1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Oncogene. Author manuscript; available in PMC 2022 October 29.

-, HHS Public Access
«

Published in final edited form as:
Oncogene. 2022 May ; 41(22): 3039-3050. doi:10.1038/s41388-022-02331-9.

Deciphering the acetylation code of p53 in transcription
regulation and tumor suppression

Zhangchuan Xial, Ning Kon?l, Alyssa P. Gul, Omid Tavanal, Wei Gul2

linstitute for Cancer Genetics, and Herbert Irving Comprehensive Cancer Center, VVagelos
College of Physicians & Surgeons, Columbia University, 1130 Nicholas Ave, New York, NY,
10032, USA

2Department of Pathology and Cell Biology, Vagelos College of Physicians & Surgeons, Columbia
University, 1130 Nicholas Ave, New York, NY, 10032, USA

Abstract

Although it is well established that p53-mediated tumor suppression mainly acts through its ability
in transcriptional regulation, the molecular mechanisms of this regulation are not completely
understood. Among a number of regulatory modes, acetylation of p53 attracts great interests.
p53 was one of the first non-histone proteins found to be functionally regulated by acetylation
and deacetylation, and subsequent work has established that reversible acetylation is a general
mechanism for regulation of non-histone proteins. Unlike other types of post-translational
modifications occurred during stress responses, the role of p53 acetylation has been recently
validated /n7 vivo by using the knockin mice with both acetylation-defective and acetylation-
mimicking p53 mutants. Here, we review the role of acetylation in p53-mediated activities, with
a focus on which specific acetylation sites are critical for p53-dependent transcription regulation
during tumor suppression and how acetylation of p53 recruits specific “readers” to execute its
promoter-specific regulation of different targets. We also discuss the role of p53 acetylation in
differentially regulating its classic activities in cell cycle arrest, senescence and apoptosis as well
as newly identified unconventional functions such as cell metabolism and ferroptosis.

Introduction

The prevalence of 7P53 gene mutation in human cancers suggests an important function
of p53 in tumor suppression (1). Evidence from both /in vitroand in vivo experiments
has established the pivotal role of p53 in cell fate decisions and tumor suppression (2,

3). In response to various genotoxic insults and cellular stresses, such as DNA damage or
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oncogene activation, p53 plays important roles in regulating many biological processes
such as cell cycle arrest, apoptosis, cellular senescence, genome stability/DNA repair,
metabolic reprogramming, ferroptosis, metastasis, stemness maintenance etc. (2). p53
functions as a homo-tetrameric and sequence-specific transcriptional factor that can induce
or repress expression of hundreds of target genes, leading to various cellular processes
and consequences. Although transcription-independent roles have also been ascribed to
p53, transcriptional regulation of p53 is essential for its tumor suppressor function (3).
Given its significant role in cell fate decisions, p53 activity must be tightly controlled

to prevent tumorigenesis as well as keep normal cells alive. Reversible posttranslational
modifications (PTM) represent an efficient mode of regulation that allows quick responses
at the protein level (4). p53 function is delicately orchestrated by a comprehensive network
of modifications, including phosphorylation, acetylation, ubiquitination, and methylation,
among others (4). Since the initial characterization of p53 acetylation in 1997 (ref. 5),
devoted efforts from research groups worldwide have established acetylation as one of

the hallmarks of p53 activation. The importance of p53 acetylation for p53 activation and
function has been demonstrated by a variety of /n vitro assays and in vivo experiments
using genetically engineered mouse models (6, 7). Although substantial progress has been
made in understanding of p53 acetylation, the answers to some of the important questions
remain elusive. This review summarizes what is known of p53 acetylation, including

the initial discovery, acetylation sites on p53, enzymes involved, functional consequences
in p53 transcriptional activity, overall physiological significance or biological outcomes,
and molecular mechanisms. There have been other excellent reviews written previously
on similar topics (4, 8, 9). This review focuses on the recent progress and refining our
understanding of p53 acetylation.

Concept establishment: p53 acetylation as a model for studying non-

histone protein acetylation

Posttranslational lysine acetylation was first discovered on histones by Vincent Allfrey and
colleagues in 1964 (ref. 10). Acetylation of lysines on N-terminal tails of histones can
neutralize their positive charge, causing decondensation of chromatin and inducing changes
in gene expression patterns, which represents a critical node of epigenetic regulation (11).
In the following decades, lysine acetylation was also discovered on non-histone proteins,
like HMG-1 (ref. 12) and tubulin (13). However, acetylation of non-histone protein did

not receive much attention until the discovery of p53 acetylation in 1997 (ref. 5). The

initial observation that CBP/p300 can bind and function in synergy with p53 to promote

its transcriptional activity (14) led to the discovery that human p53 can be acetylated

by CBP/p300 at multiple lysine residues (K370, K372, K373, K381, K382) within the
C-terminal regulatory domain (5). Acetylation of p53 by p300/CBP activates expression

of its target genes, which represented a previously unknown mechanism for p53 activation
(5). Over the past 25 years, together with other reseach groups, we have used biochemical
analyses combined with genetically engineered mouse models to identify acetylation sites on
p53 and determine the roles of lysine acetylation in regulating p53-mediated trasncription
and tumor suppression. We established that site-specific acetylation plays a critical role in
promoter-specific regulation of p53 targets, resulting in distinct biological outcomes upon

Oncogene. Author manuscript; available in PMC 2022 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xia et al.

Page 3

stresses (6, 15-19). Significantly, we have shown that acidic domain containing proteins
act as a new class of readers for unacetylated p53 C-terminal domain and are critically
involved in controlling acetylation-mediated transactivation (20, 21). In contrast, Dicer is
a reader for unacetylated DBD of p53 regulating p21 and Puma transcription (22). Since
the characterization of p53 C-terminal acetylation, other non-histone proteins have also
been identified as bona fide substrates for acetyl transferases (23, 24). Proteins that can be
acetylated are involved in diverse cellular processes such as transcription, gene splicing,
nuclear transport, cell cycle, metabolism and more. For example, several components of
the p53 pathway are acetylated, including Daxx, PML, PTEN, and HAUSP (23). There are
other acetylated transcription factors such as Yin Yang 1, STAT3, ¢c-MYC, and HIF-1a..
Other acetylated proteins include nuclear receptors like androgen receptor and estrogen
receptor, nuclear import factors like Importin-a., DNA repair pathway proteins like Ku70,
molecular chaperones like Hsp90, and even viral proteins like ELA, L-HDAg and S-HDAg
(24, 25). These result show that the scope of lysine acetylation has expanded from epigenetic
events to virtually all nuclear processes and many cytoplasmic functions. The discovery

of p53 acetylation and continuous studies in this field have not only established the roles
of acetylation-mediated regulation of p53, but also laid the foundation for acetylation as

a general mechanism for regulation of non-histone proteins, which goes beyond p53 and
cancer biology.

p53 acetylation: sites and enzymes

p53 protein harbors six major domains, namely two intrinsically disordered N-terminal
transactivation domains (TADSs), 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) (26) (Figure 1). Acetylation
of lysine residues in human p53 can be readily detected in its C-terminal domain (K370,
K372, K373, K381, K382), the central DNA binding domain (K101, K120, K139, and
K164), and to some extent in lysines between those two domains (K305, K319, K320 and
K357). The corresponding sites in mice have also been denoted in Figure 1 (lower panel).
Six acetyltransferases, which can be classified into two different groups, p300/CBP/PCAF
or Tip60/MOF/MOZ, have been identified as enzymes that acetylate p53 with distinct site
specificity. Initial work revealed that five highly conserved C-terminal lysine residues in
human p53 (K370, K372, K373, K381, K382) are acetylated by p300 and CBP (5). p300
and CBP have a lot of similarities, in particular they share approximately 91% homology in
their histone acetyltransferase (HAT) domains (8). Both p300 and CBP can directly bind to
p53 (ref. 5, 14, 27-32) and acetylate the aforementioned five C-terminal sites. Another
histone acetyltransferase, PCAF (p300-CBP associated factor), was shown to acetylate
p53 at lysine 320 (K320) in the tetramerization domain (33-35). In addition, the DNA
binding domain also harbors multiple lysine sites that can be acetylated. K120 is a unique
lysine because only the three members of the MYST HAT family, including Tip60 (HIV-1
tat-interacting protein, 60 kilodalton), MOF (males absent on the first) and MOZ (monocytic
leukemia zinc finger), but not by CBP/p300 or PCAF can acetylate this site (15, 36-38).
The other three acetylation sites (K101, K139 and K164) on the DBD of p53 can all

be acetylated by CBP/p300 (ref. 6, 18, 19). Recently, Tip60 was shown to also acetylate
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K139 (ref. 19) and MOZ also promotes p53 acetylation at K382 (ref. 38). Three additional
acetylation sites (K305, K319 and K357) of p53 localized between DBD and CTD were also
identified. K305 is acetylated by CBP/p300, while the enzyme catalyzing K319 and K357
acetylation remain unknown (39, 40). Because the significance of these three acetylation
sites is not clear, we will not discuss them further.

Functional significance of p53 acetylation underlined by genetically

engineered mouse model

To elucidate the function of p53 acetylation, early studies were performed to reduce

p53 acetylation either enzymatically or by using acetylation deficient p53 mutant in

cell culture-based assays. Results from these experiments have demonstrated that p53
acetylation is critical for p53 activation, even though acetylation at different sites may have
some functional redundancy. For example, HDAC1 complex-mediated deacetylation of p53
strongly represses p53-dependent transcriptional activation, cell growth arrest, and apoptosis
(41). SIRT1 was reported to bind and deacetylate p53 and repress p53-dependent apoptosis
in response to DNA damage and oxidative stress (42, 43). Consistently, mutating K120,
K164 and all six C-terminal lysine residues to arginine (p53-8KR) completely abrogated
p53-dependent transactivation of p21 and the ability to induce cell growth arrest, suggesting
that acetylation is indispensable for p53 activation (6). Nevertheless, the questions whether
p53 acetylation is important for p53-mediated tumor suppressor function and what the
precise role of p53 acetylation is under physiological conditions were not answered. To
address these questions, knock-in mice in which homologous lysine residue(s) in p53

are substituted by arginine (acetylation-deficient K to R mutant) or glutamine (acetylation-
mimic K to Q mutant) have been generated (Figure 2). The initial study showed that
acetylation of p53 C-terminal lysine residue at K370, K372, K373, K381 and K382 activates
p53 and boosts the expression of p53 target genes. Feng et al. generated the C-terminal
acetylation-deficient p53-6KR (K367R+K369R+K370R+K378R+K379R+K383R; identical
to the human p53-6KR mutant) knock-in mice. Studies using p53-6KR mice showed that
p53-dependent gene expression in embryonic stem cells and thymocytes is impaired in

a promoter-specific manner after DNA damage, supporting the notion that C-terminal
acetylation facilitates p53 dependent transactivation in response to DNA damage (44).
Moreover, p53-6KR thymocytes are slightly more resistant to p53-dependent apoptosis
compared with the control thymocytes after ironizing radiation. However, this effect is

cell type-specific, limiting to embryonic stem cells and thymocytes, but not in embryonic
fibroblasts. Similarly, p53-7KR (K367R+K369R+K370R+K378R+K379R+K383R+K384R)
knock-in mice were generated because mouse p53 has one additional lysine at the C-
terminus. Again, there is no substantial differences in p53 mediated gene expression, cell
cycle arrest or apoptosis using the mouse embryonic fibroblasts (MEFs) derived from mouse
(45). p53-7KR knock-in mice develop normally and exhibit no increased susceptibility to
cancer. Notably, in both studies using p53-6KR or p53-7KR mice, normal p53 stabilization
was observed in embryonic stem cells, MEFs, and thymocytes both before and after DNA
damage, indicating that ubiquitination at the C-terminal lysine residues is not required for
p53 degradation and the remaining lysine residues in p53 are sufficient for p53 degradation.
These data suggested that acetylation of C-terminal lysine residues only has modest effects
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on p53 transactivation. Interestingly, Simeonova et al. showed that homozygous mutant mice
expressing p53231, a truncated p53 lacking the C-terminal 31 amino acids, exhibit increased
p53 activity and suffer from aplastic anemia and pulmonary fibrosis (46). Hamard et al.
found that the CTD regulates gene expression via multiple mechanisms, depending on the
tissues and target genes (47). Both studies demonstrate that the deletion of p53 CTD in
mice results in p53 activation and premature lethality (46, 47), supporting the notion that
the CTD acts as a negative regulatory domain for p53 (ref. 48-50). To further investigate
the in vivo functions of CTD acetylation, a p53-7KQ (K to Q mutations at K367, K369,
K370, K378, K379, K383 and K384) knock-in mouse was recently generated to mimic
constitutive acetylation of the p53 C-terminus (20). p537"K9/7KQ mice were perinatal lethal
due to developmental defects in the brain and their inability to obtain nourishment (20),
yet this lethality was averted in p53”K9/~ mice, with normal postnatal development (51).
Nevertheless, p537K?~ mice died prematurely due to anemia and hematopoiesis failure.
Interestingly, increased expression of p53 targets such as p21, Puma, Noxa, Gadd45, and
Ccngl was observed in various tissues of the acetylation-mimicking p53 mutant without
obvious increase of p53 levels. In the well-established pancreatic ductal adenocarcinoma
mouse model (PDAC), expression of this acetylation-mimicking p53 mutant protein
effectively suppressed K-Ras-induced PDAC tumor development in the absence of robust
p53 stabilization. This study showed that CTD acetylation can result in tumor suppression,
in the absence of p53 stabilization (51, 52). While both K to R and K to Q mutations block
p53 major modifications on those lysine residues, such as ubiquitination, methylation, and
neddylation, K to Q mutation could specifically mimic the acetylation status of lysine. The
hyper-activation of p53-7KQ may reflect the net outcome of p53 CTD acetylation.

It was reported that acetylation of K320 by PCAF upon DNA damage favors cell survival
by increasing p53-mediated activation of genes causing cell cycle arrest, such as p21, and
suppressing expression of pro-apoptotic genes such as Noxa (53). Consistently, mice with
a K317R (equivalent to K320R in humans) mutation in p53 displayed increased expression
of pro-apoptotic target genes and enhanced p53-mediated apoptosis upon irradiation (54).
These data support a pro-survival role of p53 K320 acetylation by suppressing apoptosis
and allowing the cells with time to repair DNA and resume proliferation once the cellular
damage is repaired. This is an example that p53 acetylation dictates promoter specificity
to selectively activate target genes. This model of regulation is particularly prominent for
acetylation of p53 DNA binding domain.

Acetylation of lysine residues within the DNA binding domain (DBD) hardly affects p53
stability or DNA binding but plays a critical role in promoter-specific regulation of p53
target genes. Two groups independently showed that Tip60 acetylates p53 at K120 to
selectively induce the expression of proapoptotic genes Puma and Bax, but not cell cycle
arrest genes p21 and others like Mdm2 (ref. 15, 36). In contrast, K164 acetylation is
responsible for the induction of cell cycle arrest by activating p21 expression (6). Notably,
the studies using a mouse model of p53 DBD acetylation deficient mutant mice have
revealed unique insights in acetylation mediated gene regulation and tumor suppressor
function by p53 (Figure 3). The first acetylation-deficient mouse was p53-K117R, where
lysine 117 in murine p53 (corresponding to human K120) was replaced with an arginine.
K117R mutation has no effect on p53 stabilization but completely abolishes p53-mediated
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apoptosis, yet the mouse did not develop spontaneous cancer, suggesting that apoptosis is
dispensable for tumor suppression by p53 (ref. 16). In fact, p53-dependent cell cycle arrest
and senescence remain intact in p53<117R/K117R MEFs. In a subsequent mouse model,

the acetylation sites K117, K161, and K162 were all replaced with arginine residues.

This p53-3KR mouse lost the ability to transactivate p21 and was unable to induce cell
cycle arrest or senescence, in addition to apoptosis. Surprisingly, these mice were also not
susceptible to spontaneous tumor development (16). These results suggest that the ability
of p53 to induce growth arrest/senescence and apoptosis may be dispensable, in certain
tissues and tumor types, to suppress spontaneous tumor development. Strikingly, p53-3KR
was shown to still be able to induce ferroptosis by regulating genes involved in oxidative
stress, such as Gls2 and Slc7all (ref. 16, 17). Moreover, it had been known that the

Mdm2 deficient mouse was embryonically lethal, and that this could be rescued by the
knockout of p53 (ref. 55). Surprisingly, the p53-3KR mutant, which is largely defective in
transcription except for ferroptosis genes, was also embryonic lethal in the Mdm2 knockout
background, although p53-3KR mutant extended the embryonic development (17). Notably,
p53-3KR protein levels dramatically increased in the absence of Mdm2, demonstrating
again that Mdm2 is critical for p53 stability (17). Unlike p53°KR/3KR - pggm2~~ mice,
p53KRISKR - Mamx ™~ mice are healthy but show anti-obesity phenotypes without obvious
developmental defects (56). Notably, the levels of p53 protein are only slightly increased
and can be further induced upon DNA damage in p53°KR/SKR - Mdmx~~ mice, suggesting
that Mdmx (also called Mdm4) is only partially required for p53 degradation /n vivo. The
anti-obesity phenotypes in p53°KR/3K - Mamx~~ mice are caused by activation of lipid
oxidation and thermogenic programs in adipose tissues (56). These results demonstrate the
specific effects of the p53/Mdmx axis in lipid metabolism and adipose tissue remodeling,
other than commonly expected tumor suppression pathway. To identify the mechanism
responsible for regulation of ferroptosis by p53, we have demonstrated that acetylation

at K101 of human p53 (lysine K98 for mouse p53) is critical for the regulation of the
metabolic and ferroptosis-related genes, such as TIGAR and SLC7A11 (ref. 18). While

the loss of mouse p53 K98 acetylation (p53-K98R) alone has very modest effects on
p53-mediated transactivation, simultaneous mutations at four acetylation sites (p53-4KR:
K98R+K117R+K161R+K162R) completely abolish its ability to regulate metabolic targets
such as TIGAR and SLC7A11 (ref. 18). Defective in conventional p53 responses and
ferroptosis, p53-4KR mice develop tumor with time but are still resistant to early-onset
tumorigenesis. p53-4KR combined with mdm2 deficiency is still embryonically lethal,
although mdm2 knockout embryos are partially rescued by p53-4KR compared to p53-3KR.
More recently, K139 of human p53 (K136 of mouse p53) was identified as a novel
acetylation site that is important for p53 mediated mTOR suppression (19). While the
acetylation-defective mutant p53-4KR retains the ability to inhibit mTOR activity through
activating cellular targets such as SENS2 and DITT4, this activity is completely abolished
in p53-5KR (K136R+K98R+K117R+K161R+K162R). Simultaneous mutations at all five
acetylation sites (p53-5KR) diminished its remaining tumor suppression function. Moreover,
the embryonic lethality caused by the deficiency of MdmZ2was fully rescued in the
background of p53°KR°KR pbut not in p53*KR4KR hackground. Notably, the early-onset
tumor formation observed in p53XR/5KR wag similar to that in p53-null mice and could

be suppressed upon the treatment of the mTOR inhibitor. This study suggests that p53-
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mediated mTOR regulation acts as a previously unanticipated checkpoint in both embryonic
development and tumor suppression, independent of cell cycle arrest, senescence, apoptosis,
and ferroptosis (Figure 3).

In summary, /n vivo studies using genetically engineered mice validated the physiological
significance of p53 acetylation for its function in embryonic development and tumor
suppression (19) (Figure 2). On one hand, C-terminal acetylation fine-tunes p53 function

by relieving the inhibitory effects of the CTD; one the other hand, acetylation in the DNA
binding domain determines the target selectivity and leads to diverged biological outcomes
(Figure 4). Likely, acetylation in these domains works in concert to promote gene expression
in a timely and tissue specific manner. Through site-by-site analysis of acetylation at
individual lysine residues within p53 DBD, the downstream responses required for p53’s
anti-tumor function can be revealed sequentially, which not only aid our understanding of
p53, but also provide a path for studying acetylation of non-histone proteins.

Ferroptosis: an unconventional but important aspect of p53 tumor

suppressive function unveiled by p53-3KR

Well characterized biological outcomes of p53 activation — cell cycle arrest, senescence,
and apoptosis, had been long believed to be essential for p53-mediated tumor suppression.
However, this notion has been challenged by multiple lines of evidence. p53-3KR mice

are able to suppress spontaneous tumor development in the absence of cell cycle arrest,
senescence and apoptosis (16). While the transactivation-dead p532°:26.53.54 TAD1/2 mutant
underlines the importance of transcriptional activation for p53-mediated tumor suppression,
the p532°26 TAD1 mutant, which has lost the capacity to drive cell cycle arrest or apoptosis,
is still completely functional as an effective tumor suppressor in mice (57). Moreover,

a study shows that p217~; Puma™~; Noxa™~ mutant mice, which display defective cell
cycle arrest and apoptosis responses, are not prone to spontaneous tumor development (58).
Finally, the embryonic lethality caused by the deficiency of Xrcc4, a key DNA double strand
break repair factor, can be fully rescued in the p53°KR/3KR hackground. Notably, despite
high levels of genomic instability, p53°KR/3KR: Xrcc4~~ mice, unlike p537~: Xrced=
mice, are not succumbed to pro-B-cell lymphomas. Nevertheless, p53°KR/3KR - Xrceq=/~
mice display aging-like phenotypes (59) (Figure 2). Collectively, these studies challenge the
significance of the p53 responses to DNA damage, such as cell cycle arrest, senescence,

and apoptosis for its tumor suppression activity, and force us to rethink the mechanisms
underlying p53-mediated tumor suppression.

Earlier studies suggested the implication of p53-regulated metabolic processes in tumor
suppression by identifying a number of metabolic targets of p53 such as TIGAR, GLS2
and SCO2, which limit glycolysis and the levels of reactive oxygen species (ROS) (1). One
of the research focuses was to investigate whether p53 has the ability to suppress ROS,
which in turn limits oxidative stress and DNA damage (60). Interestingly, while defective
for the three conventional p53 functions, p53-3KR mice are still capable of regulating the
expression of multiple metabolic p53 target genes including GLS2, TIGAR and GLUT3
(ref. 16). Among these p53 metabolic target genes, TIGAR, a protein with bisphosphatase
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activity, plays a critical role in limiting cellular ROS and is therefore deemed as a promising
anti-tumor effector of p53 (ref. 61, 62). However, loss of Tigar in mice leads to increased
survival and slowed tumor development in intestinal and lymphoma models, suggesting a
benefiting role of Tigar for tumor growth (63). Recently, it was shown that ROS regulation
by TIGAR supports premalignant pancreas tumor development, and TIGAR and ROS levels
are dynamically regulated throughout tumor progression (64). These divergent research
results urges us to reconsider the role of p53 in ROS and tumorigenesis (65).

Strikingly, we found p53-3KR was capable of inducing ferroptosis through direct
transcriptional repression of SLC7A11, a key component of the cystine-glutamate antiporter
(the xCT system) (17). Ferroptosis is a form of programmed cell death that results from the
accumulation of lipid peroxides (66). The primary cellular mechanism of protection against
ferroptosis is mediated by glutathione peroxidase 4 (GPX4), a glutathione (GSH)-dependent
hydroperoxidase that converts lipid peroxides into non-toxic lipid alcohols at the expense

of reduced glutathione (67). Decreases in GSH biogenesis or inactivation of GPX4 can

lead to the accumulation of lipid peroxides, resulting in ferroptotic cell death (66). By
repressing SLC7A11 expression, p53 limits cystine uptake and reduces the biogenesis of
intracellular glutathione (GSH), the primary cellular antioxidant, thus diminishing GPX4-
mediated suppression of ferroptosis. Unlike p53 knockout cells, p53-3KR cells retain the
ability to undergo ferroptosis, which is consistent with the fact that p53-3KR mice are not
susceptible to early-onset tumorigenesis (16). Moreover, although the p53-3KR mutant is
defective in transcription for proapoptotic genes but not for ferroptosis genes, p53-3KR
embryos in the MDM2 knockout background die during embryonic development, suggesting
other type(s) of cell death cause the lethality (55). Interestingly, treating embryos with
ferrostatin-1, which inhibits ferroptosis, extended the embryonic development (17). Ina
xenograft mouse model, p53-3KR has been shown to efficiently inhibit tumor growth, which
was restored by overexpression of SCL7A11. p53-4KR, unable to induce ferroptosis, is
severely impaired in suppressing tumor growth in mouse xenograft models (18). Of note,
the p5325:26:53.54 transactivation-dead mutant is unable to inhibit SLC7A11 or promote
ferroptosis (68). Moreover, the P47S variant of p53, with impaired ability to downregulate
SLC7A11, is defective in promoting ferroptosis and repressing tumor development (69, 70).
These studies indicate that p53-mediated transcriptional repression of SLC7A11 is critical
for inducing ferroptosis and tumor suppression. Considering these observations and previous
studies on antioxidative roles of p53, an intriguing mode can be proposed, in which p53

can dynamically regulate the accumulation of ROS. In response to low or basal ROS levels,
p53 may prevent cells from accumulating lethal levels of ROS while also allowing survival
and repair of moderate oxidative damage. However, in response to higher or unmanageable
ROS levels, p53 may instead facilitate the removal of unsalvageable cancer cells through
ferroptotic cell death (68).

The importance of SLC7Al1-mediated ferroptosis in tumor suppression was highlighted by
a study using PDAC mouse model in which the tumor growth was inhibited after deletion

of Slc7all (ref. 71). By screening for potential contributors to p53/SCL7A11-meidated
ferroptosis, we identified a new pathway involving ALXO12 (ref. 72). ALOX12 is a member
of the ALOX arachidonate lipoxygenase family. SLC7A11 binds and sequesters ALOX12
from its substrate, polyunsaturated fatty acids (PUFAS). Inhibition of SCL7A11 expression
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by p53 allows the release of ALOX12 and results in increased ALOX12 activity, which
subsequently oxidizes PUFAs and causes ferroptosis. ALOX12 inactivation diminishes
p53-mediated ferroptosis induced by reactive oxygen species stress and abrogates p53-
dependent inhibition of tumor growth in xenograft models. Loss of one Alox12allele is
sufficient to accelerate tumorigenesis in Eg-Myc lymphoma models. Early studies showed
that the ferroptotic responses induced by either erastin or GPX4 inhibitors are dependent
on acyl-CoA synthetase long-chain family member 4 (ACSL4), an enzyme that promotes
biosynthesis of unsaturated phospholipids, the main substrates for lipid peroxidation (73,
74). Notably, ACSL4 is shown to be dispensable for p53/ALOX12-mediated ferroptosis,
suggesting the p53/SCL7A11/ALOX12 axis is independent of the p53/SCL7A11/GPX4
pathway. Conversely, ALOX12 is also dispensable for ferroptosis induced by erastin or
GPX4 inhibitors. p53 has also been shown to promote ferroptosis through regulating
other metabolic targets and pathways, such as GLS2 (glutaminolysis), SAT1 (polyamine
catabolism), and ferredoxin reductase (unknown mechanism) (75-77). In summary, p53 has
a crucial role in regulating ferroptosis and p53-mediated ferroptosis is important for p53
tumor suppressor function, reviewed elsewhere (78).

p53 acetylation and stabilization

p53 is maintained at low levels under normal homeostasis conditions by MDM2-catalized
polyubiquitination, and subsequent proteasome-mediated degradation. Upon DNA damage,
p53 levels increase dramatically for its activation. Early studies showed that p53 C-terminal
acetylation at K370, K372, K373, K381 and K382 boost p53 activation through several
mechanisms including promoting p53 protein stabilization (79, 80). The C-terminal lysine
residues of p53 can undergo acetylation, as well as MDM2-mediated polyubiquitination
(81, 82). Because acetylation and ubiquitylation occur on the same sites, they are mutually
exclusive events and represent competing mechanisms for stabilization and activation (79).
Consistent with this notion, the acetylation levels of p53 are significantly enhanced /n vivo
in response to almost every type of stress, which correlates with stress-induced stabilization
(82). Conversely, MDM2 can reduce acetylation of p53 by inhibiting CBP/p300 (ref. 82,
83) or by recruiting HDACL to deacetylate p53, thus allowing MDM2 to ubiquitinate

p53 and reduce p53 levels (84). Although /n vitro studies showed that the C-terminal

lysine residues are the major sites for ubiquitination, both the levels and the activity of

p53 were not significantly altered in the p53 knock-in mice, in which the C-terminal

lysine residues were replaced with arginine (44, 45). These observations suggest that the
C-terminal lysines are not the only residues ubiquitinated by MDMZ2 and alternative lysine
residues are utilized for MDM2-mediated degradation. Indeed, p53 acetylation was shown
to inhibit MDMZ2 binding and p53 ubiquitination not only at acetylated lysine residues

but also at unacetylated residues, which represents a unique mechanism in addition to the
site competition (79). More recently, we generated acetylation-mimicking p53-7KQ mouse
model and demonstrated that mimicking p53 CTD acetylation can induce transcriptional
activation and tumor suppression /n vivo, in the absence of robust p53 stabilization. This
study provides evidence that CTD acetylation can induce p53 transcriptional activation and
tumor suppression through stabilization-independent mechanisms (51, 52).
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Mechanistic insights into p53 acetylation mediated actions: molecular

readers for p53 acetylation

Given the significant role of p53 CTD acetylation in p53 transactivation, independent

of mediating p53 stabilization (51), the underlining mechanisms need to be elucidated.

As p53-3KR or p53-4KR does not affect p53 stability or DNA binding (16, 18), what

are the mechanisms that determine promoter-specific regulation and lead to distinct
biological outcomes? Since the lysine sites, acetyltransferases (acetylation writers) and
deacetylases (acetylation erasers) of p53 acetylation have been well characterized and
extensively studied; the missing piece for understanding p53 acetylation-mediated actions
could be the functional molecular readers that specifically “read” p53 acetylation status.
Bromodomains, a protein domain of approximately 110 amino acids, has been shown to
“read” histone N-terminal lysine acetylation (85). Recognition of histone lysine acetylation
by bromodomains can translate the signals carried by acetylated lysine residues into various
phenotypes (85). Notably, bromodomains display higher affinity preferentially for regions
where multiple acetylation sites exist in proximity, which is present in p53 C-terminus.
Indeed, bromodomain-containing proteins such as CBP/p300 were shown to recognize
acetylation in p53 CTD (Figure 5.A). DNA damage induced p53 acetylation at K382 and
K320 promotes recruitment of its coactivators, p300/CBP and TRRAP, to the CDKNIA
promoter and increases histone acetylation (86), which is required for the activation of p53-
induced cell cycle arrest after UV exposure (87) (Figure 5.A). Likewise, TAF1, the largest
subunit of the transcription initiation factor TATA-box binding protein (TFIID), recognizes
acetylation at K373 and K382 of p53 through its bromodomains after UV damage, which
is important for TAF1 recruitment to COKN1A promoter (87) (Figure 5.A). A recent study
showed that Polybromo 1 (PBRML, also known as BAF180), a component of SWI/SNF
chromatin remodeler complex, acts as a reader for p53 acetylation at lysine 382 through its
bromodomain 4 (BD4) to achieve full activation of p53 targets such as COKNIA upon DNA
damage (88) (Figure 5.A).

In contrast, we recently identified acidic domain (AD)-containing proteins as a novel

class of acetylation reader proteins that recognize the unacetylated CTD of p53, such

as SET nuclear proto-oncogene (SET), DDB1 and CUL4 associated factor 1 (VPRBP),
death domain associated protein (DAXX), and proline, glutamate and leucine rich protein
1 (PELP1) (20). Whereas the bromodomain-containing HATSs such as p300/CBP, induce
histone acetylation after binding to promoters, SET binds unacetylated CTD of p53 and
represses p53 transactivation by attenuating p300/CBP-dependent acetylation of H3K18
and H3K27 on the promoters of p53 target genes. Loss of SET induces activation of p53
targets including p21, Puma, and Mdm2. The acidic domain of SET possesses a negative
charge and favorably binds unacetylated CTD, which is lysine rich and positively charged.
Acetylation of p53 C-terminal lysine residues can neutralize its positive charge and lead

to p53 activation by blocking the interactions of p53 with SET without affecting p53
stability (Figure 5.B), reminiscent of the “anti-repression” model proposed previously (80).
Recently, it was shown that Kaposi Sarcoma (KS)-associated herpesvirus (KSHV) encoded
latency-associated nuclear antigen specifically interacts with unacetylated p53 through two
tandem acidic domains and represses p53 response to facilitate KSHYV latency establishment
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(89). These studies showed that p53 CTD can serve as a docking site for corepressors,
consistent with the notion that the CTD is a negative regulatory domain for p53, which

has been proposed in early studies (46, 47). Moreover, this acetylation-regulated interaction
model can also be applied to other lysine rich proteins that undergo acetylation, such as
histone H3, FOXO1, and Ku70, suggesting this model is widely present in nature (20, 21).

As for acetylation in p53 DBD, we recently revealed an unexpected role for Dicer as a
reader of the unacetylated DNA binding domain of p53 in association with transcriptional
regulation (22), which explains how p53-3KR loses the ability to regulate p21 and Puma.
Dicer suppresses the p53-dependent activation of p21 and Puma but have no obvious effect
on Mdm?2 or Tigar expression, similar to the observations that the acetylation-defective
p53-3KR mutant losses its ability to activate the expression of targets such as p21 and
Puma, but not Mdm2 (ref. 16). Mechanically, Dicer was found to directly bind the DNA
binding domain of p53 and recruited to its target gene promoters, where Dicer recruits
histone-lysine methyltransferase SUV39HL1 to elicit transcriptional repression. Further
investigation demonstrated that Dicer preferentially binds to unacetylated forms of p53,
whereas the interaction between Dicer and p53 is dramatically suppressed by stress-induced
p53 acetylation at K120 and K164 (Figure 5.C). Upon loss of Dicer expression, the
transcriptional activation of p21 and Puma by mouse p53-3KR is largely restored. In
contrast, p53-mediated Mdm?2 transcription remains unchanged (22). This study established
Dicer as a previously unrecognized transcriptional repressor that serves as a reader for
unacetylated p53 DBD and regulates the p53 transcriptional program in a promoter-specific
manner. This study partially explains how p53 acetylation controls target selectivity without
affecting p53 stability or p53 DNA binding ability. To better understand the mechanisms of
p53 regulation by acetylation at other sites, more studies are required to uncover unknown
readers and mechanisms.

Crosstalk between acetylation and other modifications of p53

In response to different cellular signals, p53 also undergoes other post-translational
modifications, including ubiquitylation, phosphorylation, methylation, SUMOylation, and
neddylation. The crosstalk between acetylation and these PTMs in temporal or spatial
order potentially forms a finely orchestrated regulatory network (4, 9). Ubiquitination

and acetylation antagonize each other at several levels, as discussed above in the “p53
acetylation and stabilization” section. p53 phosphorylation is generally considered to
activate p53 and critical in determining p53 function and cell fate (4, 80, 90). Importantly,
N-terminal p53 phosphorylation has been shown to promote p53 acetylation. For example,
phosphorylation of p53 at N-terminal residues like S15, T18, S20 and S37, and/or multisite
phosphorylation of p53 can recruit acetyltransferase p300/CBP to promote p53 acetylation
(91-95). Similarly, p53 phosphorylation at S33 and S37 upon UV radiation or IR promotes
the binding between p53 and PCAF (35). Consistent with this notion, phosphorylation at
sites within p53 N-terminus has been shown to be required for K320 and K382 acetylation
(96-98). Moreover, phosphorylation of p53 at S15 and S20 promotes its interaction with
MOZ and potentially increases p53 K120 acetylation (99). Additionally, phosphorylation of
p53 N-terminus (S15, T18, S20 and S37) blocks MDMZ2 binding and indirectly favors p53
acetylation, particularly when phosphorylation occurs at multiple sites (93, 95, 100-102).
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However, phosphorylated sites in the C-terminus of p53 (T377 and S378) were shown

to negatively affect acetylation at the nearby sites (103). Phosphorylation-deficient p53
mutant (T377A/S378A) showed increased binding with p300, and greater acetylation at
K373 and K382. Taken together, C-terminal phosphorylation antagonizes the acetylation
events on p53, which is different from the enhancement of p53 acetylation by N-terminal
phosphorylation. Methylation has also been shown to interplay with p53 acetylation in
distinct manners, depending on the site of modification. p53 is methylated at K370 by
Smyd2, K372 by Set 7/9, and K382 by Set8 (ref. 104-108). Methylation of K370 and
K382 represses p53 DNA binding ability and transcriptional activity (105, 106), and K382
methylation was shown to inhibit acetylation on the same site (106). By comparison,
methylation at K372 of p53 promotes its acetylation at K373 and K382 in response

to various stresses (107), but inhibits K370 methylation by Smyd2 (ref. 105). This is
consistent with earlier observations that K372 methylation is essential for efficient p53
transactivation and induction of cell cycle arrest and death (104). In another study, cells
from Set7/9 mutant mice, which are unable to methylate p53 K369 (equivalent to human
K372), displayed abrogated p53 acetylation at multiple sites, impaired p53-dependent
transcriptional activation of p21 and Puma, and greatly reduced induction of cell cycle
arrest and apoptosis in response to DNA damage and oncogenic stress (108). However,

two independent groups have generated additional Set7/9 knockout mice and demonstrated
that methyltransferase have no effect on p53 acetylation (at mouse K379, equivalent

to human K382), transcriptional activation or tumor suppression (109, 110). Given the
contradictory results from these different mouse studies, the physiological effect of p53
C-terminal methylation on p53 acetylation and activity remains unknown. The function

of p53 SUMOylation is poorly understood as reports are often contradicting each other.
Nevertheless, early studies showed that SUMOylation promotes p53 recruitment into PML
nuclear bodies and transcriptional activation (111-113), whereas another study showed that
SUMO-1 modification of K386 had no effect on p53-regulated transcription or subnuclear
localization (114). Others showed that SUMOylation of p53 by the SUMO E3 ligase PIASy
promotes nuclear export of p53 (ref. 115, 116). In the study by Naidu et al., SUMQylation
of both p53 and Tip60 by PIASy was shown to augment p53 K120 acetylation, p53
cytoplasmic accumulation, and induction of Puma-independent autophagic cell death (116).
Recent findings support the idea that SUMOylation correlates with impaired transcriptional
activity (117). In agreement, Wu et al. found that upon SUMOylation at K386, p53 binds
p300 but fails to undergo p300-mediated acetylation at K373 and K382, which is associated
with the inability of p53 to bind DNA and promote the transcription of p53 target genes
(118). The same study showed that a SUMOylation-deficient p53 mutant has increased

the transactivation of endogenous p21 compared to wild-type p53. Interestingly, acetylation
restored binding of SUMOylated p53 to DNA, suggesting that acetylation can antagonize
the inhibitory effect of SUMOylation on p53 DNA binding. Neddylation of p53 can occur
on K370, K372, and K373 by Mdm2 and on K320 and K321 by FBXO11, and in each
case it is associated with repression of p53-mediated transcription (119, 120). The effect

of p53 neddylation on its acetylation is not well defined but it is hypothesized that Mdm2
and FBX011 may compete with the acetyltransferases for modification of p53 at the same
C-terminal lysine sites.
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Concluding remarks and prospects

Over past 25 years, we have substantially advanced our understanding towards roles of p53
acetylation in regulating its transcription activity, stress response and tumor suppression
function. In light of these studies, many novel tumor suppressive functions mediated by
p53 have been revealed and appreciated, such as metabolic reprogramming, ferroptosis, and
mTOR repression (60), in addition to the conventional functions of p53 including cell cycle
arrest, cellular senescence, and apoptotic cell death. Acetylation controls these p53 mediated
responses upon stresses through modulating p53 protein stability, conformation change,
transactivation, target specificity, protein interactions and crosstalk with other modifications
(16-19). So far, acetylation has been well established as activating p53 and promoting its
tumor suppressive function in broad terms. Acetylation of the DBD mainly controls p53
promoter specificity and target selectivity, while acetylation of the CTD fine-tunes p53
activity.

An intriguing but elusive question is how acetylation at specific lysine sites mediate p53
promoter-specific regulation and target gene selectivity. While the p53-5KR is defective

in transcription and tumor suppression (19), it remains unclear how much this is due to
defects in acetylation or alteration in protein structure and DNA binding ability caused by
five point-mutations in the DNA binding domain. Although lysine to arginine mutation
would have minimal perturbation on the p53 structure, it remains unknown whether
p53-5KR is completely transcription-dead or still retains some transcription activity for
certain target genes. Future studies should address these questions by determining whether
p53-5KR mutant can still bind p53 targets under physiological conditions. Of note, we
previously performed chromatin-immunoprecipitation and found that wild-type mouse p53
and p53-3KR/p53-4KR mutants were all able to recruit to the 7/GAR gene promoter,
although with a slight reduction in binding affinity with the p53-4KR mutant (18). However,
the TIGAR expression in completely abrogated in the presence of the p53-4KR mutant,
suggesting that its mild effect on DNA binding could not account for the transcriptional
defect observed (18). Clearly, there exists other mechanisms responsible for the promoter-
specific regulation of transcription. Recent studies reporting Dicer as a reader of p53 DBD
acetylation shed light on this question. Dicer serves as the corepressor of p53-3KR for
suppressing p21 and Puma expression. Acetylation at K120 and K164 within p53 DBD

can repel Dicer, thus activating the expression of p21 and Puma (22). The mechanisms of
promoter selectivity mediated by acetylation at other sites, such as K101, K139 and K320
remain largely unknown. Are there other readers or cofactors yet to be discovered? Are they
proteins or RNAs? Long non-coding RNAs (IncRNAs) are important regulators in many
biological processes including transcription, epigenetics, and tumorigenicity (121, 122).
Unsurprisingly, accumulating evidence suggests that INCRNAS are regulatory components of
p53 pathway, either by binding and modulating p53 or by functioning downstream of p53 as
its transcriptional targets, or both (123-125). For example, long non-coding RNA MALAT1
was reported to regulate p53 acetylation level by interacting with DBC1 and preventing the
association of SIRT1 and DBC1 (ref. 126). MALAT1 enhances the deacetylation activity of
SIRT1 and downregulate the p53 acetylation level, therefore suppressing the transactivation
of p53 target genes such as p21, Bax, Puma, etc. MALAT1 level can be transcriptionally
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inhibited by p53, which directly binds to the two p53 binding motifs on the promoter
region of MALATI (ref. 127), forming an inhibitory feedback loop. These studies hint that
IncRNASs could be involved in p53 acetylation-mediated actions, which warrants further
investigation.

Another line of research is targeting p53 deacetylases to treat p53-related diseases, such

as cancer. Dynamic equilibrium of p53 acetylation and deacetylation provides layers of
regulation of p53, which can be potentially targeted. HDAC1 and SIRT1 have been shown
to suppress p53 acetylation level, transactivation activity and anti-tumor responses. Other
HDACSs (2, 3, 6 and 8) and SIRT3 have also been reported to deacetylate p53 and inhibit

its activity, although more studies are needed to establish those interactions and their
biological significance (8). However, research on targeting deacetylating enzymes using
small-molecule compounds to activate p53 has issues such as poor specificity (8). Since
HDAC family consists of a number of members bearing similar structures, a small-molecule
compound usually targets not only HDACL1 but also other HDACs. In addition, given each
HDAC has many substrates, inhibiting the HDAC may cause a global epigenetic state and
gene expression change. Likewise, targeting Mdm2/Mdmx-p53 interaction to increase p53
level for cancer treatment has not been clinically successful due to various issues (128).
Maybe it’s time to think outside of the box, such as targeting other p53 interacting proteins
or RNAs. As more novel acetylation readers are uncovered in the future, hopefully, we will
find proteins or RNAs with specific regulations in p53 signaling, which could provide more
specific targets for treating disease with better outcomes. For instance, combined with p53
acetylation pathway, targeting IncRNA using antisense oligo (ASO) with higher specificity
may be promising in context-specific cancer therapy (129-131).
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Figure 1.

Overview of p53 acetylation sites, enzymes involved, and functional significance.

Domain structure of human or mouse p53 is shown. Multiple lysine residues on p53 are
targeted for acetylation by six different acetyltransferases: p300/CBP, PCAF, Tip60, MOF,
and MOZ. TAD, transactivation domain; PRD, proline-rich domain; DBD, DNA binding
domain; TD, tetramerization domain; CTD, C-terminal domain. The figure is modeled from

a published review (8).
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Figure2.
Summary of all the p53-mutant mouse models related to acetylation-mediated regulation as

discussed in this review.
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Figure 3.
Graphical presentation of acetylation mediated regulation of p53 tumor suppressive

functions, as revealed in mouse models.
Wild type p53 retains all tumor suppressive functions; 1KR is unable to induce apoptosis;
3KR is defective in apoptosis and cell cycle arrest; 4KR is not capable of undergoing

apoptosis, cell cycle arrest and ferroptosis; 5KR further loses the ability to repress mTOR
pathway.
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Figure 4.

Distinct functional consequences of p53 acetylation in DBD and CTD.
Acetylation in p53 C-terminus fine-tunes expression of major p53 targets, while acetylation

in the DNA binding domain plus at K320 determines the target selectivity, leading to

divergent biological outcomes.
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Bromodomains as p53 acetylation readers
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Figure5.

Molecular readers for p53 acetylation.

(A) Bromodomains as p53 acetylation readers. p53 acetylation at specific lysine sites can
be recognized by bromodomain-containing proteins such as CBP/p300, TAF1, or PBRM1,
which promotes their recruitment to chromatin and activates transcription through different
mechanisms.

(B) Acidic domains as p53 acetylation readers. Acidic domain-containing proteins, such

as SET, bind unacetylated p53 CTD and function as transcriptional corepressors. p53
acetylation on CTD can repel these acidic domain corepressors, mediating “anti-repression”.
(C) Dicer as a p53 acetylation reader. Dicer binds unacetylated p53 DBD and represses

the transcription of p21 and Puma by recruiting SUV39H1 to render repressive histone
methylation. p53 acetylation at K120 and K164 dislodges Dicer, thus activating p21 and
Puma transcription.
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