carter et al., 2007; Stindt et al., 2011). This is prob-
ably due to the different dynamics and subcellular distri-
butions of the SUMO isoforms, consequentially resulting
in different preference for substrates and distinct regulation
and functions (Hecker et al., 2006; Saitoh & Hinchey, 2000;
Vertegaal, 2010).

SUMOylation is also a reversible process. SENPI, a
SUMO-specific protease, has only been found to directly
interact with and de-SUMOylate p53 in cells and in vitro;
depletion of SENP1 synergistically induces p53 activation
and cell growth inhibition in response to DNA damage
(Chauhan et al., 2021). Repression of SENP1 also induces
pS53-mediated premature senescence in primary human
fibroblasts (Yates et al., 2008). Furthermore, SENP2 reg-
ulates p53’s function through modulation of MDM?2 de-
SUMOylation at the PML body (Jiang et al., 2011); SENP6
interacts with and de-SUMOylates TRIM28, thereby sup-
pressing p53 activity (Li, Lu, et al., 2018). Of note, whether
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there are other direct regulatory proteases de-SUMOylating
p53 still need investigation. Another attention is that only
K386 in p53 has been reported involved in SUMOylation
until now. In one study for global mapping SUMOylation
sites of endogenous proteins and SUMOylation signaling
networks in cells, the mass spectrometry results suggest that
further SUMOylation sites in p53 isoforms have been identi-
fied (Hendriks et al., 2014), and their function and regulation
are worth exploration.

NEDDylation of p53

In the UBL superfamily, NEDDS8 has the highest homol-
ogy with ubiquitin and is indispensable in various biological
processes. Similar to other UBLs, the translation product
of NEDDS is a precursor. Maturation of NEDDS requires
protease, such as ubiquitin C-terminal hydrolase isozyme 3
(UCHL3) and deneddylase 1 (DEN1), to expose C-terminal
di-Gly residues (Wada et al., 1998; Wu et al., 2003). Mature
NEDDS is cascade activated by the specific E1 NEDD8-acti-
vating enzyme (NAE), a heterodimer of NAE1 and UBA3,
E2-NEDDS conjugating enzyme UBC12, as well as a dozen
of NEDD8-E3 ligases. The majority of NEDDS§-E3s also
function as ubiquitin E3 ligases and belong to the largest
category of cullin-RING ligase family, including c-CBL,
FBXO11, IAPs, MDM2, RNF111, TFB3, TRIM40, DCNI1,
RBX1 and its homologue RBX2 (Enchev et al., 2015; San-
tonico, 2020). NEDDS8 has been reported to form chains
through K11, K22, K27, K48, K54 and K60, and participates
in NEDDS8-related regulatory pathways in transcription,
chromatin organization, genomic stability, signal transduc-
tion and tumorigenesis (Jeram et al., 2010; Jones et al., 2008;
Leidecker et al., 2012; Xirodimas et al., 2008).

It is reported that p53 is a bona fide substrate for NED-
Dylation, and MDM2 function as a specific NEDDS§-E3
ligase can promote p53 NEDDylation in vivo and in vitro
(Xirodimas et al., 2004). Although up to six lysine residues
in the C-terminus of p53 are known to be ubiquitinated
(Nakamura et al., 2000; Rodriguez et al., 2000), the effective
NEDDylation requires only three of these lysine residues
(K370, K372, and K373). Interestingly, p53 deubiquitinating
enzyme HAUSP prevented the formation of high molecu-
lar weight p53 species in a NEDDylation pull-down assay,
suggesting that these high molecular species are ubiquitin
conjugates; therefore, p53 could be simultaneously modi-
fied with NEDDS and ubiquitin (Xirodimas et al., 2004).
More recently, K120 of p53 has been identified as a new
NEDDylation site in regulating its transactivation activity,
and MDM2 is considered as the specific NEDDS8-E3 ligase
(Bravo-Navas et al., 2021). MDM2 can induce ubiquitina-
tion, SUMOylation and NEDDylation of p53, but the order
of these modifications in vivo is still unclear. Another report
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has shown that FBXO11, a novel NEDDS ligase for p53,
promotes NEDDS conjugation to K320 and K321 of p53
rather than ubiquitination in vitro and in vivo (Abida et al.,
2007). In these studies, NEDDylation is found to inhibit p53
transcriptional activity but not to significantly affect its sta-
bility (Abida et al., 2007; Xirodimas et al., 2004).

In addition, NEDDS ultimate buster 1 (NUB1) has been
found to decrease p53 NEDDylation but preferentially
stimulate its ubiquitination, which results in the cytoplas-
mic localization and inhibition of transactivity of p53 (Liu
& Xirodimas, 2010). Similar to NUB1, TIP60 is capable
of selectively inhibiting the MDM2-mediated conjugation
of NEDDS to p53, but it does not affect p53 ubiquitination
(Dohmesen et al., 2008). MDM2 itself also can be modified
by NEDD8, which markedly increases MDM?2’s protein sta-
bility, while de-NEDDylation of MDM?2 by NEDP1 results
in MDM2 destabilization concomitant with p53 activation
(Watson et al., 2010; Xirodimas et al., 2004). MDMX is
more likely to dimer with MDM?2 than MDM?2 itself, indicat-
ing that MDM2-MDMX complex may play a prominent role
in p53 ubiquitination. It is interesting to note that MDMX is
also a positive effector for NEDDS ligase activity of MDM?2
in regulating the function of p53 (Marine et al., 2007; Singh
et al., 2007). Under growth conditions, MDMX plays a key
role in enhancing MDM?2-mediated NEDDylation of p53
(Hauck et al., 2017). Moreover, the adenovirus oncopro-
tein E4orf6 can hijack Cullin 5-based E3 ubiquitin ligase
(CRLY) activity via facilitating its NEDDylation, leading
to degradation of p53, which efficiently impeding viral rep-
lication; while this process can be restricted by the dened-
dylase DEN1 and NEDD8-activating enzyme inhibitor (Guo
et al., 2019). In summary, p53 ubiquitination determines its
proteasomal degradation, whereas NEDDylation controls its
transcriptional activity. However, the integrated and detailed
regulation of NEDDylation and ubiquitination as well as
SUMOylation and other PTMs in some cases remains to be
elucidated.

ISGylation of p53

Interferon (IFN)-stimulated gene product 15 (ISG15) was
the first identified UBL. Its expression and conjugation to
targets are induced by viral infection, type I interferons,
tumor necrosis factor (TNF), vascular endothelial growth
factor (VEGF) and IFN-vy, and other compounds such as
poly I:C and lipopolysaccharide (LPS), as well as by DNA
damage, ischemia and aging (Chairatvit et al., 2012; Doyle
et al., 2002; Haas et al., 1987; Liu et al., 2009; Liu, Gao,
etal., 2016; Lou et al., 2009; Nakka et al., 2011; Park et al.,
2016; Sadler & Williams, 2008; Sen & Sarkar, 2007; Taylor
et al., 1996). ISGylation also requires an enzymatic cascade,
involving E1 (ubiquitin-activating enzyme E1-like protein,

UbelL), E2 (ubiquitin-carrier protein H6 or 8, UbcH6 or
UbcHS), and E3 enzymes (HECT domain and RCC1-like
domain-containing protein 5, HERCS, estrogen-respon-
sive finger protein, EFP, or human homolog of ariadne 1,
HHARI) (Kim et al., 2004; Krug et al., 2005; Pitha-Rowe
et al., 2004; Zhao et al., 2004). Interestingly, these E1 and
E2 enzymes were originally identified in the ubiquitina-
tion system. ISGylation has been mainly studied in relation
to its antiviral effects, like blocking the entry, replication
or release of different intracellular pathogens (Villarroya-
Beltri et al., 2017). ISGylation has been found to play an
essential role in DNA repair, autophagy, protein translation
and exosome secretion (Nakashima et al., 2015; Okumura
et al., 2013; Park et al., 2016; Villarroya-Beltri et al., 2016).
Unlike ubiquitin, no substrates have been identified to be
poly-ISGylated to date.

p53 has been found to be modified by ISG15, which tar-
gets misfolded p53 for proteasomal degradation. HERCS
efficiently promotes p53 ISGylation, while USP18 removes
this modification. Notably, many lysine residues are modi-
fied by ISG15, including 5 N-terminal (K101, K120, K132,
K139, and K164) and 6 C-terminal lysines (K291, K292,
K320, K321, K351, and K357). Ubiquitination and ISGyla-
tion cooperate in the regulation of p53 stability, and inhibi-
tion of ISGylation increases pS3 ubiquitination. Deletion of
ISG15 leads to misfolded p53 accumulation, which results in
attenuation of p53’s abilities both in vivo and in vitro (Huang
et al., 2014). Furthermore, ISGylation-mediated degradation
of p53 is involved in oncogene-mediated cellular transforma-
tion. Specifically, the phosphorylation of p53 on Y126 and
Y220 by Src can promote p53 ISGylation through enhancing
HERCS binding (Huang & Bulavin, 2014). These observa-
tions suggest that ISG15 can act as a signaling molecule
to guide ubiquitin-independent proteasome degradation of
pS53. Subsequently, a 7, 11-disubstituted quinazoline deriva-
tive HZ-6d has been screened that can interact with HERC5
and suppress its expression, thereby preventing the ISG15-
dependent degradation of p53 (Y. Wang, Ding, et al., 2017).
ISG15-conjugating system components ISG15, UBEIL,
UBCHS and EFP all encode p53-responsive elements that
can be dramatically induced in response to DNA damage
dependent on p53. Contrary to these findings, ISGylation
can positively regulate the stability of p53 under DNA dam-
age conditions. The major ISGylation sites of p53 are K291
and K292, and specific ISG15 E3 ligase EFP conducts the
ISGylation process, which is reversed by the de-ISGylating
enzyme UBP43. EFP, but not HERCS, can interact with p53
and promote DNA damage-induced p53 ISGylation. Addi-
tionally, DNA damage-induced ISGylation of p53 dramati-
cally stimulates its acetylation and phosphorylation, thereby
activating its transactivity. ISGylation of p53 consequently
increases p53’s binding ability to its downstream target pro-
moters to regulate cell cycle and apoptosis, such as p27 and
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BAX (Park et al., 2016). Despite these reports describing the
functional regulation of ISGylation of p53, little is known
about how misfolded p53 is recognized and degraded by
the proteasome, as well as the interplay between ISGylation
and other PTMs, especially the relationship between mis-
folded/mutant p53 and PTMs. There are a large number of
synthesized proteins targeted for ISGylation (Durfee et al.,
2010), therefore the degree to which ISGylation controls the
synthesis of p53 and the mechanism by which this occurs
both invite further investigation.

FATylation of p53

FATI10 is an 18-kD protein discovered by chromosomal
sequencing of the human HLA-F locus (Fan et al., 1996),
consisting of two ubiquitin-like domains, sharing 29% and
36% identity to ubiquitin, respectively (Wang, Zhu, et al.,
2017). Unlike other ubiquitin-like modifiers, FAT10 ends
with a free diglycine motif which can immediately form the
isopeptide to target proteins; FAT10 also has been found to
be the only ubiquitin-like modifier that targets its substrates
for proteasomal degradation in a ubiquitin-independent man-
ner (Schmidtke et al., 2014). FATylation is catalyzed by a
specific E1 UBAG6 and the only E2-like enzyme USE1, how-
ever, the FATylation specific E3 ligases as well as the decon-
jugating enzymes remain unknown. Interestingly, UBA6 can
activate both ubiquitin and FAT10, whereas FAT10 binds to
UBAG6 with a higher affinity than ubiquitin (Chiu et al., 2007;
Gavin et al., 2012; Jin et al., 2007). TRIM21 and RanBP2,
the ubiquitination and SUMOylation E3 ligases, have been
identified as FAT10-modified targets, indicating that they
probably participate in the FATylation process (Leng et al.,
2014). A growing number of studies have shown that FATy-
lation plays an important role in proteasomal degradation,
protein folding, RNA processing, apoptosis, DNA damage
response, cell growth, immune response, and tumorigenesis
(Aichem et al., 2012; Chen et al., 2018; Leng et al., 2014;
Liu et al., 1999; Liu, Chen, et al., 2016; Wang, Zhu, et al.,
2017; Xiang et al., 2020).

P53 has also been found to be conjugated to FAT10. Over-
expression of FAT10 increases p53 transcriptional activity
and alters the conformation of p53, as well as the distribu-
tion of PML-NBs in HEK293 cells (Li et al., 2011). Notably,
p53 can negatively regulate FAT10 expression, which indi-
cates that activation of p53 by upregulating FAT10 in turn
reduces the expression of FAT10 as a feedback regulation
to maintain its expression at a low level in normal cells and
most tissues (Liu et al., 1999; Zhang et al., 2006). However,
overexpression of FAT10 significantly reduces the transcrip-
tional activity of p53 in several cell lines, at either basal level
or cytokine stimulated conditions, without alterations of p53
protein level (Choi et al., 2014). In addition, the degradation
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of FAT10 mediated by p53 requires its transcriptional activ-
ity, and this mutually inhibitory regulation makes sense in
the context that under inflammatory conditions FAT10 is
temporarily induced but quickly returns to its basal level,
similar to the double negative regulation of NFxB signaling
driven by inflammatory signals (Choi et al., 2014; Zhang
et al., 2006). It is well known that ubiquitination is respon-
sible for protein degradation, but how and in what situa-
tions FATylation participates in this protein degradation is
unclear. Moreover, the sites for p53 FATylation as well as
the crosstalk between FATylation and other PTMs remain a
mystery, and as such the regulation and function of FATyla-
tion in the p53 context are worthy of further investigation.

UFMylation of p53

UFMylation (UFM1 modification) is a recently identified
UBL (Komatsu et al., 2004; Tatsumi et al., 2010). The
modifier UFM1 is a 9.1-kD protein with low sequence
identity but a similar tertiary structure to ubiquitin. It has
only one glycine at the C-terminus, which differs from
the usual diglycine of other UBLs. Similar to ubiquitin,
UFM1 relies on maturation of the UFM1 precursor by spe-
cific cysteine proteases (UFSP1 and UFSP2) to expose
glycine. UFM1 then conjugates to the substrates via the
unique E1- and E2-like enzymes UBAS and UFCI, and the
only known specific E3 ligase UFL1 (Gerakis et al., 2019;
Komatsu et al., 2004; Tatsumi et al., 2010). DDRGK1,
a regulator for the maintenance of UFL1 ligase activity,
plays an essential role in UFMylation process (Yoo et al.,
2014). Although only a handful of substrates including
DDRGKI1, ASC1, H4, MRE11, RPL26, RPN1, p53, and
SLC7A11 so far have been described (Lee et al., 2021;
Liang et al., 2020; Liu et al., 2020; Qin et al., 2019; Tat-
sumi et al., 2010; Walczak et al., 2019; Wang, Gong, et al.,
2019; Wang, Xu, et al., 2020; Yang et al., 2021; Yoo et al.,
2014), the significance of UFMylation is underscored by
its critical role in diverse cellular processes ranging from
embryonic development, endoplasmic reticulum (ER) and
tissue homeostasis maintenance, cell survival and differen-
tiation, vesicle trafficking, autophagy, protein quality con-
trol, and DNA damage responses (Cai et al., 2015, 2019;
Lee et al., 2021; Lemaire et al., 2011; Li, Yue, et al., 2018;
Liang et al., 2020; Liu et al., 2017, 2020; Qin et al., 2019,
2020; Tatsumi et al., 2011; Walczak et al., 2019; Wang,
Gong, et al., 2019; Wang, Xu, et al., 2020; Zhang et al.,
2015; Zhou et al., 2021; Zhu et al., 2019).

UFMylation contributes to the complexity of pS3 regula-
tion as along with the other UBLs. We previously reported
that p53 is a novel substrate for UFMylation, which main-
tains p53 stability by competing with MDM2-mediated
ubiquitination either at normal conditions or with DNA
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damage responses. K351, K357, K370 and K373 are the
major lysine residues of p53 that can be UFMylated (Liu
et al., 2020), but other sites may be UFMylated, especially
under particular physiological and pathological conditions.
UFMylated p53 at these lysine residues appears in a mono-
UFM1 modification form, whereas ASC1 can be UFMylated
with a K69-linked poly-UFM1 chain (Liu et al., 2020; Yoo
et al., 2014). Whilst the majority of reported substrates
exist in the mono-UFM1 form, no common characteristics
of mono-UFM 1 modification have been found, and the dis-
tinguishing features of the mono-UFM1 and poly-UFM1
modifications are unclear. Besides UFMylation and ubiq-
uitination, K351, K357, K370 and K373 of p53 are subject
to acetylation, NEDDylation and ISGylation. Acetylation at
K351 and K357 differentially modulate cell cycle arrest and
apoptosis but do not affect p53 localization or oligomeriza-
tion, whereas ISGylation at K351 and K357 contributes to
degradation of misfolded p53; NEDDylation at K370 and
K373 of p53 inhibits its transcriptional activity; these obser-
vations raise an important question regarding the manner
in which these different types of PTMs interact with each
other as a “molecular switch” to regulate diverse biological
processes. One explanation is that under different experi-
mental or physiological conditions, p53 has various PTM
preferences thereby selectively binding to the promoters of
specific genes, resulting in regulation of diverse biological
processes. Notably, several molecules such as IREla and
p53 have been found to be modulated by UFMylation via
proteasomal degradation (Liu et al., 2017, 2020), but it is
currently unclear how UFMylation cooperates with ubiqui-
tination in the regulation of proteasomal degradation. The
most common explanation is that competitive binding to
the same lysine residues regulates the protein levels. Inter-
estingly, our previous results have shown that both UFL1
and DDRGKI1 could interact with substantial components
of 26S proteasome, especially the non-ATPase subunits
family of the 19S regulator lid (Liu et al., 2020), which is
responsible for recognizing polyubiquitinated proteins and
redirecting them to 20S proteasome for degradation (Glick-
man & Ciechanover, 2002), providing another possibility
that the UFL1-DDRGK1-substrate complex may occupy the
binding site of polyubiquitylated proteins and subsequently
block ubiquitin-dependent proteasome degradation of the
substrates.

Concluding remarks and future perspectives

As an important transcription factor and tumor suppressor,
p53 is a highly variable molecule induced under different
stresses and signals. The activity of p53 is regulated and
finely balanced by a variety of PTMs that not only com-
pete with each other, but also may promote each other.

PTMs can alter pS3 conformation to enable it to recog-
nize and bind to different sites of downstream target genes,
thereby activating the downstream targets and ultimately
determining the types of response and cell fate. PTMs can
also cause p53 to form a new protein docking site, thereby
recruiting different enzymes to induce PTMs at other sites,
which greatly increase the complexity of p53 regulation.
To date, there are as many as 400 PTMs identified, includ-
ing more than 10 ubiquitin-like modifications. Interest-
ingly, the majority of these UBLs have been found to be
conjugated to p53 except URM1 and FUB1 (Table 2).
Questions for further study include whether p53 is a novel
target for URM1 or FUB1, whether there are other new
PTMs of p53, and what the important biological functions
of these potential PTMs are in regulating p53 homeostasis.
At present, the timing and balance of various PTMs of
p53 under different stimuli are not completely character-
ized, and the responses of these PTMs of p53 are variable
in different tissues and cell types. What we are certain
is that MDM2 is a key node in regulating p53 function
at multi-layer across these PTMs (Fig. 3), contributing
to the maintenance of p53 homeostasis. A point of clear
interest is how these PTMs at different lysine residues of
p53 coordinate with each other. The degree to which dif-
ferent stimuli regulate the activity of p53 through these
PTMs is still a question vital to attaining a better under-
standing the regulation of p53. p53 is mutated in 50% of
human tumors, and mutant p5S3 may often play an opposite
biological function to wild-type p53. Currently, the full
roles and mechanisms of p53 and its mutants in regulating
tumor suppression or progression are still unclear. There-
fore, the question of how these different PTMs contribute
to wild-type and mutant p53’s function may provide clini-
cally valuable insight in p53 mutant cancers. One poten-
tial avenue for study is the degree to which these various
PTMs are involved in regulating the tumor microenviron-
ment and cell characteristics to influence p53’s function.
Owing to an increasing number of studies focus on the
regulatory effects of PTMs on p53 behaviors, targeting
PTMs of p53 has become a promising strategy for can-
cer treatment, which includes upregulating/reactivating
wild-type p53, restoring tumor suppressive function in
mutant p53, and inducing mutant p53 degradation in can-
cer. Among these strategies, inhibiting the p53-MDM?2
interaction is an important approach for activating p53
tumor suppressive function, and a number of p53-MDM?2
antagonists have been designed and studied for this pur-
pose. In addition, numerous DUBs, HDACs and sirtuins
inhibitors also have become a choice, which can activate
p53 and exhibit unique value as antitumor drugs (Liu,
Tavana, et al., 2019). Unfortunately, majority of these
small molecules have encountered setbacks. The major
obstacles include the specificity, therapeutic effects, drug
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Table 2 The effects of p53 UBLs

PTM E3 Major sites Impact on p53 References
Stability Transactivity Localization
SUMOylation PIAS family K386 v v v Schmidt and Muller (2002), Kahyo
et al. (2001), Nelson et al. (2001)
Topors \/ Weger et al. (2005)
TRIM19/27 \/ Chu and Yang (2011)
E1B-55K K386 Pennella et al. (2010)
K-bZIP Chang et al. (2010)
RanBP2 Ashikari et al. (2017), Takayama

NEDDylation MDM?2 K120, K370, K372, K373

et al. (2018)

Xirodimas et al. (2004), Bravo-Navas
etal. (2021)
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Fig.3 The p53-MDM2 axis. p53 is maintained at a low level by
MDM2-mediated polyubiquitination in normal condition, whereas
monoubiquitination or SUMOylation results in p53 nuclear export. In
stressed conditions such as DNA damage, p53 is activated either by
MDM2 phosphorylation, or by several PTMs of p53, including phos-
phorylation, acetylation, methylation, SUMOylation and UFMylation,
thereby inducing the expression of different targets with diverse bio-

resistance, and side effects of these small molecules.
Despite the setbacks, some MDM2 antagonists are still
in clinical trials.

@ Springer

logical functions. MDM2 is one of these targets, which can negatively
regulate p53 stability and transcriptional activity. MDM2 also can
promote p53 SUMOylation and NEDDylation, leading to inhibition
of p53’s function at different context. Ac acetylation, M methylation,
Ub ubiquitination, S SUMOylation, N NEDDylation, I ISGylation, U
UFMylation are indicated

In addition to tumor suppression, p53 also impacts the
physiology of many important diseases, such as neurode-
generative diseases, metabolic diseases and aging. It is still
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unclear which exact PTMs of p53 are implicated in these
diseases, and the mechanism by which these PTMs of p53
may contribute to these diseases is unknown. These impor-
tant questions remain to be addressed and the answers to
these questions are expected to shed further light on the
complexity of the p53 network, leading to new opportuni-
ties for therapies for cancer and other diseases.
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