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Abstract

Tumor suppressor p53 is inactivated in most cancers and the critical role of p53 in the suppression
of carcinogenesis has been confirmed in many mouse models. The protein product of the tumor
suppressor p53 gene works as a transcriptional regulator, activating expression of numerous genes
involved in cell death, cell cycle arrest, senescence, DNA-repair and many other processes. In
spite of the multiple efforts to characterize the functions of p53, the mechanisms of tumor
suppression by p53 are still elusive. Recently, new activities of p53 such as regulation of reactive
oxygen species (ROS) and metabolism have been described and the p53-regulated genes
responsible for these functions have been identified. Metabolic derangements and accumulation of
ROS are features of carcinogenesis, supporting the idea that many tumor suppressive effects of
p53 can be mediated by regulation of metabolism and/or ROS. Mutations in the p53 gene can not
only inactivate wild type function of p53 but also endow p53 with new functions such as
activation of new metabolic pathways contributing to carcinogenesis. Understanding the metabolic
and antioxidant functions of p53 allow us to develop approaches to restore p53 function in
cancers, where p53 is inactivated, in other to ensure the best outcome of anti-cancer treatment.

1. Introduction

p53 was discovered more than three decades ago as a protein interacting with large T-
antigen of human polyoma virus SV40, which is known to be responsible for malignant
transformation of different human and mouse cells. This discovery paved the way for
intensive studies of the role of p53 in transformation and carcinogenesis (Levine, 1997). A
few years later, the tumor suppressor p53 (TSp53) gene was cloned by several groups and it
was demonstrated that p53 is mutated in a vast majority of human cancers (Levine, 1997).
Beyond point mutations, p53 can be inactivated via many other mechanisms including
chromosome deletions, amplification of its natural negative regulator Mdm2 (mouse double
minute 2) or expression of viral oncogenes such as papillomavirus E6 or adenovirus E1B
proteins (Levine, 1997). The following studies found inactivation of one p53 allele in
families with Li-Fraumeni syndrome, the disease characterized by the predisposition to
many types of cancer at an early age (Li and Fraumeni, 1969a, b). The ultimate evidence
that p53 is a critical tumor suppressor came with the advent of gene knockout technology.
p53 knockout mice were normal, indicating that p53 does not play a role in embryogenesis
and differentiation, but they developed cancers, mostly lymphomas and sarcomas with 100%
penetrance and died from cancer by the age of 6 months (Donehower et al., 1992).
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Surprisingly, the pattern of cancers observed in the p53-knockout animals differed from the
majority of human cancers, which are mostly carcinomas. This may be because human
cancers mostly bear a mutant form of the proteins rather than total inactivation of p53 and
the most common mutations in p53, called “hot-spot” mutations, give the mutant form of
p53 an ability to stimulate invasiveness or cancer-associated metabolism in the process
called “gain-of-function” (Donehower et al., 1992; Freed-Pastor and Prives, 2012; Levine,
1997). Accordingly, two mouse p53 knockin strains with mutations R172H and R270H
(where arginines (R) are replaced to histidines (H), corresponding to hot-spot human p53
mutations in codons 175 and 273) were generated, and it was demonstrated that mice
developed mostly highly-invasive carcinomas (Lang et al., 2004; Olive et al., 2004).

As it has been believed for many years, p53 protects from carcinogenesis via “crime and
punishment” mechanisms by restricting proliferation of genetically damaged cells via
activation of cell death or permanent cell cycle arrest or senescence (Vousden and Prives,
2009). This dogma has been significantly re-visited during recent years when it was shown
that inactivation of major targets of p53 involved in regulation of cell death - Noxa and
Puma, or senescence/cell cycle arrest gene p21 does not recapitulate the cancer-prone
phenotype of p53-deficient mice (Deng et al., 1995; Jeffers et al., 2003; Villunger et al.,
2003). In following studies it was also established that p53 triple mutant knockin mice
(p533KR), where 3 lysines (117, 161 and 162), subjects of p53 acetylation, were replaced
with arginines, lost the ability to activate cell death, cell cycle arrest or senescence but still
maintained the ability to suppress carcinogenesis (Li et al., 2012). This data opens a new
venue for the studies of the mechanisms of “good maintenance” applied by p53 to prevent
accumulation of damage via regulation of reactive oxygen species and metabolism leaving
the “punishment” as the last resort for the cells which go awry.

2. Tumor suppressor gene p53 encodes stress-responsive transcriptional

factor

p53 works as a transcription factor involved in transcriptional regulation of multiple genes.
p53 functions in the form of homo-tetramers, recognizing p53-responsive elements
composed of two decamers separated by short spacer 5'-
RRRCWWGYYYny_14sRRRCWWGYYY-3" where R — purine, Y — pyrimidine, C —
cytosine, G — guanine, W — adenine or thymine and N — nucleotide and activates or
suppresses different promoters dependent on context (Freed-Pastor and Prives, 2012). It is
well established that p53 is induced by DNA-damage via consequent activation of
ATM/ATR and Chk1/Chk2 kinases which phosphorylate p53 on N-terminus, causing p53
stabilization and activation. As a result, p53 induces cell cycle arrest, stimulates DNA-repair
and protects genomic stability earning p53 the name “guardian of the genome” (Lane, 1992).
Other stimuli, including oxidative stress, hypoxia, nutrient deprivation or activation of
oncogenes, induce p53 via mechanisms yet to be established and stimulate expression of
p53-dependent genes, facilitating stress consequences (VVousden and Lane, 2007).
Nevertheless, if the stress insult is too intense, p53 can stimulate pathways that lead to the
elimination of cells via induction of cell death or senescence. The choice between a pro-
survival or pro-death outcome is determined by the sensitivity of different promoters to p53
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(Vousden and Lane, 2007). In response to weak or moderate stress insults, p53 stimulates
expression of pro-survival genes which protect cells from damage. The promoters of these
genes are very sensitive to even low p53 activation and usually activate very quickly after
the stress is applied. On the contrary, pro-apoptotic genes are activated in response to
intense stress and with a significant delay as compared to pro-survival genes (Sablina et al.,
2005; Vousden and Prives, 2009) (Figure 1).

Among the targets of p53 are its own negative regulators such as Mdm2, PIRH2 (p53-
induced protein with a RING (Really Interesting New Gene)-H2 domain) and COP1
(constitutively photomorphogenic 1). They work as E3-ubiquitine ligases which stimulate
p53 ubiquitination and degradation by proteasomes (Dornan et al., 2004; Honda et al., 1997;
Leng et al., 2003). Mdm2 plays a major role in regulation of p53 stability and activity via
constant control of p53 expression (Bond et al., 2005; Lahav et al., 2004). Inactivation of
Mdm2 in mice leads to permanent p53 activation, causing embryonic lethality and the lethal
phenotype was completely rescued by p53 inactivation supporting the critical role of Mdm2
in p53 regulation (Jones et al., 1995). Moreover, single nucleotide polymorphisms in SP1
site in regulatory area of the human Mdm2 gene causes elevated Mdm2 expression, which
increases susceptibility of the organism to carcinogenesis (Bond et al., 2004).

Although p53 protein is suppressed by Mdm2 under non-stressed conditions and has a
lifespan around 20 min, it can be easily activated by multiple stress insults (Levine, 1997).
Mild stress can be induced by mistakes in DNA-replication, ROS accumulation or decrease
in ATP levels. It causes modification of p53 via phosphorylation and some other
mechanisms such as acetylation, methylation, ubiquitylation, neddylation or summoylation
(Vousden and Lane, 2007). p53 can be also activated via redox-dependent mechanisms
involving redox factor Refl (Seo et al., 2002). As a result, it leads to stimulation of p53-
dependent genes involved in suppression of ROS and tuning up the metabolism. In contrast,
activation of p53 by severe stress leads to cell death or permanent cell cycle arrest
(Budanov, 2011; Vousden and Lane, 2007).

3. P53 regulates redox balance in cells

3.1 Pro-oxidant function of p53

p53 is the major regulator of programmed cell death or apoptosis, and for many years this
activity was considered to be the major mechanism of p53-controlled tumor suppression
(Selivanova, 2004). In an attempt to explain the mechanisms of the pro-apoptotic activity of
p53, several targets named PIG1-13 (p53-inducible genes 1-13) with strong pro-oxidant
properties were described (Polyak et al., 1997). Some examples include: PIG1 - member of
galectin family involved in superoxide production; PIG3 - homolog of NADPH-quinone
oxidoreductase, a potent ROS generator; PIG8 - human homolog of mouse E-24 gene, a
quinone known to regulate ROS (Polyak et al., 1997). Accordingly, activation of p53 in
different cancer cell lines via overexpression or strong genotoxic stress causes accumulation
of reactive oxygen species (ROS) and oxidative stress contributing to induction of cell death
(Polyak et al., 1997; Sablina et al., 2005). Overexpression of BH3-only protein Puma, a
critical mediator of p53-activated cell death, also stimulates ROS production which most
likely is associated with mitochondria disintegration (Sablina et al., 2005). In accordance
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with these data, overexpression of p53 stimulates ROS production mostly in cells with intact
mitochondria, which are susceptible to p53-induced cell death (Sablina et al., 2005). Besides
its effects on mitochondria, the parallel mechanism of ROS production by p53 can involve
transcriptional activation of a component of NADPH oxidase, the critical enzyme
responsible for O,~ production, NCF2/p67phox (neutrophil cytosol factor 2) (Italiano et al.,
2012). Although pro-oxidant activity of p53 can be beneficial for elimination of cancer cells,
it might have some disadvantages for the organism under conditions of ischemia,
neurodegeneration or aging (Vousden and Prives, 2009); consequently tight p53 regulation
is critical for proper control of many physiological processes associated with p53 activation
(Figure 2).

3.2 Antioxidant function of p53

The paradigm that p53 is a bona fide pro-oxidant factor changed since it had been found that
under physiological or low stress conditions p53 suppresses ROS accumulation (Sablina et
al., 2005). ROS cause oxidative DNA-damage which increase the rate of mutagenesis and
chromosomal instability. Being widely recognized as the protector of genomic stability, p53
inhibits DNA-oxidation and mutagenesis via suppression of ROS (Budanov, 2011). ROS are
also involved in the activation of signaling pathways controlling cell growth, proliferation,
viability and transformation such as PI3K-AKT, JAK-STAT, PLC-PKC, MAPK cascade or
IKK-NF-xB (Martindale and Holbrook, 2002). They also play an important role in
stimulation of angiogenesis and epithelial-mesenchymal transition, both critical steps of
cancer progression (Cui, 2012). Thus, ROS accumulation, often observed in cancer cells
(Behrend et al., 2003), can be responsible for the high rate of mutagenesis in oncogenes and
tumor suppressor genes, stimulation of cell proliferation and malignant transformation, and
eventually for angiogenesis, invasiveness and metastasis (Behrend et al., 2003; Martindale
and Holbrook, 2002).

These considerations are supported by animal studies. The lifespans of the p53-deficient
mice, characterized by increased ROS levels, are shortened by 5-6 fold due to accelerated
carcinogenesis (Donehower et al., 1992; Sablina et al., 2005). Increased levels of oxidative
stress is also observed in patients with Li-Fraumeni cancer predisposition syndrome
characterized by inactivation of one copy of the p53 gene (Wang et al., 2013). Inactivation
of ATM, an upstream p53 regulator, also leads to oxidative stress, DNA oxidation,
mutagenesis and carcinogenesis (Reliene et al., 2004; Xu et al., 1996). Tumor phenotypes of
p53 and ATM knockout mice were significantly suppressed in animals supplemented with
an antioxidant N-acetyl-cysteine (NAC) (Sablina et al., 2005; Schubert et al., 2004).
Additionally xenograft studies on lung adenocarcinoma cells demonstrated that p53
silencing accelerates tumor growth, while these effects were strongly suppressed by NAC
treatment (Sablina et al., 2005).

In another set of experiments, a mouse strain carrying extra-genomic copies of p53 and its
upstream regulator Arfl (alternative reading frame 1) was generated (Matheu et al., 2007).
These mice, designated s-p53/Arfl (super-p53/Arfl) are characterized by slightly elevated
p53 expression and a continuous activation of p53-dependent antioxidant genes. s-p53/Arfl
mice have an extended lifespan as compared to wild type control and are highly resistant to
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carcinogenesis. Interestingly, the cells isolated from the s-p53/Arfl mice are also well
protected against transformation by cooperating oncogenes, providing a protecting
mechanism against carcinogenesis (Matheu et al., 2007).

Since characterization of the antioxidant function of p53, several groups of p53-inducible
antioxidant proteins were identified.

a) Antioxidant enzymes—MnSOD (Manganese superoxide dismutase) is an enzyme
responsible for decomposition of superoxide (O,7) converting it to less toxic H,O, form in
the reaction 20,™+2H*=H,0,+0, (Balaban et al., 2005). Superoxide is produced as a by-
product of mitochondrial oxidative phosphorylation or via activation of NADPH oxidases.
Mitochondria are the major source of superoxide and other ROS, and as estimated
approximately 2% of oxygen consumed by healthy mitochondria is converted into the Oy~
form (Finkel and Holbrook, 2000). Moreover, mitochondrial dysfunction induced by stress
or improper control of mitochondrial integrity causes increased leakage of electrons from
the respiratory chain. Superoxide is extremely reactive and, consequently, very unstable.
Nevertheless, it can damage different macromolecules in mitochondria including lipids,
proteins and DNA, affecting mitochondrial function and stimulating extensive electron
leakage and ROS production (Balaban et al., 2005; Finkel and Holbrook, 2000). MnSQOD,
residing in the mitochondrial matrix, plays a critical role in the detoxification of O™,
producing less reactive H,0O,. p53 activates expression of the MnSOD via direct recognition
of MnSOD promoter in -2032 - -2009 position of the human gene (Hussain et al., 2004).

Another critical antioxidant enzyme regulated by p53 is GPx1 (glutathione peroxidase 1), an
enzyme responsible for decomposition of H,O5 via the reaction 2GSH+H,0,=GS-SG+H,0
(Balaban et al., 2005), where GSH and GS-SG are reduced and oxidized forms of
glutathione, a major cellular antioxidant (Finkel and Holbrook, 2000). Selenoprotein GPx1
plays a major role in decomposition of H,O», a highly diffusible molecule which reacts with
different macromolecules including membrane lipids, proteins and nuclear DNA. p53
activates expression of the GPx1 gene through binding to the -694 - -720 region of its
promoter, stimulating an antioxidant response (Hussain et al., 2004). In particular cell types,
such as developing rat retina and retinal ganglion cells, p53 can stimulate expression of
catalase, another enzyme involved in HO, decomposition (O’Connor et al., 2008). It was
also reported that p53 regulates activity of catalase via direct protein-protein interactions
(Kang et al., 2013). Interestingly, p53-responsive p53R2 (p53-inducible ribonucleotide
reductase) was found in a p53-catalase complex under physiological conditions and
stimulates catalase activity, while another p53 target PIG3 was found in the p53-catalase
complex under genotoxic stress conditions and inhibits catalase activity (Kang et al., 2013).

b) Sestrins—Another group of antioxidant genes, Sestrins, play a major role in regulation
of ROS in response to p53 activation (Budanov et al., 2004). Sestrins are a family of genes
highly conserved in evolution from protists to mammals (Budanov et al., 2010). The
mammalian Sestrin gene family is composed of 3 members, Sesnl, Sesn2 and Sesn3, while
the invertebrate genome contains only one Sestrin gene (Budanov et al., 2010; Lee et al.,
2008). The first family member, Sesnl, was identified as a p53-inducible gene activated by
DNA-damage (Velasco-Miguel et al., 1999). Several potential p53-responive elements were
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described within intron 1 and 2 (Velasco-Miguel et al., 1999; Wei et al., 2006). Sesnl gene
is transcribed in three mRNA forms using alternative promoters and produces three different
proteins with molecular weights of 46,55 and 68 kDa (Velasco-Miguel et al., 1999). Among
these proteins, only the 46 and 55 kDa forms are regulated by p53, while the 68kDa form is
constantly expressed (Velasco-Miguel et al., 1999). The second member of the family,
Sesn2, was isolated as hypoxia inducible gene (Budanov et al., 2002). In following studies it
was established that the Sesn2 gene is also activated by many other stimuli including
oxidative stress, nutrient deficiency and DNA-damage (Ben-Sahra et al., 2013a; Budanov et
al., 2004; Budanov et al., 2002). p53 is responsible for Sesn2 activation by DNA-damage,
and contributes to Sesn2 activation by oxidative stress (Budanov et al., 2004; Budanov et al.,
2002). The p53-responsive element was identified 9.7 kb downstream of the Sesn2 gene by
PET (paired-end ditag) sequencing (Wei et al., 2006). In different study, another p53-
responsive element was found in the 15t exon of the Sesn2 gene (Lee et al., 2011). The Sesn2
gene encodes a protein with a molecular weight of 60 kDa showing close similarity with 55
kDa protein product of the Sesnl gene (Budanov et al., 2002).

Sesn3, the third family member, was identified 7 silico as a close homolog of both Sesnl
and Sesn2 genes (Budanov et al., 2002; Peeters et al., 2003). Interestingly, while two of
three members of the Sestrin family - Sesnl and Sesn2 - are direct targets of p53, Sesnl and
Sesn3 are activated by the FoxO family of transcription factors (Budanov et al., 2010;
Nogueira et al., 2008). Similar to p53, FoxO controls both pro-survival and pro-apoptotic
processes via the activation of different sets of genes involved in regulation of cell death and
cell cycle arrest as well as metabolism and ROS (Hagenbuchner et al., 2012). Regulation of
Sestrins by p53 and FoxO is very conserved in evolution, as demonstrated by the Drosophila
Sestrin gene (Lee et al., 2009).

Although Sestrins do not have similarity with other proteins, detailed sequence analysis has
shown that part of Sestrin protein (corresponding to 100-175 aa of Sesn2) shares homology
with the Mycobacterium Tuberculosis antioxidant protein AhpD, which is a critical
regulator of bacterial thiol peroxidase AhpC (Bryk et al., 2002; Budanov et al., 2004).
During the catalytic cycle AhpC is oxidized and then restored by AhpD. Mammalian
peroxiredoxins are AhpC homologs, which work via similar mechanisms (D’ Autreaux and
Toledano, 2007). In contrast to bacterial proteins, mammalian peroxiredoxins can easily be
inactivated via overoxidation of catalytical cysteine (Wood et al., 2003). Sestrins contribute
to regeneration of peroxiredoxins potentially through activation of sulfinilreductase for
mammalian peroxiredoxins — Srx (sulfiredoxin) (Budanov et al., 2010). Sestrins activate
expression of Srx and some other antioxidant genes stimulating autophagic degradation of
protein Keapl (Kelch-like ECH-associated protein 1), an inhibitor of antioxidant
transcription factor NRF2 (nuclear factor (erythroid-derived 2)-like 2) (Bae et al., 2013).
The regulation of antioxidant response by Sestrins via regeneration of peroxiredoxins can
play an important role in protection of neurons and macrophages from oxidative stress
(Essler et al., 2009; Papadia et al., 2008). Sestrin-mediated autophagy also plays a critical
role in support of integrity of the mitochondria and other organelles responsible for ROS
production (Budanov and Karin, 2008; Lee et al., 2009; Lee et al., 2012). Inactivation of
Sestrins via p53 mutation or other mechanism might play a critical role in carcinogenesis,
facilitating cell transformation. Accordingly, Sesn2-deficient cells are much more
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susceptible to transformation than their wild-type counterparts (Budanov and Karin, 2008).
Moreover, cell transformation by Ras oncogenes requires ROS production and Ras
stimulates ROS via suppression of Sesnl and Sesn3 gene expression (Kopnin et al., 2007).

¢) TIGAR—TIGAR (p53-induced glycolysis and apoptotic regulator) was discovered as a
p53-inducible gene by microarray analysis. It is a direct p53 target with kinetics of
activation similar with other genes involved in pro-survival activities involved in ROS
regulation, cell cycle control and DNA-repair, which are activated quickly after p53
induction (Bensaad et al., 2006). Two p53-responsive elements were found in the promoter
and first intron of the human TIGAR gene (Bensaad et al., 2006). TIGAR shares similarity
with proteins of the PGM (phosphoglycerate mutase) family, but the highest degree
homology is observed with the biphosphatase domain of PFK-2/FBPase-2 (6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase) (Bensaad et al., 2006). Ectopic
expression of TIGAR decreases the levels of Fru-2,6-P, (fructose-2,6-biphosphate). As
expected, it leads to a decrease in glycolytic rates, and silencing TIGAR stimulates Fru-2,6-
P2 production and glycolysis. Being an inhibitor of glycolysis, TIGAR can re-direct
glycolytic intermediates into the pentose phosphate pathway (PPP), which is involved in the
production of the reducing agent NADPH. NADPH is used by glutathione reductase to
convert GSSG to GSH. The GSH/GSSG ratio is the major indicator of redox balance in the
cell, which affects cell metabolism, viability and antioxidant defense. Accordingly,
activation of TIGAR in response to p53 decreases the levels of ROS and suppresses p53-
induced cell death (Bensaad et al., 2006). TIGAR protein was also found in mitochondria
where it interacts with mitochondrial HK2 (hexokinase 2) and stimulates its activity. HK2
arguably helps to couple glycolysis with oxidative phosphorylation and limits ROS
production in mitochondria via control of ADP levels (Cheung et al., 2012).

d) GLS2—The GLS2 (Glutaminase 2) gene encodes a mitochondrial glutaminase which
catalyzes the hydrolysis of glutamine to glutamate. Activation of GLS2 by p53 leads to
increased production of glutamate and a-ketoglutarate, last one is the critical substrate for
the tricarboxylic acid (TCA) cycle. As a result, GLS2 stimulates mitochondrial respiration
and ATP production. Moreover, GSL2 induction causes GSH accumulation and ROS
downregulation, providing protection against oxidative stress (Hu et al., 2010). Thus, GSL2
regulates ROS supporting mitochondrial function and preventing ROS generation by
dysfunctional mitochondria. Activation of GSL2 also protects cells against oxidative DNA-
damage and supports genomic stability (Suzuki et al., 2010).

e) Other p53 targets involved in redox regulation—Several other p53-inducible
proteins are involved in redox regulation, although the mechanisms are yet to be established.
p53INP1 (p53-inducible nuclear protein 1) when overexpressed facilitates cell death.
However, p53INP1-deficient MEFs and spleenocytes accumulate ROS, and P53INP1-null
thymocytes are highly susceptible to cell death linked with enhanced ROS production (Cano
etal., 2009; N’Guessan et al., 2011). p53INP1-null cells are characterized by decreased
levels of autophagy which might be responsible for p53INP1-regulated antioxidant
protection (N’Guessan et al., 2011). Another p53 target, ALDH4, is a mitochondrial-matrix
NAD-+-dependent enzyme which catalyzes the second step in the proline degradation

Subcell Biochem. Author manuscript; available in PMC 2014 October 22.



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

1duosnuely Joyny vd-HIN

Budanov

Page 8

pathway. ALDH4 downregulates ROS levels via a yet to be defined mechanism and its
silencing enhances cell death in response to p53 overexpression (Yoon et al., 2004). Many
effects of p53 on ROS can be explained via support of mitochondrial function. P53 is
involved in the maintenance of mitochondrial DNA copy number and mitochondrial mass,
and p53 inactivation can lead to improper control of mitochondrial integrity and an
increased ROS production (Lebedeva et al., 2009). p53 can also support stability of
mitochondrial DNA interacting with mitochondrial DNA-polymerase vy, ensuring integrity
and proper functioning of mitochondria (Achanta et al., 2005). As an additional mechanism
of control of mitochondrial function, p53 activates expression of Mieap which induces the
formation of a lysosome-like vacuole structure in mitochondria and is involved in
mitochondria quality control, suppressing ROS production (Kitamura et al., 2011) (Figure
2).

3.3 P53 and autophagy

Macroautophagy (therein in the text - autophagy) is the mechanism of two-membrane
encapsulation and lysosomal degradation of cellular constituents such as organelles, protein
aggregates and bulk of cytoplasm (Kroemer et al., 2010). Autophagy is responsible for the
control of the integrity of organelles, such as mitochondria and peroxisomes, when damaged
produce excessive amounts of ROS. Thus, impaired autophagy can be responsible for
oxidative stress and genomic instability (Mathew et al., 2007). p53 regulates autophagy in a
positive and negative manner dependent on context (Feng et al., 2005; Tasdemir et al.,
2008). The nuclear form of p53 transcriptionally activates expression of multiple genes
involved in autophagy such as DRAM, Sesn2, ULK1, ULK2, Atg4a, Atg4c, Atg7, and
Uvrag in response to DNA-damage or oncogene activation (Crighton et al., 2006; Feng et
al., 2005; Gao et al., 2011; Kenzelmann Broz et al., 2013; Maiuri et al., 2009). In contrast,
the cytoplasmic form of p53 inhibits autophagy via an interaction with autophagy proteins
Atgl7 and RB1CC1/FLP200 (Morselli et al., 2011; Tasdemir et al., 2008). This
promiscuous effect of p53 on autophagy regulation can be explained by the link of
autophagy with cell death. Autophagy can suppress cell death in response to stress
supporting integrity and function of organelles, suppressing ROS production and providing
ATP for the repair processes (Kroemer et al., 2010). When p53 functions in a pro-survival
fashion, it might support autophagy via transcriptional activation of autophagy genes. On the
contrary, when cell death is the more desirable scenario p53 can suppress autophagy via
protein-protein interactions and ensure completion of cell death program. Interestingly, non-
nuclear p53 plays an important role in activation of cell death via an interaction with the
proteins of the Bcl2-family, so these p53 forms can also be responsible for regulation of
autophagy (Green and Kroemer, 2009) (Figure 2).

4. Role p53 in regulation of metabolism

4.1 AMPK-mTOR pathway

Carcinogenesis involves metabolic changes required for tumor growth and an adaptation to
the environment. Constant growth and proliferation of tumor cells requires constant
synthesis of proteins, lipids and nucleotides and all of these processes are regulated by
mTOR (mammalian target of rapamycin) kinase (Ben-Sahra et al., 2013b; Peterson et al.,

Subcell Biochem. Author manuscript; available in PMC 2014 October 22.



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

1duosnuely Joyny vd-HIN

Budanov

Page 9

2011; Wullschleger et al., 2006). mTOR is a highly conserved protein kinase which belongs
to the PIKK (phosphatidylinositol kinase related kinase) family found in all eukaryotic
organisms (Wullschleger et al., 2006). mTOR forms two complexes mMTORC1 (mTOR
complex 1) and mTORC2 (mTOR complex 2) (Wullschleger et al., 2006). mnTORC1
regulates protein synthesis via phosphorylation of p70S6K (p70S6 kinase) and 4EBP1
(elF4E binding protein 1). While p70S6K phosphorylates ribosomal S6 protein potentially
modulating its activity, 4EBP1 binds and inactivates a factor of initiation of Cap-dependent
transcription elF4E. In its hypophosphorylated forms, 4EBP1 has high avidity to elF4E
causing inhibition of translation of many mRNA with structured 5’UTR, encoding proteins
critical for cell growth and metabolism. Phosphorylation of 4EBP1 on multiple sites by
mTORC1 leads to disintegration of the 4EBP1-elF4E protein complex, leading to elF4E
release and the activation of translation (Wullschleger et al., 2006). mTORCL is activated by
Rheb and RagA,B,C, and D small GTPases in a cooperative manner. While Rag proteins are
activated by amino acids, Rheb is tightly controlled by growth factors or stress insults via
tuberoses scleroses 1 and 2 protein complex (TSC1:TSC2) where TSC2 is GAP (GTP
activating protein) for Rheb (Laplante and Sabatini, 2012). Being activated by upstream
signals, the TSC1:TSC2 complex causes conversion of Rheb bound GTP to GDP form
leading to Rheb inhibition. Insulin and growth factors inhibit TSC1:TSC2 complex via
phosphorylation by AKT kinase, causing activation of Rheb-mTORCL1 axis and stimulation
of cell growth and proliferation. Among the negative regulators of mMTORC1, AMPK (AMP-
activated protein kinase) plays a major role due to its susceptibility to many stress factors,
including nutrient/energy deficiency, accumulation of Ca2*, oxidative stress and DNA-
damage. AMPK directly phosphorylates TSC2 and Raptor proteins, which leads to
inhibition of TORC1 (Laplante and Sabatini, 2012; Mihaylova and Shaw, 2011).

p53 inhibits MTORCL in response to genotoxic stress and some other stimuli via the
activation of expression of mMTORCL1 inhibitors such as IF-BP3, TSC2, PTEN and AMPKp1
(Budanov, 2011; Levine et al., 2006). p53 also stimulates phosphorylation of AMPKa
subunits on T172, required for mTORC1 inhibition (Feng et al., 2005). p53-activated Sesnl
and Sesn2 play a major role in activation of AMPK phosphorylation in response to p53
(Budanov and Karin, 2008). As a result, mMTORCL1 inhibition leads to suppression of protein
synthesis and activation of autophagy (Budanov, 2011; Loayza-Puch et al., 2013),
preventing accumulation of protein aggregates and damaged mitochondria, which is
detrimental for cell viability. Inhibition of protein synthesis can also re-direct ATP from
energy-consuming anabolism toward repair processes to protect cell homeostasis. In
parallel, autophagy supplies cells with demanded ATP via digestion of cellular constituents
(Kroemer et al., 2010). Inactivation of p53 in cancer cells has long-lasting consequences on
metabolism and angiogenesis instigated by hyperactivation of mMTORC1. One of the critical
targets of mMTORCL1 is the transcription factor hypoxia-inducible factor 1 (HIF1) (Laplante
and Sabatini, 2012). HIF1 is composed from stable HIF1p and inducible HIF1a subunits
(Semenza, 2012). mTORC1 stimulates the translation of HIF1a, activating expression of
many genes involved in adaptation to metabolic derangements and hypoxia such as
glycolytic enzymes and angiogenic factors supporting the viability of cancer cells in
conditions of nutrient and oxygen deprivation (Semenza, 2012). mTORC1 is also a critical
activator of transcriptional factor SREBP (sterol regulatory element-binding protein), that
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induces genes of lipid biosynthesis required for the growth of cancer cells (Zoncu et al.,
2011)(Figure 3).

4.2 Regulation of glycolysis and oxidative phosphorylation by p53

a) Glycolysis—Cancer cells have higher glycolytic rates and rely more on glycolysis for
ATP production than normal cells (DeBerardinis and Thompson, 2012). This observation
has been made by Otto Warburg in the 1930s and was called the “Warburg effect”.
Although the glycolytic pathway is much less efficient for ATP production, under abundant
glucose supply, ATP production through glycolysis is faster than via oxidative
phosphorylation. Moreover, glycolysis allows cells to generate many intermediates of
biosynthetic pathways involved in the synthesis of carbohydrates, DNA, proteins and lipids
(DeBerardinis and Thompson, 2012). p53 inhibits the Warburg effect by suppressing
glycolysis and stimulating mitochondrial respiration (Maddocks and Vousden, 2011). As
discussed earlier, p53-inducible protein TIGAR acts as a PFK-2/FBPase-2 biphosphatase
(Bensaad et al., 2006). Consequently, via induction of TIGAR, p53 redirects glucose
derivatives to the pentose phosphate pathway (PPP) (Bensaad et al., 2006). This leads to the
production of NADPH, the important component required for the biosynthesis of ribose-6-
phosphate (Maddocks and Vousden, 2011). p53 also inhibits glycolysis via ubiquitination
and degradation of the PGM protein (Liang et al., 2013). Besides its direct effects on
glycolytic enzymes, p53 also suppresses glycolysis by restricting glucose transport by
inhibiting glucose transporters such as GLUT1, GLUT4 and GLUT3 (Liang et al., 2013).

p53 and mitochondrial respiration: While having a negative impact on glycolysis, p53
also stimulates mitochondrial respiration, the most efficient process for ATP production
(DeBerardinis and Thompson, 2012). It can be regulated through several mechanisms. p53
directly activates several genes which support oxidative phosphorylation in mitochondria
such as SCO2 (synthesis of cytochrome C oxidase 2), apoptosis-inducing factor (AlF),
glutaminase 2 (GLS2), Parkin and p53R2 (Budanov, 2011; Liang et al., 2013). SCO2 is
involved in the formation of the cytochrome ¢ oxidase complex (complex 1V) (Matoba et al.,
2006), while AIF supports the stability of the mitochondrial complex | (Vahsen et al., 2004).
Additionally, GLS2, the enzyme that controls the production of glutamate and a-
ketoglutarate, supports mitochondrial oxidative phosphorylation and ATP production (Hu et
al., 2010). Moreover, glutamate is a precursor of antioxidant GSH, thus GLS2 stimulates
GSH production and the antioxidant response (Suzuki et al., 2010). Parkin also supports
mitochondrial oxidative phosphorylation (Zhang et al., 2011). The potential mechanism
involves stimulation of the expression of PDHAL (pyruvate dehydrogenase Elal), a
component of the pyruvate dehydrogenase complex (PDH), which converts pyruvate into
acetyl-CoA, the primary substrate for the TCA cycle. In parallel, p53 stimulates PDH
through the repression of PDK2 (pyruvate dehydrogenase kinase 2), which phosphorylates
and inhibits PDHAL. As a result p53 stimulates acetyl-CoA production and mitochondrial
respiration, preventing the conversion of pyruvate to lactate (Zhang et al., 2011). p53 can
also enhance mitochondrial respiration through the control of mitochondrial integrity via
regulation of autophagy, DNA-stability and antioxidant protection (Figure 3).
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5. p53 controls of cell viability in response to nutrient deprivation

Metabolic stress induced by glucose deprivation leads to a significant decrease in ATP
production and induces p53 via activation of AMPK and ATM. Both kinases directly and
indirectly phosphorylate human p53 on Ser15, leading to the activation of inhibitor Cyclin-
CDK complexes p21 and reversible cell cycle arrest in G1 (Assaily et al., 2011; Jones et al.,
2005). As a result, p53 inhibits cell proliferation to protect cells against cell death induced
by glucose deprivation (Jones et al., 2005). Interestingly, pharmacological activators of
AMPK such as metformin and Aicar suppress growth of p53-deficient tumors, but has no
effect on p53-positive tumors in xenograft based studies, indicating the important role of
p53 in protection of cell viability in response to AMPK activation. Consequently, metformin
stimulates cell death in p53-deficient, but not in p53-proficient cells deprived with glucose
(Buzzai et al., 2007). The protective effect of p53 against cell death can be explained by
several mechanisms including the activation of autophagy and fatty acid -oxidation, which
supply cells with ATP. Besides glucose deprivation, serine starvation is another type of
metabolic stress involved in p53 activation. Similar to its effects on the viability of glucose-
starved cells, p53 activates p21 and induces cell cycle arrest preventing cell death in
response to serine withdrawal. Moreover, p53-proficient cells show suppressed glycolysis
and higher rates of oxidative phosphorylation stimulating higher outcome of ATP
production. Serine starved p53-deficient cells fail to recover from serine depletion, resulting
in oxidative stress and cell death (Maddocks et al., 2013). Depletion of another amino acid —
glutamine also activates p53, that supports cell viability under glutamine-depleted conditions
(Reid et al., 2013). Glutamine induces p53 through transcriptional upregulation of B55a
(Ppp2r2a), a regulatory subunit of PP2A (protein phosphatase 2A). PP2A activates p53 via
dephosphorylation and inactivation of EDD (E3 identified by differential display), HECT
domain-containing E3 ubiquitin-ligase which negatively regulates p53 (Reid et al., 2013).
Nevertheless, in the conditions of genotoxic stress, metabolic regulation by p53 can play
pro-apoptotic role. In response to DNA-damage p53 directly activates expression of GAMT
(guanidinoacetate methyltransferase), an enzyme involved in creatine synthesis (Ide et al.,
2009). Creatine metabolism helps to maintain the proper levels of ATP, which is critical for
apoptosis. GAMT also stimulates fatty acid p-oxidation, the source of energy in nutrient-
depleted conditions. Accordingly GAMT silencing resulted in a significant decrease of ATP
production and suppression of p53-induced cell death (Ide et al., 2009). Lpinl is another
factor that stimulates fatty acid p-oxidation in a cell-type specific manner in response to p53
activation. It interacts with PPARa (peroxisome proliferator-activated receptor a) and
PGC1la (PPARYy coactivator 1a) stimulating transcription of genes involved in fatty acid
Boxidation. As a result, it potentiates the effects of p53 on the regulation of metabolism,
ROS and cell viability (Assaily et al., 2011) (Figure 3).

Among the factors, which modulate pro-survival or pro-apoptotic functions of p53 via the
activation of pro-survival genes involved in regulation of ROS, metabolism, and cell cycle
arrest, a critical role is played by p53-co-activator PGCla. Under starvation conditions
PGCla binds p53 and stimulates activation of pro-survival genes including TIGAR,
GADDA45, SCO2, Sesn2 and p21, but not pro-apoptotic Puma and Bax (Sen et al., 2011).
Prolonged starvation causes PGC1la degradation via ubiquitin-proteosomal pathway. This
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process is controlled by binding of PGCla with RNF2, a polycomb group protein that
possesses E3 ubiquitin ligase activity. Activation of RNF2 by prolonged stress causes
inactivation of PGCla and a transcriptional switch toward p53-regulated proapoptotic genes
(Senetal., 2011).

6. Mutant p53 and regulation of metabolism

p53 is inactivated in many human tumors through point mutations, deletions, overexpression
of Mdm2 or some viral proteins leading to the loss-of-function phenotype (Levine, 1997).
Inactivation of p53 leads to metabolic derangements, uncontrolled ROS production and
genomic instability (Budanov, 2011). In addition, many tumors express a mutant form of
p53 which although is unable to normally regulate the expression of many p53-regulated
genes, still might have residual activity of the wild-type protein or regulate expression of a
new set of genes via the gain-of-function mechanism. It was demonstrated that mutant p53
forms contribute to viability, invasiveness, migration, and metastasis of cancer cells (Muller
and Vousden, 2013). Mutant p53 can also stimulate persistent inflammation by activating
the NF-kB transcription factor. Inflammation is a critical promoter of carcinogenesis,
involved in the production of ROS and RNS, which can fuel mutagenesis (Cooks et al.,
2013).

In contrast to the wild-type form, a hot-spot p53 R273H mutant stimulates production of
reactive oxygen species via inhibition of the NRF2 transcription factor causing a decrease in
expression of antioxidant and detoxifying enzymes such as NQO1 and HO1 (Kalo et al.,
2012). Mutant p53 can also inhibit p73, another member of the p53 family, via direct
protein-protein interactions (Di Como et al., 1999). As reported, the transcriptionally active
form of p73 (TAp73) regulates mitochondrial activity and prevents ROS accumulation by
via transcriptional activation of the mitochondrial complex 1V cytochrome C oxidase
subunit 4 (Cox4il). Accordingly, deficiency in TAp73 suppresses ATP production,
mitochondrial complex IV activity, and oxygen consumption causing accumulation of ROS
(Rufini et al., 2012).

Additionally, mutant p53 stimulates the expression of genes involved in biosynthesis of
sterols (mevalonate pathway) and other lipids (Freed-Pastor et al., 2012). The mevalonate
pathway is responsible for the synthesis of cholesterol, a critical component of the cell
membrane. Lipids are a necessary component required for cell growth and proliferation.
Moreover mevalonate pathway is critical for production of farnesyl pyrophosphate (FPP)
and geranylgeranyl pyrophosphate (GGPP), the indispensable components of
posttranslational modification of Ras or RhoA, correspondingly. Both proteins play a major
role in carcinogenesis, supporting proliferation, invasiveness and metastatic ability of cancer
cells. Mutant p53 regulates the mevalonate pathway via interaction and activation of
transcriptional factor SREBP (Freed-Pastor et al., 2012). Mutant p53 can also affect
pyrimidine metabolism providing resistance against anticancer fluoropyrimidine drugs such
as 5FU (5-fluorouracil) (Pugacheva et al., 2002). The p53H175 hot-spot mutant activates the
expression of the enzyme dUTPase, which exerts conversion of dUTP to dUMP. The
enzyme thymidylate synthase uses dUMP for synthesis of dTMP. Uracil can be mistakenly
incorporated into DNA and its mis-incorporation is responsible for the cytotoxic activity of
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5FU; consequently, inhibitors of thymidylate synthase cause increases in dUTP and
increased uracil incorporation into DNA. As a result, it leads to massive DNA-damage,
which cause DNA-strain breaks and cell death. On the contrary, dUTPase diminishes dUTP
levels preventing uracil mis-incorporation and protects the cell from DNA-damage induced
by fluoropyrimidine drugs (Pugacheva et al., 2002)(Figure 4).

7. Conclusion

While in previous years the p53 research was focused on its role in restraining and
eliminating cancer cells as a major mechanism of tumor suppression, now the paradigm is
being revisited. The mechanism of “good maintenance” involved in the control of
metabolism and ROS seems to be indispensable for the tumor suppressive function of p53
and their inefficiency and perversion can cause numerous defects leading to the attainment
of carcinogenic properties. Interestingly, some hot-spot p53 mutants can contribute to
carcinogenesis through activation of metabolic pathways not exerted by wild-type p53,
which play a role in cell growth and proliferation. Finally, mutant p53 can also decrease
sensitivity to anticancer drugs through metabolic modulation, which can make tumors more
resistant to anticancer therapy. Thus, restoration of the wild-type function of p53 or
inactivation of the mutant p53 form is a highly desirable approach for the future of
anticancer treatments.
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Abbreviations

4EBP1 elF-4E binding protein 1

Atgl-17 autophagy gene 1-17

AlF apoptosis-inducing factor

AMPK AMP activated protein kinase

Arfl alternative reading frame 1

ATP adenosine triphosphate

ATM ataxia-telangiectasia mutated kinase
ATR ATM related kinase

Chk1/Chk2 checkpoint kinase 1/2

COP1 constitutively photomorphogenic 1
elF-4E eukaryotic translation initiation factor 4E
FPP farnesyl pyrophosphate

FoxO forkhead box O transcription factors
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GAMT
GGPP
GLS2
GPX1

GSH

GSSG
HIF1

HK2
Keapl
MnSOD
Mdm2
NAC
NCF2/p67phox
NRF2
MmTOR
MTORC1/2
p53INP1
PET
PGCla
PGM
PFK-2/FBPase-2
PIG1-13
PIRH2

PPARa/y
RagA,B,C,D
Rheb

ROS

SCO2
SREBP1
Tap73
TIGAR

Page 14

(guanidinoacetate methyltransferase
geranylgeranyl pyrophosphate
glutaminase 2

glutathione peroxidase 1

glutathione

oxidized form of glutathione
hypoxia-inducible factor 1
mitochondrial hexokinase 2

Kelch-like ECH-associated protein 1
manganese superoxide dismutase
mouse double minute

N-acetyl cysteine

neutrophil cytosol factor 2

nuclear factor (erythroid-derived 2)-like 2
mammalian target of rapamycin kinase
mTOR complex 1/2

p53-inducible nuclear protein 1
paired-end ditag

PPARYy coactivator 1a
phosphoglycerate mutase
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
p53-inducible genes 1-13

p53-induced protein with a RING (Really Interesting New Gene)-H2
domain

peroxisome proliferator-activated receptor a/y
Ras —related GTP-binding protein A,B,C,D
Ras homolog enriched in brain

reactive oxygen species

synthesis of cytochrome C oxidase 2
sterol-regulatory element binding protein 1
transcriptionally active p73

p53-induced glycolysis and apoptotic regulator
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TSC1/2 tuberoses sclerosis complex protein 1/2
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Figure 1. Yin and Yang activities of p53 in tumor suppression
Many stress insults induce p53 which activates expression of multiple genes via interaction

with p53-responsive elements on their promoters. The outcome of p53 activation can be cell
protection or cell death depending on the nature and intensity of the stress. Both processes
can be required to reach maximal protection of the organism against carcinogenesis.
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Figure 2. Regulation of anti-oxidant and pro-oxidant genes by p53
Low-intensities of stress stimulate expression of highly sensitive p53-dependent pro-

survival genes involved in ROS suppression, metabolism, mitochondrial function and
autophagy, which protect cell viability. Highly intense stress insults activate cell death via
the induction of pro-apoptotic and pro-oxidant genes. In response to low stress, PGCla
binds p53 and stimulates expression of pro-survival genes, although its degradation induced
by chronic prolonged stress may be responsible for the activation of genes responsible for
cell death.
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Figure 3. p53 plays an important role in adaptation to metabolic derangements
A shortage in metabolites such as glucose, glutamine and serine activate p53 which tune up

metabolism to suppress undesired anabolic processes via the inhibition of mTORC1,
stimulate ATP production via mitochondrial respiration rather than glycolysis, and use
alternative fatty acid oxidation as other sources of ATP production. Dysregulation of these
processes due to p53 inactivation in cancer cells can be beneficial for tumor growth.
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Figure 4. Mutant p53 can contribute to carcinogenesis via gain-of-function mechanism
Hot-spot p53 mutants can regulate metabolism, suppress mitochondrial respiration, stimulate

ROS production and protect against anti-cancer therapy. These activities are mediated by an
interaction with different transcription factors such as: SREBP, critical for activation of
mevalonate pathway, as well as NRF2 and Tap73, involved in control of mitochondrial
respiration and antioxidant defense. Mutant p53 can also activate the promoter of the
dUTPase gene, inducing the expression of enzyme dUTPase which suppresses therapeutic
effects of fluoropyrimidine anticancer drugs.
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