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Abstract: Tumor suppressor p53 plays a key role in tumor suppression. In addition to tumor
suppression, p53 is also involved in many other biological and pathological processes, such as immune
response, maternal reproduction, tissue ischemia/reperfusion injuries and neurodegenerative diseases.
While it has been widely accepted that the role of p53 in regulation of cell cycle arrest, senescence and
apoptosis contributes greatly to the function of p53 in tumor suppression, emerging evidence has
implicated that p53 also exerts its tumor suppressive function through regulation of many other
cellular processes, such as metabolism, anti-oxidant defense and ferroptosis. Ferroptosis is a unique
iron-dependent form of programmed cell death driven by lipid peroxidation in cells. Ferroptosis has
been reported to be involved in cancer, tissue ischemia/reperfusion injuries and neurodegenerative
diseases. Recent studies have shown that ferroptosis can be regulated by p53 and its signaling
pathway as well as tumor-associated mutant p53. Interestingly, the regulation of ferroptosis by
P53 appears to be highly context-dependent. In this review, we summarize recent advances in
the regulation of ferroptosis by p53 and its signaling pathway. Further elucidation of the role and
molecular mechanism of p53 in ferroptosis regulation will yield new therapeutic strategies for cancer
and other diseases, including neurodegenerative diseases and tissue ischemia/reperfusion injuries.
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1. Introduction

Tumor suppressor p53 plays a key role in tumor suppression [1-4]. p53 function is disrupted in
many human cancers through mutations of the p53 gene and other mechanisms, including amplification
and/or overexpression of p53 negative regulators (e.g., MDM2 and MDM4), which is a prerequisite for
the initiation and/or progression of many human cancers [1-5]. The p53 gene is mutated in over half
of all human cancers and almost in every type of cancers [6-9]. As a transcription factor, p53 mainly
exerts its tumor suppressive function through selective transcriptional regulation of many target genes
to regulate various fundamental cellular responses, including apoptosis, cell cycle arrest, senescence,
DNA repair and metabolism [1-4]. In addition to transcription regulation, p53 also directly interacts
with other proteins to regulate different cellular responses, such as apoptosis and DNA repair [10,11].
In human cancers, majority of p53 mutations are missense mutations, which leads to the production of
full-length mutant p53 (mutp53) proteins in cancer cells [5-8]. Different from wild-type p53 proteins
in normal cells, mutp53 proteins frequently accumulate to very high levels in cancer cells. Notably,
many missense mutp53 proteins have been demonstrated to not only lose the tumor suppressive
function of wild-type p53 but also exert gain-of-function (GOF) activities to promote cancer progression
independently of wild-type p53 [5-8,12,13].
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Recent studies have revealed a novel function of p53 in regulation of ferroptosis, a unique
iron-dependent form of cell death driven by the accumulation of lipid-based reactive oxygen species
(ROS) in cells [14-18]. Ferroptosis is a specific form of cell death that was originally found to
be induced by small molecules erastin and RSL3 (RAS-selective lethal 3), which were identified
in the synthetic lethal screening for small molecules targeting cancer cells with overexpression of
oncogenic RAS [14,19,20]. Ferroptosis has been reported to be involved in different physiological
and pathological processes, including cancer, neurodegenerative diseases, tissue ischemia/reperfusion
injuries and immune response [15-18,21]. Recent studies reported that the regulation of ferroptosis
by p53 contributes to the tumor suppressive function of p53 and furthermore, mutp53 protein
accumulation in cancer cells sensitizes cancer cells to ferroptosis [22-24]. In this review, we summarize
the current understanding of the role and mechanism of p53 and its signaling pathway in the regulation
of ferroptosis as well as its potential impact upon the development and therapies of cancer and
other diseases.

2. The p53 Signaling Pathway

To ensure the proper function of p53 in regulating many fundamental cellular processes,
p53 protein levels and activity are tightly regulated in cells. While p53 protein is usually
maintained at low levels in normal cells under non-stressed conditions, the half-life of p53
protein is dramatically increased, leading to p53 protein accumulation in cells in response to
a wide variety of intracellular and extracellular stress signals, such as DNA damage, hypoxia,
nutrition depletion, activation of oncogenes and so forth. Once activated, p53 binds to the
p53-responsive elements in its target genes to transcriptionally regulate their expression [1-4].
Through transcriptional regulation of select target genes in a highly cell- and tissue-type-specific
and stress signal-specific manner, p53 regulates various cellular responses, including apoptosis,
cell cycle arrest, senescence, DNA repair, metabolism, anti-oxidant defense, autophagy and ferroptosis,
contributing to the role of p53 in tumor suppression [2-4,25,26] (Figure 1). In addition to tumor
suppression, p53 has also been demonstrated to be involved in the regulation of many other biological
and pathological processes, including anti-infection, immune response, maternal reproduction,
development, tissue ischemia/reperfusion injuries, neurodegenerative diseases and aging [2—4,26-32].
Interestingly, recent studies have revealed that ferroptosis is also involved in tumor suppression,
tissue ischemia/reperfusion injuries, neurodegeneration and immune response [15-17,21].
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Figure 1. Tumor suppressor p53 signaling pathway. p53 protein is accumulated and activated in cells
in response to various stress signals. Once activated, p53 transcriptionally regulates the expression
of select target genes to regulate different cellular processes, including cell cycle arrest, senescence,
apoptosis, metabolism and ferroptosis. MDM2 and MDM4 play a critical role in negative regulation of
P53 in cells. p53 RE: p53-responsive element.
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While p53 is regulated by many different mechanisms, the post-translational modifications,
especially the ubiquitination modification, are the most critical and efficient mechanism to regulate
the level and activity of p53 [4,33-36]. E3 ubiquitin ligase MDM2 is the most critical negative
regulator of p53, which ubiquitinates and degrades p53 [37,38]. MDM?2 is also a p53 target gene;
p53 transcriptionally induces MDM2. Thus, MDM2 forms a negative feedback loop with p53 to tightly
regulate p53 [37-39]. MDM4 (also named MDMX), a structural homology of MDM2, acts as another
important negative regulator of p53 [37,38,40]. Although MDM4 lacks the E3 ubiquitin ligase activity,
MDM4 forms a complex with MDM2 to stabilize MDM2 and promote MDM2-mediated ubiquitination
and degradation of p53 [37,38,40]. Further, MDM4 inhibits p53 transactivation capacity through
binding to p53 [37,39,40] (Figure 1).

Interestingly, over 80% of p53 mutations in human cancers are missense mutations, leading to
the production of full-length mutp53 proteins [5-9,12,13]. Further, ~90% of p53 mutations occur in
the DNA-binding domain of p53, including several mutational hotspots (e.g., R175, R245, R248, R249,
R273 and R282) that account for around one third of p53 mutations in cancers, which impairs the ability
of p53 to bind to its target genes to transcriptionally regulate these genes [5-9,12,13]. Numerous studies
have shown that many missense mutp53 proteins, including the hotspot mutp53, display GOF
activities to promote cancer progression in the absence of wild-type p53 [5-8,12,13]. These GOF
activities include promoting proliferation, metastasis, genomic instability, metabolic reprograming
and therapeutic resistance of cancer cells [5-8,12,13]. Studies have also revealed that mutp53 can
exert its GOF activities through many different mechanisms [5-8,12,13]. For instance, GOF mutp53
binds to different transcription factors and co-factors (e.g., p63/p73, NEF-Y, VDR, ETS1/2, SREBPs, Sp1,
etc.) and is recruited to their binding sites to affect the transcription of their target genes [5-8,12,13].
GOF mutp53 also interacts with select proteins in addition to transcription factors to regulate their
levels, activities and/or functions to promote tumorigenesis [5-8,12,13].

3. The Signaling Pathways in Ferroptosis

Growing evidence have shown that ferroptosis is involved in different physiological and
pathological processes, including tissue ischemic injury (e.g., ischemic heart diseases, brain damage,
kidney failure and lung injury) [41-44] and neurodegeneration (e.g., Parkinson’s, Huntington’s and
Alzheimer’s diseases) [45—47]. For instance, knockout of glutathione peroxidase 4 (GPX4), a key
protein involved in ferroptosis regulation, in mice leads to ferroptosis and acute renal failure [41].
The intracerebral hemorrhage-induced ferroptosis contributes to neuronal death in mouse models [42].
Deletion of GPX4 in forebrain neurons in mice induces ferroptosis and leads to cognitive impairment
and neurodegeneration [46]. Ferroptosis inhibitors, such as ferrostatins, liproxstatins and iron
chelators, protect animals from ischemic injury in the liver, kidney, brain and heart [41,43,47-49].
Targeting ferroptosis has been suggested to contribute to the prevention of the pathophysiological
progression of several liver diseases, such as hemochromatosis, nonalcoholic steatohepatitis and
ethanol-induced liver injury [50]. Ferroptosis inhibition also displays a protective effect in models of
degenerative diseases, including Parkinson’s, Huntington’s and Alzheimer’s diseases [45-47,51,52].
Furthermore, the iron chelator deferiprone, which blocks ferroptosis, was reported to be beneficial in
a randomized controlled clinical trial for Parkinson’s disease [53]. Interestingly, ferroptosis has also
been reported to be involved in different types of human cancers, including breast, colorectal, lung,
pancreatic, kidney and liver cancers [15-18]. Many recent studies have suggested that ferroptosis can
act as a tumor suppressive mechanism, including studies on p53 and ferroptosis [15-18]. Furthermore,
some cancer cells that are resistant to certain chemotherapeutic agents or targeted therapies have been
shown to be sensitive to ferroptosis inducers [54-57]. However, currently, there is no specific biomarker
to detect ferroptosis. Ferroptosis is usually confirmed by looking at whether cell death can be inhibited
by specific ferroptosis inhibitors and by measuring lipid peroxides in cells [15-18]. Interestingly,
a recent study reported that transferrin receptor 1 protein (TfR1) is a potential specific biomarker for
ferroptosis. By screening ~4,750 antibodies generated from mice immunized with membranes from
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DLBCL cells undergoing ferroptosis, several anti-TfR1 antibodies, including 3F3 ferroptotic membrane
antibody (3F3-FMA), were found to be able to detect ferroptosis in cell cultures and tissues [58].

Ferroptosis is different from apoptosis and other non-apoptotic cell death, such as autophagy and
necrosis, at the morphological, biochemical and genetic levels. Morphologically, unlike apoptosis or
necrosis, ferroptosis does not form apoptotic bodies or display chromatin condensation, cell shrinkage or
rupture of the cell membrane [15-18]. Ferroptosis also does not form autophagosomes, which is typically
observed in autophagy [15-18]. Biochemically, intracellular iron accumulation and peroxidation of
polyunsaturated fatty acids (PUFAs) are required for ferroptosis [15-18]. While the detailed mechanism
of how lipid peroxidation induces ferroptosis remains unclear, the iron and lipoxygenases are believed
to be important contributors for lipid peroxidation and ferroptosis [59,60]. Ferroptosis can be inhibited
by iron chelators (e.g., deferoxamine and desferrioxamine mesylate) and lipid peroxidation inhibitors
(e.g., ferrostatin-1 and liproxstatin-1) but cannot be blocked by inhibitors of apoptosis, autophagy or
necrosis [14,41,61]. Furthermore, iron overload resulting from the treatments of hemin, hemoglobin or
iron chloride can induce ferroptosis in cells [15-17,62].

Genetically, although the precise molecular mechanism of ferroptosis has not been fully understood,
many different genes and pathways involved in regulation of iron metabolism, lipid synthesis and
oxidative stress have been shown to regulate ferroptosis (Figure 2). For instance, GPX4, which is
required for the efficient reduction of peroxidized phospholipids, has been shown to be a key
upstream negative regulator of ferroptosis [41,63]. As a selenoperoxidase, GPX4 converts glutathione
(GSH), an important intracellular antioxidant, into oxidized glutathione (GSSG) and reduces the
cytotoxic lipid peroxides to the corresponding alcohols. Inhibition of GPX4 activity leads to the
accumulation of lipid peroxides in cells [64]. It has been shown that compounds such as RSL3
and FIN56 can directly inhibit GPX4 activity to induce ferroptosis [54,63]. Acyl-CoA synthetase
long chain family member 4 (ACSL4) has been demonstrated to be an additional critical regulator
of ferroptosis [65,66]. ACSL4 is a fatty acid activating enzyme responsible for the esterification of
PUFAs, especially long chain PUFAs (e.g., arachidonic acid and adrenic acid), to acyl-CoA in an
ATP dependent manner. Knockdown or pharmacological inhibition of ACSL4 has been shown to
inhibit ferroptosis, whereas overexpression of ACSL4 enhances sensitivity to ferroptosis in cells [65-67].
Furthermore, the cysteine-glutamate antiporter (system x.”), which is constituted by a substrate-specific
subunit SLC7A11 and a regulatory subunit SLC3A2, has been shown to be critical for ferroptosis.
System x.” mediates the uptake of cystine, which is reduced to cysteine by GSH and/or thioredoxin
reductase 1 (TXNRD1) and used for GSH biosynthesis [68]. A group of compounds, including erastin,
sulfasalazine and sorafenib, have been shown to be the inhibitors of system x.” -mediated cystine
import, which can decrease the bioavailability of GSH to trigger ferroptosis [15-17,69]. Since elevated
extracellular glutamate levels blocks the glutamate/cystine exchange of system x.”, enzymes that are
involved in glutamate and glutamine metabolism (such as glutaminase GLS2) have been shown to
be important regulators of ferroptosis [48,70]. Additionally, increasing the intracellular labile iron
pool has also been shown to induce ferroptosis [15-17]. Many enzymes and proteins that affect the
intracellular labile iron pool, including transferrin and transferrin receptor 1 (proteins that transport
iron into cells), ferroportin (SLC11A3; an iron efflux pump and can oxidize Fe?* to Fe3"), as well
as heme oxygenase-1 (HO-1; an enzyme that catalyzes the degradation of cellular heme to liberate
free iron) have been reported to regulate ferroptosis [48,62,71,72]. Ferritinophagy, a unique form of
autophagy that degrades the iron-storage macromolecule ferritin (an iron binding protein) and nuclear
receptor coactivator 4 (NCOA4; a ferritinophagy cargo receptor), contribute to ferroptosis through
elevating labile iron pool and increasing oxygen radical formation in cells [15-17,73]. In addition to
these above-mentioned proteins and enzymes directly involved in ferroptosis, some transcription
factors have also been reported as regulators of ferroptosis. For instance, NRF2, a transcription factor
that responds to oxidative stress, is involved in regulation of ferroptosis through transcriptionally
inducing the expression of GPX4, SLC7A11 and HO-1 [74-76] (Figure 2). Interestingly, recent studies
have revealed that p53 is also a key regulator of ferroptosis.
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Figure 2. The signaling pathways in ferroptosis. The metabolic pathways involved in metabolism
of cystine and glutamine, GSH, PUFAs and iron modulate lipid peroxidation in cells to regulate
ferroptosis. CoQ10: coenzyme Q10; GLS: glutaminase; GSH: glutathione; PUFA: polyunsaturated fatty
acid; PUFA-CoA: PUFA-coenzyme A.

4. The Regulation of Ferroptosis by p53 and its Signaling Pathway

4.1. Wild-type p53 Induces Ferroptosis

p53 was first reported to sensitize cells to ferroptosis through transcriptionally repressing
expression of SLC7A11 by Wei Gu’s group [77]. SLC7A11 is a direct p53 target; p53 binds to the
p53-responsive element in the promoter region of SLC7A11 to repress its expression, leading to
enhanced sensitivity of cancer cells to ferroptosis inducers, such as erastin [77]. Interestingly, p53°¥R,
an acetylation-defective p53 mutant containing mutations of three lysine residues (K117R, K161R and
K162R) in the DNA-binding domain of p53, fails to induce cell cycle arrest, senescence and apoptosis but
can effectively repress SLC7A11 expression and induce ferroptosis in response to ROS-induced stress [77].
Furthermore, p53-mediated ferroptosis contributes to embryonic development and the lethality induced
by MDM2 knockout in mice [77]. SLC7A11 is frequently overexpressed in different types of human
cancers, including colorectal, liver and kidney cancers [77-79]. Notably, ectopic expression of SLC7A11
inhibits ferroptosis and abolishes the tumor suppressive function of p53%<® in xenograft tumor
models [77]. The same group further showed that p53#<R%, an acetylation-defective p53 mutant with an
additional lysine 98 (K98) mutation in p53°KR, fails to repress SLC711A expression or induce ferroptosis.
Notably, p53*KR% results in loss of tumor suppressive function of p53; compared with p53*KR mice,
the p53*KR% mice are prone to tumor development [80]. These results provided one of the first lines of
evidence that ferroptosis has tumor suppressive function and furthermore, the induction of ferroptosis
by p53 contributes to the function of p53 in tumor suppression (Figure 3). Recently, monoubiquitination
of histone H2B on lysine 120 (H2Bub1), an epigenetic mark for transcriptional activation, was reported
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to be involved in the regulation of SLC7A1l and ferroptosis [81]. H2Bubl promotes SLC7A11
expression, whereas loss of H2Bub1 reduces SLC7A11 expression and leads to ferroptosis. Interestingly,
P53 acts as a negative regulator of H2Bubl1 by interacting with and promoting the nuclear translocation
of USP7, a deubiquitinase that removes H2Bub1 from the regulatory region of the SLC7A11 gene,
leading to decreased SLC7A11 expression. This p53-USP7-H2Bub1-SLC7A11 axis sensitizes cells to
erastin-induced ferroptosis [81].
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Figure 3. p53 regulates ferroptosis in a context-dependent manner. p53 promotes ferroptosis through
its regulation of SLC7A11, GLS2, SAT1/ALOX15, ALOX12, PTGS2, FDXR, as well as the noncoding
RNAs, such as LINC00336/miR-6852 and PVT1/miR-214. Meanwhile, p53 also inhibits ferroptosis
through its regulation of p21, DPP4 and Parkin. The regulation of ferroptosis by p53 appears to be
highly cell/tissue-type and stress signal specific.

The low-molecular-weight polyamines, including putrescine, spermidine and spermine, are amino
acid-derived polycationic alkylamines essential for cellular growth, proliferation and survival [82].
Their levels are tightly regulated by enzymes involved in polyamine metabolism, which is
frequently dysregulated in different types of cancers, such as breast, lung and colorectal cancers [83].
SAT1 (Spermidine/spermine N1-acetyltransferase 1) is a rate-limiting enzyme that controls polyamine
catabolism in cells [84]. Many stress signals, such as oxidative stress, inflammation and heat shock,
activate SAT1 in cells. It has been reported that overexpression of SAT1 leads to the depletion of
spermidine and spermine but the increased levels of putrescine, which induces mitochondrial apoptosis
and inhibits cell proliferation [85,86]. Recently, SAT1 was shown to be a direct p53 target that can
be induced by Nutlin-3 (a small molecule MDM2 inhibitor that activates p53 through disrupting
the MDM2-p53 interaction) or the DNA-damaging agent doxorubicin in a p53-dependent manner
in cells [87]. ROS-induced cell death in cells with SAT1 overexpression can be inhibited only by
ferroptosis inhibitor ferrostatin-1 but not by inhibitors for other types of cell death, such as apoptosis
inhibitor Z-VAD-FMK, necroptosis inhibitor necrostatin-1 or autophagy inhibitor 3-methyladenine [87].
SAT1 depletion inhibits p53-regulated ferroptosis in mouse embryonic fibroblasts (MEFs) from
both wild-type p53 and p53°KR mice [87]. Interestingly, SAT1 does not affect the levels and
activities of SLC7A11 and GPX4. In contrast, the levels of ALOX15 (arachidonate 15-lipoxygenase),
a member of the lipoxygenase family that oxygenates PUFAs and is responsible for oxidative
stress-induced ferroptosis, are elevated upon SAT1 induction. Furthermore, ferroptosis induced
by SAT1 and ROS can be effectively blocked by PD146176, an ALOX15-specific inhibitor, indicating that
ALOX15 is a mediator of the p53-induced SAT1 expression and ferroptosis [87]. Additionally,
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ALOX12 (arachidonate 12-lipooxygenase), another member of the lipoxygenase family, was also
identified as an important positive regulator for p53-mediated ferroptosis but not for GPX4 and
ACSL4-mediated ferroptosis [88]. ALOX12 inactivation abrogates p53-mediated ferroptosis induced
by ROS stress and abolishes the tumor suppressive function of p53 in xenograft tumor models.
ALOX12 deficiency promotes tumorigenesis in Eu-Myc lymphoma mouse models. Furthermore,
tumor-associated ALOX12 missense mutations lose their lipoxygenase activity and ability to induce
ferroptosis [88]. These results suggest that ALOX12 suppresses tumorigenesis through inducing
ferroptosis, which contributes to the function of p53 in tumor suppression (Figure 3).

Ferroptosis is also modulated by glutamine metabolism. Upon the deprivation of amino
acids, glutamine induces ferroptosis in a serum-dependent manner [48]. In glutamine catabolism,
glutamine is firstly converted into glutamate by glutaminases (GLS1 and GLS2) and then further
converted into o-ketoglutarate, an important substrate for the citric acid cycle (also named TCA cycle)
in mitochondria [89]. GSL2, the liver-type glutaminase in mitochondria, has been identified as a direct
transcriptional target of p53; p53 binds to the p53-responsive elements in the GLS2 gene to induce
GLS2 transcription [90,91]. The induction of GLS2 mediates the p53 function in oxygen consumption
and ATP generation in cells. Moreover, GLS2 promotes cellular antioxidant function by increasing
GSH and NADH production in cells [90,91]. GLS2 displays a tumor suppressive function in liver and
brain tumors, where GLS2 expression is frequently decreased [90-94]. Interestingly, GLS2 was reported
to play a critical role in regulating ferroptosis; knockdown of GLS2 inhibits the serum-dependent
ferroptosis induced by deprivation of amino acids [48]. In contrast, GLS], a kidney-type glutaminase
and a homology of GLS2, is not required for ferroptosis [48]. Further studies are necessary to understand
whether GLS2 mediates p53-induced ferroptosis and why GLS2 but not GLS1 is required for ferroptosis
given they both regulate glutaminolysis in cells.

Cyclooxygenase-2 encoded by the PTGS2 gene is an enzyme that acts both as a peroxidase and a
dioxygenase [95]. Cyclooxygenases catalyze lipid oxidation [96,97]. Studies have shown that PTGS2
expression levels are increased during the ferroptosis induced by RSL3, erastin or GPX4-deficiency
in mice [42,63,98]. Interestingly, PTGS2 expression was reported to be upregulated by ferroptosis
in a p53-dependent manner, which was only observed in p53*KR3KRMdm2~/~ embryos but not in
p537/~Mdm2~/~ embryos [77]. Currently, it is still unclear how p53 regulates PTGS2. Nevertheless,
these results suggest that p53 promotes ferroptosis induced by RSL3 and erastin through upregulation
of PTGS2 expression [77].

As mentioned above, iron metabolism is important for ferroptosis. It was reported that p53
regulates iron metabolism through ferredoxin reductase (FDXR), an enzyme that transfers electron
from NADPH (nicotinamide adenine dinucleotide phosphate) to cytochrome P450 via ferredoxin
in mitochondria [99]. FDXR is a p53 target gene and p53 induces transcriptional expression of
FDXR [100]. At the same time, FDXR promotes p53 mRNA translation to increase p53 protein levels
through iron regulatory protein 2 in cells [99]. This FDXR-p53 loop has been shown to be critical for
tumor suppression through maintaining mitochondrial iron homeostasis; mice heterozygous in FDXR
are prone to develop spontaneous tumors and display a short life span compared with wild-type
mice [99]. Interestingly, RSL3- and erastin-induced ferroptosis can be suppressed by both FDXR
deficiency and FDXR overexpression [99]. Although the underlying mechanism of this observation is
unclear, this result suggests an additional potential mechanism of p53 in regulating ferroptosis through
modulation of FDXR levels and iron metabolism in cells [99]. Further studies will help to reveal how
FDXR and iron metabolism modulate p53-dependent ferroptosis (Figure 3).

In addition, recent studies have also reported that p53 induces ferroptosis through regulating
noncoding RNAs. p53 has been reported to regulate expression of many noncoding RNAs,
including microRNAs (miRNAs) and long noncoding RNAs (LncRNAs) and meanwhile, p53 is also
regulated by many noncoding RNAs [101-104]. It was reported that p53 binds to the promoter region of
RNA-binding protein ELAVL1 (ELAV-like RNA-binding protein 1) to repress the expression of ELAVLI,
which binds to and stabilizes LncRNA LINC00336 in lung cancer cells [105]. LINC00336 inhibits
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ferroptosis by acting as an endogenous sponge of miRNA miR-6852, leading to the enhanced expression
of cystathionine-f3-synthase (CBS), which is involved in ferroptosis as a marker of transsulfuration
pathway activity. Thus, p53 destabilizes LINC00336 and releases miR-6852, which in turn decreases the
levels of CBS to promote ferroptosis [105]. Recently, LncRNA PVT1 was reported to induce ferroptosis
through inhibition of miR-214-mediated downregulation of transferrin receptor 1 [106]. PVT1 can be
induced by p53 and mediate the tumor suppressive function of p53 [107]. Therefore, it is possible that
PVT1 mediates the function of p53 in promoting ferroptosis, contributing to the tumor suppressive
function of p53. Since miR-214 can also repress p53, p53 may form a positive feedback loop with
PVT1 to induce ferroptosis [106]. It was reported that the levels of PVT1 are upregulated and miR-214
levels are downregulated in the plasma from acute ischemic stroke patients [106], which suggests that
p53-induced ferroptosis may contribute to ischemic stroke-induced tissue injuries in addition to tumor
suppression (Figure 3).

4.2. Wild-Type p53 Inhibits Ferroptosis

While many studies using different cultured cell systems and mouse models have shown the
promoting effect of p53 on ferroptosis as summarized above, interestingly, some studies also reported
that p53 can inhibit ferroptosis. p21 (also known as CDKN1A) was reported to mediate p53 function
to delay cystine deprivation-induced ferroptosis in human fibrosarcoma HT-1080 cells [108]. p21 is
a well-known p53 target gene that mediates the function of p53 in inducing cell cycle arrest and
senescence in response to stress signals [1-4]. In HT-1080 cells, elevating p53 protein levels by treating
cells with the MDM2 inhibitor nutlin-3 attenuates ferroptosis induced by erastin and knockout of p53
by CRISPR/Cas9 technology sensitizes cells to ferroptosis, suggesting a pro-survival role of p53 in
ferroptosis [108]. Mechanistically, p53 induces p21 to increase the production of GSH, leading to the
reduced accumulation of toxic lipid-ROS to inhibit ferroptosis (Figure 3). p21 exerts its functions in
cell cycle arrest through binding to cyclin-dependent kinases (CDKs), including the CDK4/6 complex,
and inhibiting their activities [109]. CDK4/6 inhibitors cannot block erastin-induced ferroptosis,
which suggests that the inhibition of ferroptosis by p21 is independent of p21-mediated cell cycle
arrest [108]. However, in non-cancerous human fetal lung IMR-90 fibroblast cells that express wild-type
p53, nutlin-3 treatment increases p53 levels but does not affect the onset of erastin-induced ferroptosis,
suggesting that the role of p53 in protection against ferroptosis is not universal [108]. Interestingly;,
a recent study reported that mutating the CDK binding region of p21 greatly abolishes the inhibitory
effect of p21 on ferroptosis, while the PCNA binding-defective mutation of p21 only partially impairs
the inhibitory effect of p21 on ferroptosis, which suggests that p21 alters sensitivity to ferroptosis by
affecting CDK-mediated functions [110]. Further studies are needed to reveal the mechanism by which
p21 regulates ferroptosis.

Recently, p53 was also reported to inhibit ferroptosis in colorectal cancer HCT116 and SW48 cells
through binding to DPP4 protein (dipeptidyl peptidase-4; also known as T-cell activation antigen
CD26), a multiple functional protease that plays an important role in mediating cell death [111].
The binding of p53 to DDP4 protein regulates the subcellular localization of DPP4 but not the protein
levels of DPP4 [111]. In the absence of p53, DPP4 is localized on the plasma membrane, where it forms
a complex with NADPH oxidase 1 (NOX1), a member of superoxide-generating NADPH oxidase
protein family, to increase lipid peroxidation and ferroptosis. The binding of p53 to DPP4 sequesters
DPP4 in a nuclear enzymatic inactive pool, leading to the NOX1 dissociation and decreased lipid
peroxidation and ferroptosis [111] (Figure 3). Interestingly, depletion or inhibition of p53 only enhances
ferroptosis induced by system x.~ inhibitors (e.g., erastin and sulfasalazine) but not ferroptosis induced
by GPX4 inhibitors (e.g., RSL3 or FIN56) [111], suggesting that p53 regulates ferroptosis in a ferroptosis
inducer-specific manner. Further, DPP4 inhibitors can block erastin-induced ferroptosis in p53-deficient
colorectal cancer cells [111]. Interestingly, it was reported that while the expression of DPP4 is low in
the normal adult colon, DPP4 is highly expressed in some colon cancers and cancer cell lines [112].
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These findings suggest that the function of p53 in inhibiting ferroptosis might be specific for colorectal
cancer cells with high DPP4 expression.

Mitochondria have been reported to be involved in different programmed cell death processes,
including apoptosis and mitophagy [113,114]. Recently, it was reported that mitochondria are also
involved in ferroptosis [115]. Overexpression of Parkin, a protein involved in Parkinson’s disease and
mitophagy, was shown to induce the mitophagy and inhibit cysteine deprivation-induced ferroptosis but
not GPX4 inhibition-induced ferroptosis in human fibrosarcoma HT-1080 cells [115]. Mechanistically,
cysteine deprivation results in the hyperpolarization of mitochondrial membrane potential and
production of lipid peroxide, leading to ferroptosis. Blockage of mitochondrial electron transfer
chain, TCA cycle or glutaminolysis attenuates mitochondrial membrane potential hyperpolarization,
lipid peroxide accumulation and ferroptosis [115]. Interestingly, Parkin is a direct target gene of p53;
p53 transcriptionally induce Parkin expression [116,117]. As a p53 target, Parkin mediates the function
of p53 in regulating mitochondria respiration, oxygen consumption and anti-oxidant defense [116]. Asa
tumor suppressor, Parkin has been shown to be involved in metabolic regulation, including suppression
of glycolysis and serine synthesis, contributing to the role of p53 in tumor suppression [116,118-121].
Currently, it remains unclear whether p53 is involved in cysteine deprivation-induced ferroptosis
though regulation of Parkin expression. Taken together, p53 appears to regulate ferroptosis in a highly
context-dependent manner, which leads to either positive or negative regulation of ferroptosis (Figure 3).

4.3. Ferroptosis Regulated by Mutp53, p53 Variants and p53 Family Proteins

In addition to wild-type p53, missense mutp53 has also been reported to be involved in the
regulation of ferroptosis. It has been known that NRF2 induces the expression of SLC7A11 to
protect cancer cells from ferroptosis [122], whereas wild-type p53 transcriptionally represses SLC7A11
expression to induce ferroptosis [77]. Interestingly, mutp53 was reported to bind to NRF2 and inhibit its
transcription activity, reducing the expression of SLC7A11 [69]. Tumors with missense mutp53 display
decreased levels of SLC7A11 and increased sensitivity to ferroptosis [69]. Further, ectopic SLC7A11
expression in tumors with mutp53 expression promotes resistance of tumors to ferroptosis-inducing
drugs (e.g., sulfasalazine), which suggests that mutp53 sensitizes the cancer cells to ferroptosis through
repression of SLC7A11 expression [69]. Similar effects of mutp53 were also observed in human
colorectal cancer cells; cells expressing mutp53 are more sensitive to erastin-induced ferroptosis than
cells expressing wild-type p53 and ectopic expression of R175H mutp53, a GOF mutp53 hotspot
mutation, restores the sensitivity to erastin in both HCT116 and SW48 cells [111]. Given that GOF mutp53
often accumulates to very high levels in cancer cells and renders cancer cells resistant to chemotherapy
and radiation therapy as a GOF activity, these findings suggest that some cancers expressing GOF
mutp53 may be more sensitive to ferroptosis inducers, which can be a potential therapeutic strategy
for these cancers. It has been reported that different mutp53 can differ in the magnitudes of their GOF
activities and display GOF activities in a cell- or tissue-specific manner [6,123,124]. Therefore, it will be
crucial to investigate whether sensitizing cancer cells to ferroptosis inducers is a general phenomenon
for different GOF mutp53 in different types of cancers.

Some common single nucleotide polymorphisms (SNPs) in the p53 gene have been known to affect
the p53 transcriptional activity and functions in tumor suppression, metabolism, maternal reproduction
and aging [27,31,125,126]. The Pro47Ser variant (hereafter S47) is the second most common SNP
in the p53 coding region (after Pro72Arg). In a humanized p53 knock-in mouse model of 547
variant, mice expressing homozygous or heterozygous 547 p53 variant are more susceptible to
spontaneous cancers of diverse histological types (particularly liver cancer) compared with wild-type
mice [127]. Similar to p53-/- MEFs, MEFs with 547 p53 variant display a high GSH/GSSG ratio and
low-molecular-weight thiols coenzyme A level and are less sensitive to ferroptosis compared with
wild-type MEFs [128]. The 547 p53 variant shows an impaired ability to transcriptionally induce
a subset of p53 target genes, including two well-known genes involved in metabolism, GLS2 and
S5CO2, suggesting that the defect in metabolic regulation may contribute to the reduced ferroptosis
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and the tumor-prone phenotype observed in 547 mice [127]. Notably, further studies showed that
the ferroptotic defect in 547 p53 variant results in iron accumulation in macrophages, which alters
macrophage cytokine profiles and leads to the higher level and activity of arginase and decreased
activity of nitric oxide synthase [129]. S47 macrophages have decreased liver X receptor (LXR)
activation, inflammation and antibacterial defense. 547 mice display more productive intracellular
bacterial infections but are protective against malarial toxin hemozoin. Furthermore, iron chelators and
LXR agonists can improve the response of 547 mice to bacterial infection [129]. These results suggest
that p53-mediated ferroptosis plays an important role in regulation of iron accumulation to modulate
macrophage functions and host immune responses [129].

p63 and p73 are two p53 family members, which are homologous to p53 and function as
transcription factors like p53 [27,130,131]. Both p63 and p73 can be transcribed from different promotors
resulting in the expression of isoforms with different N-terminal domains, including transcription
activation domain (TA) and AN (amino-truncated) isoforms. Studies have suggested that the TA
isoforms can function as tumor suppressors and induce the expression of canonical p53 target genes,
whereas the AN isoforms can function as oncogenes and antagonize p53, TAp63 and TAp73 by inhibiting
their transcriptional activities [27,130,131]. Interestingly, ANp63«x was reported to inhibit both erastin-
and RSL3-induced ferroptosis independently of p53 [132]. ANp63«x transcriptionally regulates GSH
biogenesis, utilization and regeneration, leading to the reduction of lipid peroxidation. Furthermore,
ANp63ax upregulates SLC7A11 expression but is unable to inhibit p53-mediated transcriptional
repression of SLC7A11. As a result, ANp63c induces the expression of SLC7A11 in p53-/- MEFs
but not in wild-type MEFs where p53 represses the expression of SLC7A11 [132]. Nevertheless,
ANp63ax protects both wild-type and p53-/- MEFs from ferroptosis induced by erastin and RSL3,
indicating that the regulation of GSH homeostasis by ANp63« is sufficient to inhibit ferroptosis [132].
Currently, it remains unclear whether p73 is also involved in the regulation of ferroptosis.

4.4. Ferroptosis Regulated by MDM?2 and MDM4 Independently of p53

Although MDM?2 and MDM4 are critical negative regulators of p53, many studies have shown
that MDM2 and MDM4 also exert oncogenic effects independently of their activities to inhibit
p53 function [37,38]. Interestingly, a recent study reported that MDM2 and MDM4 also display a
p53-independent function to promote ferroptosis [133]. Both inhibitors of MDM2 (MEL23) and MDM4
(NCS207895) protect cells from ferroptosis induced by erastin and RSL3 through enhancing the levels
of ferroptosis suppressor protein 1 (FSP1), an enzyme that reduces coenzyme Q10, an endogenous
lipophilic antioxidant, to ubiquinol, which in turn enhances the levels of coenzyme Q10 [133]. Further,
the MDM2-MDM4 complex reprograms lipid metabolism by altering the activity of PPAR«, leading to
enhanced lipid peroxidation and ferroptosis independently of p53 [133]. These results suggest that
cancers with MDM2/MDM4 amplification and/or overexpression might be more sensitive to ferroptosis
inducers, which can be tested as a potential therapeutic strategy for these cancers.

4.5. p53 Regulation in Response to Ferroptosis Stimuli and Inhibition

As a stress sensor, p53 responds to many different types of stress signals and initiate its transcription
program to regulate different stress responses [1-4]. While many studies have shown that p53 is
involved in the regulation of ferroptosis in a highly context-dependent manner, an interesting
question raised is how p53 responds to different ferroptosis inducers and inhibitors to regulate
ferroptosis. Some studies have shown that p53 can be activated by ferroptosis inducers or inhibitors.
For example, it was reported that erastin can induce p53 protein levels and increase p53 transcriptional
activity towards its target genes, including p21 and Bax, in human lung cancer A549 cells [134].
Treating cells with ROS scavenger N-acetyl-1-cysteine (NAC) abolishes the effect of erastin on p53
levels, which suggests that enhancing the ROS levels is a mechanism contributing to p53 activation by
erastin [134]. Compound D13, a derivative of the triterpene saponin natural compound Albiziabioside
A, was reported to induce ferroptosis through suppressing GPX4 expression in human HCT116
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colorectal cancer cells [135]. D13 displays an anti-tumor effect in xenograft tumors formed by HCT116
cells. Furthermore, D13 activates p53 and displays a p53-dependent effect on ferroptosis [135].
Interestingly, iron chelators, including desferrioxamine, have been reported to activate p53 [136-138].
HIF-1a may play an important role in mediating the induction of p53 by iron chelating agents.
It has been reported that iron deprivation caused by iron chelating agents results in the activation of
HIF1« [139,140] and HIF-1« stabilizes p53 through inhibiting the ubiquitination and nuclear export
of p53 [141,142]. A recent study reported that the iron polyporphyrin heme inhibits p53 function by
binding to p53 and leading to nuclear export and degradation of p53 [143]. Therefore, iron deprivation
induced by desferrioxamine activates p53 and suppresses growth of HCT116 xenograft tumors in
a p53-dependent manner. However, it is unclear how ferroptosis contributes to this the tumor
suppressive effect of desferrioxamine and how p53 activation by desferrioxamine contributes to
ferroptosis in this study [143]. Ferroptosis inhibitors, including ferrostatins, liproxstatins and iron
chelators, have been reported to display protective effects on ischemic injuries and neurodegenerative
diseases [41,43,45-49,51,52]. The iron chelator deferiprone was reported to display a beneficial effect on
Parkinson’s disease patients [53]. Interestingly, p53 has been reported to be involved in ischemic injuries
and neurodegenerative diseases [1-4]. Currently, it remains largely unknown how p53 responds to
these ferroptosis inhibitors and how p53 is involved in ferroptosis in these conditions and models.
Given the critical roles of p53 and ferroptosis in the development and therapy of human diseases,
including cancer, ischemic injuries and neurodegenerative diseases, future studies are needed to further
elucidate how p53 responds to different ferroptosis inducers and inhibitors to regulate ferroptosis in a
cell-, tissue-type and disease-specific manner.

5. Summary and Perspectives

As a new form of programmed cell death, although remarkable progress has been made on
the research on ferroptosis since its discovery in 2012, our current understanding of the molecular
mechanism of ferroptosis, the role of ferroptosis in biological and pathological processes, as well
as its application in treatments of cancer and other diseases is still limited. As summarized above,
p53 has been shown to play an important role in regulation of ferroptosis. Notably, the original concept
that ferroptosis can function as a tumor suppressive mechanism came from the studies showing the
promoting effect of p53 on ferroptosis in mouse models [77,80]. However, there are many important
and urgent questions regarding the regulation of ferroptosis by p53 have not been addressed yet.
For example, like some other functions of p53, the function of p53 in regulation of ferroptosis appears to
be highly context-dependent; p53 has been shown to be able to both promote and suppress ferroptosis.
Further studies are warranted to understand whether this context dependence is caused by cell and
tissue specificity, stress signal specificity and/or ferroptosis inducer specificity and to identify the
signaling pathways and molecular mechanisms contributing to this context dependence. Furthermore,
given that ferroptosis is heavily regulated by metabolic pathways and affected by nutrition availability
in the cellular environment and that many studies on p53 regulation of ferroptosis are based on in vitro
cell culture systems, it is unclear whether some of these observations made using in vitro cell culture
systems can be recapitulated by using in vivo animal models. More studies using animal models will
help to elucidate whether and how p53 regulates ferroptosis in cell, tissue and organ type-specific,
developmental stage-specific and ferroptosis inducer-specific manners. Considering that the key role of
P53 in tumor suppression, another interesting question is that how to reconcile the observed opposite
effects of p53 in both promoting and suppressing ferroptosis. Aninteresting hypothesis is that ferroptosis
might function as a double-edged sword that can both inhibit and promote cancer progression under
different circumstances [16]. A good example is autophagy, which has dual functions in both tumor
suppression and promotion [144,145]. If this is the case, p53 might inhibit ferroptosis to suppress cancer
progression under certain conditions. Then it will be crucial to identify the signaling pathways and
mechanisms that determine whether p53-regulated ferroptosis inhibits or promotes cancer progression.
In addition to tumor suppression, p53 has been demonstrated to regulate many other physiological and
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pathological processes, such as metabolism, immune response, tissue ischemia/reperfusion injuries and
neurodegeneration. Interestingly, recent studies have also revealed that ferroptosis plays an important
role in regulating metabolism, immune response, neurodegeneration and tissue ischemia/reperfusion
injuries. It is possible that p53 is involved in these processes in a tissue- and stress-dependent manner
through promoting or inhibiting ferroptosis. It is worth noting that p53-regulated ferroptosis has
been shown to play an important role in differentially regulating host immune responses to bacterial
and malarial infections through modulating macrophage functions [129]. While many studies on
the regulation of ferroptosis by p53 have focused on the tumor suppressive function of p53, it is
crucial to determine the contribution of ferroptosis to the role of p53 in metabolism, immune response,
neurodegeneration and tissue ischemia/reperfusion injuries. Future studies will shed further light
on the role and mechanism of ferroptosis and p53-regulated ferroptosis in different biological and
pathological processes, which will lead to new and effective therapeutic strategies for cancers and
other diseases.

Author Contributions: Writing-original draft: ].L., C.Z. and ].W. Writing-editing and reviewing of the final draft:
W.H. and Z.F. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by grants from NIH (R01CA214746 and R0O1CA227912) and DoD
(W81XWH-18-1-0510) to Z.F. and by grants from NIH (R01CA203965) and DoD (W81XWH-16-1-0358 and
W81XWH1810238) to W.H.

Conflicts of Interest: These authors declare no conflicts of interest.

References

1.  Kastenhuber, E.R.; Lowe, S.W. Putting p53 in Context. Cell 2017, 170, 1062-1078. [CrossRef] [PubMed]
Vousden, K.H.; Prives, C. Blinded by the Light: The Growing Complexity of p53. Cell 2009, 137, 413—431.
[CrossRef] [PubMed]

3. Liu, J.; Zhang, C.; Hu, W.; Feng, Z. Tumor suppressor p53 and metabolism. J. Mol. Cell Biol. 2019, 11, 284-292.
[CrossRef] [PubMed]

4. Levine, A.J. The many faces of p53: Something for everyone. J. Mol. Cell Biol. 2019, 11, 524-530.
[CrossRef] [PubMed]

5. Zhang, C,; Liu, J.; Xu, D.; Zhang, T.; Hu, W,; Feng, Z. Gain-of-function mutant p53 in cancer progression and
therapy. J. Mol. Cell Biol. 2020. [CrossRef] [PubMed]

6. Freed-Pastor, W.A.; Prives, C. Mutant p53: One name, many proteins. Genes Dev. 2012, 26, 1268-1286.
[CrossRef] [PubMed]

7. Muller, P.A; Vousden, K.H. Mutant p53 in cancer: New functions and therapeutic opportunities. Cancer Cell
2014, 25, 304-317. [CrossRef]

8. Yue, X; Zhao, Y,; Xu, Y.; Zheng, M.; Feng, Z.; Hu, W. Mutant p53 in Cancer: Accumulation, Gain-of-Function,
and Therapy. J. Mol. Biol. 2017, 429, 1595-1606. [CrossRef]

9. Donehower, L.A.; Soussi, T.; Korkut, A.; Liu, Y.; Schultz, A.; Cardenas, M.; Li, X.; Babur, O.; Hsu, T.K,;
Lichtarge, O.; et al. Integrated Analysis of TP53 Gene and Pathway Alterations in The Cancer Genome Atlas.
Cell Rep. 2019, 28, 1370-1384.€5. [CrossRef]

10. Ho, T; Tan, B.X.; Lane, D. How the Other Half Lives: What p53 Does When It Is Not Being a Transcription
Factor. Int. J. Mol. Sci. 2019, 21, 13. [CrossRef] [PubMed]

11. Marchenko, N.D.; Moll, UM. Mitochondrial death functions of p53. Mol. Cell Oncol. 2014,
1, €955995. [CrossRef]

12. Mantovani, F; Collavin, L.; del Sal, G. Mutant p53 as a guardian of the cancer cell. Cell Death Differ. 2019,
26,199-212. [CrossRef] [PubMed]

13.  Zhou, X.,; Hao, Q.; Lu, H. Mutant p53 in cancer therapy-the barrier or the path. J. Mol. Cell Biol. 2019,
11, 293-305. [CrossRef] [PubMed]

14. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.].;
Cantley, A.M.; Yang, W.S,; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012,
149, 1060-1072. [CrossRef]


http://dx.doi.org/10.1016/j.cell.2017.08.028
http://www.ncbi.nlm.nih.gov/pubmed/28886379
http://dx.doi.org/10.1016/j.cell.2009.04.037
http://www.ncbi.nlm.nih.gov/pubmed/19410540
http://dx.doi.org/10.1093/jmcb/mjy070
http://www.ncbi.nlm.nih.gov/pubmed/30500901
http://dx.doi.org/10.1093/jmcb/mjz026
http://www.ncbi.nlm.nih.gov/pubmed/30925588
http://dx.doi.org/10.1093/jmcb/mjaa040
http://www.ncbi.nlm.nih.gov/pubmed/32722796
http://dx.doi.org/10.1101/gad.190678.112
http://www.ncbi.nlm.nih.gov/pubmed/22713868
http://dx.doi.org/10.1016/j.ccr.2014.01.021
http://dx.doi.org/10.1016/j.jmb.2017.03.030
http://dx.doi.org/10.1016/j.celrep.2019.07.001
http://dx.doi.org/10.3390/ijms21010013
http://www.ncbi.nlm.nih.gov/pubmed/31861395
http://dx.doi.org/10.1080/23723548.2014.955995
http://dx.doi.org/10.1038/s41418-018-0246-9
http://www.ncbi.nlm.nih.gov/pubmed/30538286
http://dx.doi.org/10.1093/jmcb/mjy072
http://www.ncbi.nlm.nih.gov/pubmed/30508182
http://dx.doi.org/10.1016/j.cell.2012.03.042

Int. ]. Mol. Sci. 2020, 21, 8387 13 of 19

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chen, X,; Li, J.; Kang, R.; Klionsky, D.J.; Tang, D. Ferroptosis: Machinery and regulation. Autophagy 2020,
1-28. [CrossRef]

Friedmann Angeli, ].P.; Krysko, D.V.; Conrad, M. Ferroptosis at the crossroads of cancer-acquired drug
resistance and immune evasion. Nat. Rev. Cancer 2019, 19, 405-414. [CrossRef]

Stockwell, B.R.; Friedmann Angeli, ].P.; Bayir, H.; Bush, A.IL; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascén, S.;
Hatzios, SK.; Kagan, VE.; et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism,
Redox Biology, and Disease. Cell 2017, 171, 273-285. [CrossRef] [PubMed]

Li, J.; Cao, F; Yin, H.L.; Huang, Z.J.; Lin, Z.T.; Mao, N.; Sun, B.; Wang, G. Ferroptosis: Past, present and
future. Cell Death Dis. 2020, 11, 88. [CrossRef] [PubMed]

Dolma, S.; Lessnick, S.L.; Hahn, W.C.; Stockwell, B.R. Identification of genotype-selective antitumor
agents using synthetic lethal chemical screening in engineered human tumor cells. Cancer Cell 2003,
3, 285-296. [CrossRef]

Yang, W.S.; Stockwell, B.R. Synthetic lethal screening identifies compounds activating iron-dependent,
nonapoptotic cell death in oncogenic-RAS-harboring cancer cells. Chem. Biol. 2008, 15, 234-245. [CrossRef]
Magtanong, L.; Dixon, S.J. Ferroptosis and Brain Injury. Dev. Neurosci. 2018, 40, 382-395. [CrossRef] [PubMed]
Wang, S.J.; Ou, Y,; Jiang, L.; Gu, W. Ferroptosis: A missing puzzle piece in the p53 blueprint? Mol. Cell Oncol.
2016, 3, €1046581. [CrossRef]

Gnanapradeepan, K.; Basu, S.; Barnoud, T.; Budina-Kolomets, A.; Kung, C.P.; Murphy, M.E. The p53 Tumor
Suppressor in the Control of Metabolism and Ferroptosis. Front. Endocrinol. 2018, 9, 124. [CrossRef]

Kang, R.; Kroemer, G.; Tang, D. The tumor suppressor protein p53 and the ferroptosis network. Free Radic.
Biol. Med. 2019, 133, 162-168. [CrossRef] [PubMed]

Levine, A.J.; Hu, W.; Feng, Z. The P53 pathway: What questions remain to be explored? Cell Death Differ.
2006, 13, 1027-1036. [CrossRef] [PubMed]

Vousden, K.H.; Lane, D.P. p53 in health and disease. Nat. Rev. Mol. Cell Biol. 2007, 8, 275-283. [CrossRef]
Hu, W. The role of p53 gene family in reproduction. Cold Spring Harb. Perspect. Biol. 2009,
1, a001073. [CrossRef]

Hu, W.; Feng, Z.; Teresky, A.K.; Levine, A.]. p53 regulates maternal reproduction through LIF. Nature 2007,
450, 721-724. [CrossRef]

Chang, J.R.; Ghafouri, M.; Mukerjee, R.; Bagashev, A.; Chabrashvili, T.; Sawaya, B.E. Role of p53 in
neurodegenerative diseases. Neurodegener. Dis. 2012, 9, 68-80. [CrossRef]

Kung, C.P.; Murphy, M.E. The role of the p53 tumor suppressor in metabolism and diabetes. J. Endocrinol.
2016, 231, R61-R75. [CrossRef]

Zhao, Y.; Wu, L.; Yue, X,; Zhang, C.; Wang, ].; Li, ].; Sun, X; Zhu, Y.; Feng, Z.; Hu, W. A polymorphism in the
tumor suppressor p53 affects aging and longevity in mouse models. Elife 2018, 7, e34701. [CrossRef]
Agupitan, A.D.; Neeson, P.; Williams, S.; Howitt, J.; Haupt, S.; Haupt, Y. P53: A Guardian of Immunity
Becomes Its Saboteur through Mutation. Int. J. Mol. Sci. 2020, 21, 3452. [CrossRef]

Liu, Y,; Tavana, O.; Gu, W. p53 modifications: Exquisite decorations of the powerful guardian. J. Mol. Cell Biol.
2019, 11, 564-577. [CrossRef]

Hock, A K.; Vousden, K.H. The role of ubiquitin modification in the regulation of p53. Biochim. Biophys. Acta
2014, 1843, 137-149. [CrossRef]

Hafner, A.; Bulyk, M.L.; Jambhekar, A.; Lahav, G. The multiple mechanisms that regulate p53 activity and
cell fate. Nat. Rev. Mol. Cell Biol. 2019, 20, 199-210. [CrossRef] [PubMed]

Meek, D.W. Regulation of the p53 response and its relationship to cancer. Biochem. ]. 2015, 469, 325-346.
[CrossRef] [PubMed]

Karni-Schmidt, O.; Lokshin, M.; Prives, C. The Roles of MDM?2 and MDMX in Cancer. Annu. Rev. Pathol.
2016, 11, 617-644. [CrossRef]

Zhao, Y.; Yu, H.; Hu, W. The regulation of MDM?2 oncogene and its impact on human cancers. Acta Biochim.
Biophys. Sin. 2014, 46, 180-189. [CrossRef]

Shadfan, M.; Lopez-Pajares, V.; Yuan, Z.M. MDM2 and MDMX: Alone and together in regulation of p53.
Transl. Cancer Res. 2012, 1, 88-89.

Haupt, S.; Mejia-Hernandez, J.O.; Vijayakumaran, R.; Keam, S.P.; Haupt, Y. The long and the short of it:
The MDM4 tail so far. . Mol. Cell Biol. 2019, 11, 231-244. [CrossRef]


http://dx.doi.org/10.1080/15548627.2020.1810918
http://dx.doi.org/10.1038/s41568-019-0149-1
http://dx.doi.org/10.1016/j.cell.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/28985560
http://dx.doi.org/10.1038/s41419-020-2298-2
http://www.ncbi.nlm.nih.gov/pubmed/32015325
http://dx.doi.org/10.1016/S1535-6108(03)00050-3
http://dx.doi.org/10.1016/j.chembiol.2008.02.010
http://dx.doi.org/10.1159/000496922
http://www.ncbi.nlm.nih.gov/pubmed/30820017
http://dx.doi.org/10.1080/23723556.2015.1046581
http://dx.doi.org/10.3389/fendo.2018.00124
http://dx.doi.org/10.1016/j.freeradbiomed.2018.05.074
http://www.ncbi.nlm.nih.gov/pubmed/29800655
http://dx.doi.org/10.1038/sj.cdd.4401910
http://www.ncbi.nlm.nih.gov/pubmed/16557269
http://dx.doi.org/10.1038/nrm2147
http://dx.doi.org/10.1101/cshperspect.a001073
http://dx.doi.org/10.1038/nature05993
http://dx.doi.org/10.1159/000329999
http://dx.doi.org/10.1530/JOE-16-0324
http://dx.doi.org/10.7554/eLife.34701
http://dx.doi.org/10.3390/ijms21103452
http://dx.doi.org/10.1093/jmcb/mjz060
http://dx.doi.org/10.1016/j.bbamcr.2013.05.022
http://dx.doi.org/10.1038/s41580-019-0110-x
http://www.ncbi.nlm.nih.gov/pubmed/30824861
http://dx.doi.org/10.1042/BJ20150517
http://www.ncbi.nlm.nih.gov/pubmed/26205489
http://dx.doi.org/10.1146/annurev-pathol-012414-040349
http://dx.doi.org/10.1093/abbs/gmt147
http://dx.doi.org/10.1093/jmcb/mjz007

Int. ]. Mol. Sci. 2020, 21, 8387 14 of 19

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Friedmann Angeli, J.P.; Schneider, M.; Proneth, B.; Tyurina, Y.Y.; Tyurin, V.A.; Hammond, V.].; Herbach, N.;
Aichler, M.; Walch, A.; Eggenhofer, E.; et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute
renal failure in mice. Nat. Cell Biol. 2014, 16, 1180-1191. [CrossRef]

Li, Q.; Han, X; Lan, X.; Gao, Y.; Wan, J.; Durham, E; Cheng, T.; Yang, ].; Wang, Z.; Jiang, C.; et al. Inhibition of
neuronal ferroptosis protects hemorrhagic brain. JCI Insight 2017, 2, e90777. [CrossRef]

Tuo, Q.Z; Lei, P; Jackman, K.A.; Li, X.L.; Xiong, H.; Liuyang, Z.Y.; Roisman, L.; Zhang, S.T.; Ayton, S.;
Wang, Q.; et al. Tau-mediated iron export prevents ferroptotic damage after ischemic stroke. Mol. Psychiatry
2017, 22, 1520-1530. [CrossRef]

Li, Y; Cao, Y,; Xiao, J.; Shang, J; Tan, Q.; Ping, F; Huang, W.; Wu, E; Zhang, H.; Zhang, X.
Inhibitor of apoptosis-stimulating protein of p53 inhibits ferroptosis and alleviates intestinal
ischemia/reperfusion-induced acute lung injury. Cell Death Differ. 2020, 27, 2635-2650. [CrossRef] [PubMed]
Guiney, S.J.; Adlard, P.A.; Bush, A.IL; Finkelstein, D.I.; Ayton, S. Ferroptosis and cell death mechanisms in
Parkinson’s disease. Neurochem. Int. 2017, 104, 34-48. [CrossRef]

Hambright, W.S.; Fonseca, R.S.; Chen, L.; Na, R.; Ran, Q. Ablation of ferroptosis regulator glutathione
peroxidase 4 in forebrain neurons promotes cognitive impairment and neurodegeneration. Redox Biol. 2017,
12, 8-17. [CrossRef]

Skouta, R.; Dixon, S.J.; Wang, J.; Dunn, D.E.; Orman, M.; Shimada, K.; Rosenberg, P.A.; Lo, D.C.; Weinberg, ].M.;
Linkermann, A.; et al. Ferrostatins inhibit oxidative lipid damage and cell death in diverse disease models.
J. Am. Chem. Soc. 2014, 136, 4551-4556. [CrossRef]

Gao, M.; Monian, P; Quadri, N.; Ramasamy, R.; Jiang, X. Glutaminolysis and Transferrin Regulate Ferroptosis.
Mol. Cell 2015, 59, 298-308. [CrossRef]

Linkermann, A.; Skouta, R.; Himmerkus, N.; Mulay, S.R.; Dewitz, C.; De Zen, E; Prokai, A.; Zuchtriegel, G.;
Krombach, F.; Welz, P.S.; et al. Synchronized renal tubular cell death involves ferroptosis. Proc. Natl. Acad.
Sci. USA 2014, 111, 16836-16841. [CrossRef]

Mao, L.; Zhao, T,; Song, Y.; Lin, L.; Fan, X.; Cui, B.; Feng, H.; Wang, X.; Yu, Q.; Zhang, ].; et al. The emerging
role of ferroptosis in non-cancer liver diseases: Hype or increasing hope? Cell Death Dis. 2020, 11, 518.
[CrossRef] [PubMed]

Do Van, B.; Gouel, E; Jonneaux, A.; Timmerman, K.; Gelé, P.; Pétrault, M.; Bastide, M.; Laloux, C.; Moreau, C.;
Bordet, R.; et al. Ferroptosis, a newly characterized form of cell death in Parkinson’s disease that is regulated
by PKC. Neurobiol. Dis. 2016, 94, 169-178. [CrossRef] [PubMed]

Zille, M.; Karuppagounder, S.S.; Chen, Y.; Gough, PJ.; Bertin, J.; Finger, J.; Milner, T.A ; Jonas, E.A.; Ratan, R.R.
Neuronal Death After Hemorrhagic Stroke In Vitro and in Vivo Shares Features of Ferroptosis and Necroptosis.
Stroke 2017, 48, 1033-1043. [CrossRef]

Devos, D.; Moreau, C.; Devedjian, J.C.; Kluza, J.; Petrault, M.; Laloux, C.; Jonneaux, A.; Ryckewaert, G.;
Garcon, G.; Rouaix, N.; et al. Targeting chelatable iron as a therapeutic modality in Parkinson’s disease.
Antioxid. Redox Signal. 2014, 21, 195-210. [CrossRef]

Hangauer, M.].; Viswanathan, V.S.; Ryan, M.]J.; Bole, D.; Eaton, J.K.; Matov, A.; Galeas, J.; Dhruv, H.D;
Berens, MLE.; Schreiber, S.L.; et al. Drug-tolerant persister cancer cells are vulnerable to GPX4 inhibition.
Nature 2017, 551, 247-250. [CrossRef] [PubMed]

Viswanathan, V.S.; Ryan, M.].; Dhruv, H.D,; Gill, S.; Eichhoff, O.M.; Seashore-Ludlow, B.; Kaffenberger, S.D.;
Eaton, J.K.; Shimada, K.; Aguirre, A.J.; et al. Dependency of a therapy-resistant state of cancer cells on a lipid
peroxidase pathway. Nature 2017, 547, 453-457. [CrossRef]

Hassannia, B.; Wiernicki, B.; Ingold, I.; Qu, F; Van Herck, S.; Tyurina, Y.Y.; Bayir, H.; Abhari, B.A.; Angeli, ].P;
Choi, S.M; et al. Nano-targeted induction of dual ferroptotic mechanisms eradicates high-risk neuroblastoma.
J. Clin. Investig. 2018, 128, 3341-3355. [CrossRef]

Tsoi, J.; Robert, L.; Paraiso, K.; Galvan, C.; Sheu, K.M.; Lay, J.; Wong, D.J.; Atefi, M.; Shirazi, R.; Wang, X_; et al.
Multi-stage Differentiation Defines Melanoma Subtypes with Differential Vulnerability to Drug-Induced
Iron-Dependent Oxidative Stress. Cancer Cell 2018, 33, 890-904.e5. [CrossRef]

Feng, H.; Schorpp, K.; Jin, J.; Yozwiak, C.E.; Hoffstrom, B.G.; Decker, A.M.; Rajbhandari, P.; Stokes, M.E.;
Bender, H.G.; Csuka, ].M.; et al. Transferrin Receptor Is a Specific Ferroptosis Marker. Cell Rep. 2020,
30, 3411-3423.e7. [CrossRef]


http://dx.doi.org/10.1038/ncb3064
http://dx.doi.org/10.1172/jci.insight.90777
http://dx.doi.org/10.1038/mp.2017.171
http://dx.doi.org/10.1038/s41418-020-0528-x
http://www.ncbi.nlm.nih.gov/pubmed/32203170
http://dx.doi.org/10.1016/j.neuint.2017.01.004
http://dx.doi.org/10.1016/j.redox.2017.01.021
http://dx.doi.org/10.1021/ja411006a
http://dx.doi.org/10.1016/j.molcel.2015.06.011
http://dx.doi.org/10.1073/pnas.1415518111
http://dx.doi.org/10.1038/s41419-020-2732-5
http://www.ncbi.nlm.nih.gov/pubmed/32647111
http://dx.doi.org/10.1016/j.nbd.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27189756
http://dx.doi.org/10.1161/STROKEAHA.116.015609
http://dx.doi.org/10.1089/ars.2013.5593
http://dx.doi.org/10.1038/nature24297
http://www.ncbi.nlm.nih.gov/pubmed/29088702
http://dx.doi.org/10.1038/nature23007
http://dx.doi.org/10.1172/JCI99032
http://dx.doi.org/10.1016/j.ccell.2018.03.017
http://dx.doi.org/10.1016/j.celrep.2020.02.049

Int. ]. Mol. Sci. 2020, 21, 8387 15 0f 19

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Magtanong, L.; Ko, PJ.; Dixon, S.J. Emerging roles for lipids in non-apoptotic cell death. Cell Death Differ.
2016, 23, 1099-1109. [CrossRef] [PubMed]

Angeli, ].PF,; Shah, R.; Pratt, D.A.; Conrad, M. Ferroptosis Inhibition: Mechanisms and Opportunities.
Trends Pharmacol. Sci. 2017, 38, 489—-498. [CrossRef]

Xie, Y,; Hou, W.; Song, X.; Yu, Y.; Huang, J.; Sun, X.; Kang, R.; Tang, D. Ferroptosis: Process and function.
Cell Death Differ. 2016, 23, 369-379. [CrossRef]

Bogdan, A.R.; Miyazawa, M.; Hashimoto, K.; Tsuji, Y. Regulators of Iron Homeostasis: New Players in
Metabolism, Cell Death, and Disease. Trends Biochem. Sci. 2016, 41, 274-286. [CrossRef]

Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, ] H.;
Clemons, P.A.; Shamji, A.E,; Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014,
156, 317-331. [CrossRef]

Brigelius-Flohe, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 2013,
1830, 3289-3303. [CrossRef]

Doll, S.; Proneth, B.; Tyurina, Y.Y.; Panzilius, E.; Kobayashi, S.; Ingold, I.; Irmler, M.; Beckers, J.; Aichler, M.;
Walch, A ; et al. ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat. Chem. Biol.
2017, 13, 91-98. [CrossRef]

Yuan, H.; Li, X.; Zhang, X.; Kang, R.; Tang, D. Identification of ACSL4 as a biomarker and contributor of
ferroptosis. Biochem. Biophys. Res. Commun. 2016, 478, 1338-1343. [CrossRef] [PubMed]

Kagan, V.E.; Mao, G.; Qu, E; Angeli, ].P.; Doll, S.; Croix, C.S.; Dar, H.H.; Liu, B.; Tyurin, V.A; Ritov, V.B,;
et al. Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol. 2017,
13, 81-90. [CrossRef]

Mandal, PK.; Seiler, A.; Perisic, T.; Kolle, P.; Banjac Canak, A.; Forster, H.; Weiss, N.; Kremmer, E.;
Lieberman, M.W.; Bannai, S.; et al. System x(c)- and thioredoxin reductase 1 cooperatively rescue glutathione
deficiency. J. Biol. Chem. 2010, 285, 22244-22253. [CrossRef]

Liu, D.S.; Duong, C.P; Haupt, S.; Montgomery, K.G.; House, C.M.; Azar, W.J.; Pearson, H.B.; Fisher, O.M.;
Read, M.; Guerra, G.R; et al. Inhibiting the system xC(-)/glutathione axis selectively targets cancers with
mutant-p53 accumulation. Nat. Commun. 2017, 8, 14844. [CrossRef]

Hirschhorn, T.; Stockwell, B.R. The development of the concept of ferroptosis. Free Radic. Biol. Med. 2019,
133, 130-143. [CrossRef]

Kwon, M.Y,; Park, E.; Lee, S.J.; Chung, S.W. Heme oxygenase-1 accelerates erastin-induced ferroptotic cell
death. Oncotarget 2015, 6, 24393-24403. [CrossRef]

Chiang, S.K.; Chen, S.E.; Chang, L.C. A Dual Role of Heme Oxygenase-1 in Cancer Cells. Int. J. Mol. Sci.
2018, 20, 39. [CrossRef] [PubMed]

Gao, M.; Monian, P,; Pan, Q.; Zhang, W.; Xiang, ].; Jiang, X. Ferroptosis is an autophagic cell death process.
Cell Res. 2016, 26, 1021-1032. [CrossRef] [PubMed]

Sun, X.; Niu, X.; Chen, R.; He, W,; Chen, D.; Kang, R.; Tang, D. Metallothionein-1G facilitates sorafenib
resistance through inhibition of ferroptosis. Hepatology 2016, 64, 488-500. [CrossRef] [PubMed]

Sun, X.; Ou, Z.; Chen, R.; Niu, X.; Chen, D.; Kang, R.; Tang, D. Activation of the p62-Keap1-NRF2 pathway
protects against ferroptosis in hepatocellular carcinoma cells. Hepatology 2016, 63, 173-184. [CrossRef]
Kerins, M.J.; Ooi, A. The Roles of NRF2 in Modulating Cellular Iron Homeostasis. Antioxid. Redox Signal.
2018, 29, 1756-1773. [CrossRef]

Jiang, L.; Kon, N.; Li, T.; Wang, S.J.; Su, T.; Hibshoosh, H.; Baer, R.; Gu, W. Ferroptosis as a p53-mediated
activity during tumour suppression. Nature 2015, 520, 57-62. [CrossRef]

Koppula, P; Zhuang, L; Gan, B. Cystine transporter SLC7A11/xCT in cancer: Ferroptosis,
nutrient dependency, and cancer therapy. Protein Cell 2020, 1-22. [CrossRef]

Huang, Y.; Dai, Z; Barbacioru, C.; Sadee, W. Cystine-glutamate transporter SLC7All in cancer
chemosensitivity and chemoresistance. Cancer Res. 2005, 65, 7446-7454. [CrossRef]

Wang, S.J.; Li, D.; Ou, Y,; Jiang, L.; Chen, Y.; Zhao, Y.; Gu, W. Acetylation Is Crucial for p53-Mediated
Ferroptosis and Tumor Suppression. Cell Rep. 2016, 17, 366-373. [CrossRef]

Wang, Y.; Yang, L.; Zhang, X.; Cui, W,; Liu, Y.; Sun, Q.R;; He, Q.; Zhao, S.; Zhang, G.A.; Wang, Y,;
et al. Epigenetic regulation of ferroptosis by H2B monoubiquitination and p53. EMBO Rep. 2019,
20, e47563. [CrossRef]


http://dx.doi.org/10.1038/cdd.2016.25
http://www.ncbi.nlm.nih.gov/pubmed/26967968
http://dx.doi.org/10.1016/j.tips.2017.02.005
http://dx.doi.org/10.1038/cdd.2015.158
http://dx.doi.org/10.1016/j.tibs.2015.11.012
http://dx.doi.org/10.1016/j.cell.2013.12.010
http://dx.doi.org/10.1016/j.bbagen.2012.11.020
http://dx.doi.org/10.1038/nchembio.2239
http://dx.doi.org/10.1016/j.bbrc.2016.08.124
http://www.ncbi.nlm.nih.gov/pubmed/27565726
http://dx.doi.org/10.1038/nchembio.2238
http://dx.doi.org/10.1074/jbc.M110.121327
http://dx.doi.org/10.1038/ncomms14844
http://dx.doi.org/10.1016/j.freeradbiomed.2018.09.043
http://dx.doi.org/10.18632/oncotarget.5162
http://dx.doi.org/10.3390/ijms20010039
http://www.ncbi.nlm.nih.gov/pubmed/30583467
http://dx.doi.org/10.1038/cr.2016.95
http://www.ncbi.nlm.nih.gov/pubmed/27514700
http://dx.doi.org/10.1002/hep.28574
http://www.ncbi.nlm.nih.gov/pubmed/27015352
http://dx.doi.org/10.1002/hep.28251
http://dx.doi.org/10.1089/ars.2017.7176
http://dx.doi.org/10.1038/nature14344
http://dx.doi.org/10.1007/s13238-020-00789-5
http://dx.doi.org/10.1158/0008-5472.CAN-04-4267
http://dx.doi.org/10.1016/j.celrep.2016.09.022
http://dx.doi.org/10.15252/embr.201847563

Int. ]. Mol. Sci. 2020, 21, 8387 16 of 19

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Gerner, E.W.; Meyskens, EL., Jr. Polyamines and cancer: Old molecules, new understanding. Nat. Rev. Cancer
2004, 4, 781-792. [CrossRef]

Casero, R.A., Jr; Marton, LJ. Targeting polyamine metabolism and function in cancer and other
hyperproliferative diseases. Nat. Rev. Drug Discov. 2007, 6, 373-390. [CrossRef]

Pegg, A.E. Spermidine/spermine-N(1)-acetyltransferase: A key metabolic regulator. Am. ]. Physiol.
Endocrinol. Metab. 2008, 294, E995-E1010. [CrossRef]

Mandal, S.; Mandal, A.; Johansson, H.E.; Orjalo, A.V.; Park, M.H. Depletion of cellular polyamines,
spermidine and spermine, causes a total arrest in translation and growth in mammalian cells. Proc. Natl.
Acad. Sci. USA 2013, 110, 2169-2174. [CrossRef]

Mandal, S.; Mandal, A.; Park, M.H. Depletion of the polyamines spermidine and spermine by overexpression
of spermidine/spermine N(1)-acetyltransferase 1 (SAT1) leads to mitochondria-mediated apoptosis in
mammalian cells. Biochem. ]. 2015, 468, 435-447. [CrossRef]

Ou, Y,; Wang, SJ.; Li, D.; Chu, B.; Gu, W. Activation of SAT1 engages polyamine metabolism with
p53-mediated ferroptotic responses. Proc. Natl. Acad. Sci. USA 2016, 113, E6806-E6812. [CrossRef] [PubMed]
Chu, B,; Kon, N.; Chen, D.; Li, T,; Liu, T,; Jiang, L.; Song, S.; Tavana, O.; Gu, W. ALOX12 is required for
p53-mediated tumour suppression through a distinct ferroptosis pathway. Nat. Cell Biol. 2019, 21, 579-591.
[CrossRef] [PubMed]

Altman, B.J.; Stine, Z.E.; Dang, C.V. From Krebs to clinic: Glutamine metabolism to cancer therapy.
Nat. Rev. Cancer 2016, 16, 619-634. [CrossRef]

Hu, W.; Zhang, C.; Wu, R;; Sun, Y,; Levine, A.; Feng, Z. Glutaminase 2, a novel p53 target gene regulating
energy metabolism and antioxidant function. Proc. Natl. Acad. Sci. USA 2010, 107, 7455-7460. [CrossRef]
Suzuki, S.; Tanaka, T.; Poyurovsky, M.V.; Nagano, H.; Mayama, T.; Ohkubo, S.; Lokshin, M.; Hosokawa, H.;
Nakayama, T.; Suzuki, Y.; et al. Phosphate-activated glutaminase (GLS2), a p53-inducible regulator
of glutamine metabolism and reactive oxygen species. Proc. Natl. Acad. Sci. USA 2010,
107, 7461-7466. [CrossRef]

Szeliga, M.; Bogacinska-Karas, M.; Rozycka, A.; Hilgier, W.; Marquez, J.; Albrecht, J. Silencing of GLS and
overexpression of GLS2 genes cooperate in decreasing the proliferation and viability of glioblastoma cells.
Tumor Biol. 2014, 35, 1855-1862. [CrossRef]

Martin-Rufian, M.; Nascimento-Gomes, R.; Higuero, A.; Crisma, A.R.; Campos-Sandoval, J.A,;
Gomez-Garcia, M.C.; Cardona, C.; Cheng, T.; Lobo, C.; Segura, J.A.; et al. Both GLS silencing and
GLS2 overexpression synergize with oxidative stress against proliferation of glioma cells. J. Mol. Med. 2014,
92, 277-290. [CrossRef]

Liu, J.; Zhang, C.; Lin, M.; Zhu, W.; Liang, Y.; Hong, X.; Zhao, Y.; Young, K.H.; Hu, W,; Feng, Z. Glutaminase 2
negatively regulates the PI3K/AKT signaling and shows tumor suppression activity in human hepatocellular
carcinoma. Oncotarget 2014, 5, 2635-2647. [CrossRef] [PubMed]

Amadio, P; Tarantino, E.; Sandrini, L.; Tremoli, E.; Barbieri, S.S. Prostaglandin-endoperoxide synthase-2
deletion affects the natural trafficking of Annexin A2 in monocytes and favours venous thrombosis in mice.
Thromb. Haemost. 2017, 117, 1486-1497. [CrossRef]

Bretscher, P.; Egger, ].; Shamshiev, A.; Trotzmuller, M.; Kofeler, H.; Carreira, E.M.; Kopf, M.; Freigang, S.
Phospholipid oxidation generates potent anti-inflammatory lipid mediators that mimic structurally related
pro-resolving eicosanoids by activating Nrf2. EMBO Mol. Med. 2015, 7, 593-607. [CrossRef]

Liu, X.; Moon, S.H.; Jenkins, CM.; Sims, H.F; Gross, RW. Cyclooxygenase-2 Mediated Oxidation of
2-Arachidonoyl-Lysophospholipids Identifies Unknown Lipid Signaling Pathways. Cell Chem. Biol. 2016,
23,1217-1227. [CrossRef]

Zhang, Z.; Yao, Z.; Wang, L.; Ding, H.; Shao, J.; Chen, A.; Zhang, F; Zheng, S. Activation of ferritinophagy is
required for the RNA-binding protein ELAVL1/HuR to regulate ferroptosis in hepatic stellate cells. Autophagy
2018, 14, 2083-2103. [CrossRef]

Zhang, Y,; Qian, Y.; Zhang, J.; Yan, W.; Jung, Y.S.; Chen, M.; Huang, E.; Lloyd, K.; Duan, Y.; Wang, J.; et al.
Ferredoxin reductase is critical for p53-dependent tumor suppression via iron regulatory protein 2. Genes Dev.
2017, 31, 1243-1256. [CrossRef] [PubMed]

Hwang, PM.; Bunz, E; Yu, J.; Rago, C.; Chan, T.A.; Murphy, M.P; Kelso, G.F,; Smith, R.A.; Kinzler, KW.;
Vogelstein, B. Ferredoxin reductase affects p53-dependent, 5-fluorouracil-induced apoptosis in colorectal
cancer cells. Nat. Med. 2001, 7, 1111-1117. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrc1454
http://dx.doi.org/10.1038/nrd2243
http://dx.doi.org/10.1152/ajpendo.90217.2008
http://dx.doi.org/10.1073/pnas.1219002110
http://dx.doi.org/10.1042/BJ20150168
http://dx.doi.org/10.1073/pnas.1607152113
http://www.ncbi.nlm.nih.gov/pubmed/27698118
http://dx.doi.org/10.1038/s41556-019-0305-6
http://www.ncbi.nlm.nih.gov/pubmed/30962574
http://dx.doi.org/10.1038/nrc.2016.71
http://dx.doi.org/10.1073/pnas.1001006107
http://dx.doi.org/10.1073/pnas.1002459107
http://dx.doi.org/10.1007/s13277-013-1247-4
http://dx.doi.org/10.1007/s00109-013-1105-2
http://dx.doi.org/10.18632/oncotarget.1862
http://www.ncbi.nlm.nih.gov/pubmed/24797434
http://dx.doi.org/10.1160/TH16-12-0968
http://dx.doi.org/10.15252/emmm.201404702
http://dx.doi.org/10.1016/j.chembiol.2016.08.009
http://dx.doi.org/10.1080/15548627.2018.1503146
http://dx.doi.org/10.1101/gad.299388.117
http://www.ncbi.nlm.nih.gov/pubmed/28747430
http://dx.doi.org/10.1038/nm1001-1111
http://www.ncbi.nlm.nih.gov/pubmed/11590433

Int. ]. Mol. Sci. 2020, 21, 8387 17 of 19

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Dangelmaier, E.; Lazar, S.B.; Lal, A. Long noncoding RNAs: p53’s secret weapon in the fight against cancer?
PLoS Biol. 2019, 17, €3000143. [CrossRef]

Liu, J.; Zhang, C.; Zhao, Y.; Feng, Z. MicroRNA Control of p53. J. Cell Biochem. 2017, 118, 7-14. [CrossRef]
Chaudhary, R;; Lal, A. Long noncoding RNAs in the p53 network. Wiley Interdiscip. Rev RNA 2017, 8, e1410.
[CrossRef] [PubMed]

Luo, Z,; Cui, R;; Tili, E.; Croce, C. Friend or Foe: MicroRNAs in the p53 network. Cancer Lett. 2018,
419, 96-102. [CrossRef]

Wang, M.; Mao, C.; Ouyang, L.; Liu, Y; Lai, W.; Liu, N.; Shi, Y.; Chen, L.; Xiao, D.; Yu, F; et al. Long noncoding
RNA LINCO00336 inhibits ferroptosis in lung cancer by functioning as a competing endogenous RNA.
Cell Death Differ. 2019, 26, 2329-2343. [CrossRef]

Lu, J.; Xu, E; Lu, H. LncRNA PVT1 regulates ferroptosis through miR-214-mediated TFR1 and p53. Life Sci.
2020, 260, 118305. [CrossRef]

Olivero, C.E.; Martinez-Terroba, E.; Zimmer, ].; Liao, C.; Tesfaye, E.; Hooshdaran, N.; Schofield, J.A.; Bendor, J.;
Fang, D.; Simon, M.D,; et al. p53 Activates the Long Noncoding RNA Pvt1b to Inhibit Myc and Suppress
Tumorigenesis. Mol. Cell 2020, 77, 761-774.e8. [CrossRef] [PubMed]

Tarangelo, A.; Magtanong, L.; Bieging-Rolett, K.T.; Li, Y.; Ye, J.; Attardi, L.D.; Dixon, S.J. p53 Suppresses
Metabolic Stress-Induced Ferroptosis in Cancer Cells. Cell Rep. 2018, 22, 569-575. [CrossRef] [PubMed]
Abbas, T.; Dutta, A. p21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009,
9, 400—414. [CrossRef]

Venkatesh, D.; Stockwell, B.R.; Prives, C. p21 can be a barrier to ferroptosis independent of p53. Aging 2020,
12,17800-17814. [CrossRef]

Xie, Y.; Zhu, S.; Song, X.; Sun, X.; Fan, Y.; Liu, J.; Zhong, M.; Yuan, H.; Zhang, L.; Billiar, T.R.; et al.
The Tumor Suppressor p53 Limits Ferroptosis by Blocking DPP4 Activity. Cell Rep. 2017, 20, 1692-1704.
[CrossRef] [PubMed]

Havre, P.A.; Abe, M.; Urasaki, Y.; Ohnuma, K.; Morimoto, C.; Dang, N.H. The role of CD26/dipeptidyl
peptidase IV in cancer. Front Biosci. 2008, 13, 1634-1645. [CrossRef]

Praharaj, PP; Naik, PP; Panigrahi, D.P; Bhol, C.S.; Mahapatra, K.K.; Patra, S.; Sethi, G.; Bhutia, S.K. Intricate
role of mitochondrial lipid in mitophagy and mitochondrial apoptosis: Its implication in cancer therapeutics.
Cell Mol. Life Sci. 2019, 76, 1641-1652. [CrossRef]

Hou, X.S.; Wang, H.S.; Mugaka, B.P,; Yang, G.J.; Ding, Y. Mitochondria: Promising organelle targets for
cancer diagnosis and treatment. Biomater. Sci. 2018, 6, 2786-2797. [CrossRef]

Gao, M.; Yi, J.; Zhu, J.; Minikes, A.M.; Monian, P,; Thompson, C.B.; Jiang, X. Role of Mitochondria in
Ferroptosis. Mol. Cell 2019, 73, 354-363.e3. [CrossRef]

Zhang, C.; Lin, M.; Wu, R.; Wang, X.; Yang, B.; Levine, A.].; Hu, W.; Feng, Z. Parkin, a p53 target gene,
mediates the role of p53 in glucose metabolism and the Warburg effect. Proc. Natl. Acad. Sci. USA 2011,
108, 16259-16264. [CrossRef] [PubMed]

Viotti, J.; Duplan, E.; Caillava, C.; Condat, J.; Goiran, T.; Giordano, C.; Marie, Y.; Idbaih, A.; Delattre, J.Y.;
Honnorat, J.; et al. Glioma tumor grade correlates with parkin depletion in mutant p53-linked tumors and
results from loss of function of p53 transcriptional activity. Oncogene 2014, 33, 1764-1775. [CrossRef]

Liu, J.; Zhang, C.; Zhao, Y,; Yue, X.; Wu, H.; Huang, S.; Chen, ]J.; Tomsky, K.; Xie, H.; Khella, C.A,;
et al. Parkin targets HIF-1alpha for ubiquitination and degradation to inhibit breast tumor progression.
Nat. Commun. 2017, 8, 1823. [CrossRef] [PubMed]

Liu,J.; Zhang, C.; Wu, H.; Sun, X.X; Li, Y.; Huang, S.; Yue, X.; Lu, S.E.; Shen, Z.; Su, X ; etal. Parkin ubiquitinates
phosphoglycerate dehydrogenase to suppress serine synthesis and tumor progression. J. Clin. Investig. 2020,
130, 3253-3269. [CrossRef]

Liu, J.; Zhang, C.; Hu, W.; Feng, Z. Parkinson’s disease-associated protein Parkin: An unusual player in
cancer. Cancer Commun. 2018, 38, 40. [CrossRef]

Gupta, A.; Anjomani-Virmouni, S.; Koundouros, N.; Dimitriadi, M.; Choo-Wing, R.; Valle, A.; Zheng, Y.;
Chiu, Y.H.; Agnihotri, S.; Zadeh, G.; et al. PARK2 Depletion Connects Energy and Oxidative Stress to
PI3K/Akt Activation via PTEN S-Nitrosylation. Mol. Cell 2017, 65, 999-1013.e7. [CrossRef]

Fan, Z.; Wirth, A.K.; Chen, D.; Wruck, C.J.; Rauh, M.; Buchfelder, M.; Savaskan, N. Nrf2-Keap1 pathway
promotes cell proliferation and diminishes ferroptosis. Oncogenesis 2017, 6, €371. [CrossRef]


http://dx.doi.org/10.1371/journal.pbio.3000143
http://dx.doi.org/10.1002/jcb.25609
http://dx.doi.org/10.1002/wrna.1410
http://www.ncbi.nlm.nih.gov/pubmed/27990773
http://dx.doi.org/10.1016/j.canlet.2018.01.013
http://dx.doi.org/10.1038/s41418-019-0304-y
http://dx.doi.org/10.1016/j.lfs.2020.118305
http://dx.doi.org/10.1016/j.molcel.2019.12.014
http://www.ncbi.nlm.nih.gov/pubmed/31973890
http://dx.doi.org/10.1016/j.celrep.2017.12.077
http://www.ncbi.nlm.nih.gov/pubmed/29346757
http://dx.doi.org/10.1038/nrc2657
http://dx.doi.org/10.18632/aging.103961
http://dx.doi.org/10.1016/j.celrep.2017.07.055
http://www.ncbi.nlm.nih.gov/pubmed/28813679
http://dx.doi.org/10.2741/2787
http://dx.doi.org/10.1007/s00018-018-2990-x
http://dx.doi.org/10.1039/C8BM00673C
http://dx.doi.org/10.1016/j.molcel.2018.10.042
http://dx.doi.org/10.1073/pnas.1113884108
http://www.ncbi.nlm.nih.gov/pubmed/21930938
http://dx.doi.org/10.1038/onc.2013.124
http://dx.doi.org/10.1038/s41467-017-01947-w
http://www.ncbi.nlm.nih.gov/pubmed/29180628
http://dx.doi.org/10.1172/JCI132876
http://dx.doi.org/10.1186/s40880-018-0314-z
http://dx.doi.org/10.1016/j.molcel.2017.02.019
http://dx.doi.org/10.1038/oncsis.2017.65

Int. ]. Mol. Sci. 2020, 21, 8387 18 of 19

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Mello, S.S.; Attardi, L.D. Not all p53 gain-of-function mutants are created equal. Cell Death Differ. 2013,
20, 855-857. [CrossRef]

Hanel, W.; Marchenko, N.; Xu, S.; Yu, S.X.; Weng, W.; Moll, U. Two hot spot mutant p53 mouse models display
differential gain of function in tumorigenesis. Cell Death Differ. 2013, 20, 898-909. [CrossRef] [PubMed]
Basu, S.; Gnanapradeepan, K.; Barnoud, T.; Kung, C.P.; Tavecchio, M.; Scott, J.; Watters, A.; Chen, Q.;
Kossenkov, A.V.; Murphy, M.E. Mutant p53 controls tumor metabolism and metastasis by regulating
PGC-1alpha. Genes Dev. 2018, 32, 230-243. [CrossRef] [PubMed]

Barnoud, T,; Parris, ].L.D.; Murphy, M.E. Common genetic variants in the TP53 pathway and their impact on
cancer. . Mol. Cell Biol. 2019, 11, 578-585. [CrossRef]

Jennis, M.; Kung, C.P,; Basu, S.; Budina-Kolomets, A.; Leu, J.I; Khaku, S.; Scott, ].P,; Cai, K.Q.; Campbell, M.R;
Porter, D.K,; et al. An African-specific polymorphism in the TP53 gene impairs p53 tumor suppressor
function in a mouse model. Genes Dev. 2016, 30, 918-930. [CrossRef] [PubMed]

Leu, J.I.; Murphy, M.E.; George, D.L. Mechanistic basis for impaired ferroptosis in cells expressing the
African-centric S47 variant of p53. Proc. Natl. Acad. Sci. USA 2019, 116, 8390-8396. [CrossRef]

Singh, K.S.; Leu, J.I; Barnoud, T.; Vonteddu, P.; Gnanapradeepan, K.; Lin, C.; Liu, Q.; Barton, J.C,;
Kossenkov, A.V.; George, D.L.; et al. African-centric TP53 variant increases iron accumulation and bacterial
pathogenesis but improves response to malaria toxin. Nat. Commun. 2020, 11, 473. [CrossRef]

Dotsch, V.; Bernassola, F.; Coutandin, D.; Candji, E.; Melino, G. p63 and p73, the ancestors of p53. Cold Spring
Harb. Perspect. Biol. 2010, 2, a004887. [CrossRef]

Belyi, V.A; Ak, P; Markert, E.; Wang, H.; Hu, W.; Puzio-Kuter, A.; Levine, A J. The origins and evolution of
the p53 family of genes. Cold Spring Harb. Perspect. Biol. 2010, 2, a001198. [CrossRef] [PubMed]

Wang, G.X.; Tu, H.C.; Dong, Y.; Skanderup, A.J.; Wang, Y.; Takeda, S.; Ganesan, Y.T.; Han, S.; Liu, H.; Hsieh, ] .].;
et al. DeltaNp63 Inhibits Oxidative Stress-Induced Cell Death, Including Ferroptosis, and Cooperates with
the BCL-2 Family to Promote Clonogenic Survival. Cell Rep. 2017, 21, 2926-2939. [CrossRef]

Venkatesh, D.; O’Brien, N.A.; Zandkarimi, F,; Tong, D.R.; Stokes, M.E.; Dunn, D.E.; Kengmana, E.S.; Aron, A.T.;
Klein, A.M.; Csuka, ].M.; et al. MDM2 and MDMX promote ferroptosis by PPARx-mediated lipid remodeling.
Genes Dev. 2020, 34, 526-543. [CrossRef]

Huang, C.; Yang, M.; Deng, ].; Li, P; Su, W,; Jiang, R. Upregulation and activation of p53 by erastininduced
reactive oxygen species contribute to cytotoxic and cytostatic effects in A549 lung cancer cells. Oncol. Rep.
2018, 40, 2363-2370.

Wei, G.; Sun, J.; Hou, Z.; Luan, W.; Wang, S.; Cui, S.; Cheng, M.; Liu, Y. Novel antitumor compound optimized
from natural saponin Albiziabioside A induced caspase-dependent apoptosis and ferroptosis as a p53
activator through the mitochondrial pathway. Eur. J. Med. Chem. 2018, 157, 759-772. [CrossRef] [PubMed]
Saletta, F.; Suryo Rahmanto, Y.; Noulsri, E.; Richardson, D.R. Iron chelator-mediated alterations in gene
expression: Identification of novel iron-regulated molecules that are molecular targets of hypoxia-inducible
factor-1 oc and p53. Mol. Pharmacol. 2010, 77, 443-458. [CrossRef]

Kim, B.M.; Choi, J.Y,; Kim, Y.J.; Woo, H.D.; Chung, H.W. Desferrioxamine (DFX) has genotoxic effects
on cultured human lymphocytes and induces the p53-mediated damage response. Toxicology 2007,
229, 226-235. [CrossRef]

Zhang, E.; Wang, W.; Tsuji, Y.; Torti, S.V.; Torti, EM. Post-transcriptional modulation of iron homeostasis
during p53-dependent growth arrest. J. Biol. Chem. 2008, 283, 33911-33918. [CrossRef] [PubMed]
Peyssonnaux, C.; Nizet, V.; Johnson, R.S. Role of the hypoxia inducible factors HIF in iron metabolism.
Cell Cycle 2008, 7, 28-32. [CrossRef]

Peyssonnaux, C.; Zinkernagel, A.S.; Schuepbach, R.A.; Rankin, E.; Vaulont, S.; Haase, V.H.; Nizet, V,;
Johnson, R.S. Regulation of iron homeostasis by the hypoxia-inducible transcription factors (HIFs).
J. Clin. Investig. 2007, 117, 1926-1932. [CrossRef] [PubMed]

An, W.G.; Kanekal, M.; Simon, M.C.; Maltepe, E.; Blagosklonny, M.V.; Neckers, L.M. Stabilization of wild-type
P53 by hypoxia-inducible factor lalpha. Nature 1998, 392, 405-408. [CrossRef]

Chen, D.; Li, M.; Luo, J.; Gu, W. Direct interactions between HIF-1 alpha and Mdm2 modulate p53 function.
J. Biol. Chem. 2003, 278, 13595-13598. [CrossRef]

Shen, J.; Sheng, X.; Chang, Z.; Wu, Q.; Wang, S.; Xuan, Z,; Li, D.; Wu, Y.; Shang, Y.; Kong, X,; et al.
Iron metabolism regulates p53 signaling through direct heme-p53 interaction and modulation of p53
localization, stability, and function. Cell Rep. 2014, 7, 180-193. [CrossRef]


http://dx.doi.org/10.1038/cdd.2013.53
http://dx.doi.org/10.1038/cdd.2013.17
http://www.ncbi.nlm.nih.gov/pubmed/23538418
http://dx.doi.org/10.1101/gad.309062.117
http://www.ncbi.nlm.nih.gov/pubmed/29463573
http://dx.doi.org/10.1093/jmcb/mjz052
http://dx.doi.org/10.1101/gad.275891.115
http://www.ncbi.nlm.nih.gov/pubmed/27034505
http://dx.doi.org/10.1073/pnas.1821277116
http://dx.doi.org/10.1038/s41467-019-14151-9
http://dx.doi.org/10.1101/cshperspect.a004887
http://dx.doi.org/10.1101/cshperspect.a001198
http://www.ncbi.nlm.nih.gov/pubmed/20516129
http://dx.doi.org/10.1016/j.celrep.2017.11.030
http://dx.doi.org/10.1101/gad.334219.119
http://dx.doi.org/10.1016/j.ejmech.2018.08.036
http://www.ncbi.nlm.nih.gov/pubmed/30142612
http://dx.doi.org/10.1124/mol.109.061028
http://dx.doi.org/10.1016/j.tox.2006.10.022
http://dx.doi.org/10.1074/jbc.M806432200
http://www.ncbi.nlm.nih.gov/pubmed/18819919
http://dx.doi.org/10.4161/cc.7.1.5145
http://dx.doi.org/10.1172/JCI31370
http://www.ncbi.nlm.nih.gov/pubmed/17557118
http://dx.doi.org/10.1038/32925
http://dx.doi.org/10.1074/jbc.C200694200
http://dx.doi.org/10.1016/j.celrep.2014.02.042

Int. ]. Mol. Sci. 2020, 21, 8387 19 of 19

144. White, E. The role for autophagy in cancer. J. Clin. Investig. 2015, 125, 42—46. [CrossRef]
145. Yun, C.W,; Lee, S.H. The Roles of Autophagy in Cancer. Int. ]. Mol. Sci. 2018, 19, 3466. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1172/JCI73941
http://dx.doi.org/10.3390/ijms19113466
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The p53 Signaling Pathway 
	The Signaling Pathways in Ferroptosis 
	The Regulation of Ferroptosis by p53 and its Signaling Pathway 
	Wild-type p53 Induces Ferroptosis 
	Wild-Type p53 Inhibits Ferroptosis 
	Ferroptosis Regulated by Mutp53, p53 Variants and p53 Family Proteins 
	Ferroptosis Regulated by MDM2 and MDM4 Independently of p53 
	p53 Regulation in Response to Ferroptosis Stimuli and Inhibition 

	Summary and Perspectives 
	References

