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Objectives: p53 is a key tumor suppressor protein that has a diverse range of functions which
help to prevent cancer development. Given that metabolic alterations are common features
of cancer cells it has been recently suggested that p53 has an important role in controlling
metabolic pathways. The aim of this review is to provide an update of our current understanding
of the role and mechanisms of p53 in maintaining the homeostasis of cellular energy
metabolism. Methods: the studies which are reported, focus on the regulation of p53-targeted
genes which are mainly involved in the glycolytic pathway, oxidative phosphorylation and the
signaling pathway regulating cell proliferation. Results: To meet the high demand of energy
and precursors for macromolecule biosynthesis, cancer cells markedly increase their glucose
uptake to fuel:1) the glycolytic pathway in order to rapidly generate energy (ATP) and 2) the
metabolic pathways which give rise to macromolecules to support uncontrolled cell growth. The
net effect of p53 is to repress the glycolytic flux at different steps through multiple mechanisms,
to maintain the oxidative phosphorylation, to decrease the fatty acid synthesis and to partly
inhibit the growth signaling pathway of IGF1. Taken together these effects are detrimental
for the cell survival and participate to the tumor suppressive effect of p53. Conclusion: This
review clearly indicates that p53 has the capacity to control, in physiological conditions and
in cancer cells, the expression of metabolism-related genes that are important regulators of
metabolic pathways, including glycolysis, oxidative phosphorylation, fatty acid metabolism and
mTOR signaling. Consequently, a better understanding of the complex network connecting p53
and the metabolic pathways may allow the discovery of novel anticancer tools.
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Introduction

this role: 1) many individuals affected by a germline mutation of
p53 display an abnormally high incidence of tumor development

p53 was discovered in 1979 and it was suggested that the  (Li-Fraumeni syndrome) and 2) the transformation of cells
protein might act as a cellular oncogene but was later identified ~ from normal to cancerous initiates its activation due to stress
as a tumor suppressor protein [1-6] . Several studies confirmed signals which accompanied malignant progression. Its activation
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prevents tumor progression by its ability to induce apoptosis
or senescence [7-9]. Broadly defined, stress is the state when
cellular homeostasis is disrupted due to environmental changes
or fluctuations in environmental factors. A multitude of different
types of stress often encountered during tumor development
initiate its activation, such as DNA damage, oncogene activation,
hypoxia, telomere erosion and others [10]. Once activated, p53
stimulates (or in some cases represses) the expression of a large
network of genes involved in many cellular processes aiming at
restoring cellular homeostasis to the former state or to cope with
the new environment. Stress responses are mediated via multiple
mechanisms, depending on the type, severity and duration of
stress encountered. These specific responses to any stress exert
a protective effect on the organism or the cell. For instance, in
response to a severe DNA damage, p53 induces apoptosis which
eliminates cells with mutated genes. In response to mild DNA
damage p53 can temporarily arrest the cell cycle, which allows
for the repair of any damaged DNA, preventing mutations from
being passed on to daughter cells [11]. Oncogene activation also
leads to p53 activation, resulting in senescence thus limiting the
oncogenic potential of preneoplastic cells [9].

During the past decade it has been reported that p53 is a
master regulator of many biological processes, including aging,
innate and adaptive immunity, development, reproduction and
neuronal degeneration [12-16]. There is now growing evidence
that p53 plays a key role in metabolism. This review article
provides an update of our current understanding of the role and
mechanisms of p53 in maintaining the homeostasis of cellular
energy metabolism.

It should be pointed out that there are several excellent
reviews on this subject [17-22].

p53 characteristics and activation

In the normal homeostatic tissues p53 is maintained at low
intracellular level, due essentially to two mechanisms: 1) an
interaction with an E3 ubiquitin ligase (MDM2: murine double
minute 2) whose major role is to target p53 for a proteosomal
degradation [23]. Other ubiquitin ligases have been identified
but their relative contribution to regulating p53 level in vivo
needs further investigation and 2) MDM2 is a transcriptional
target of p53, establishing a negative feedback loop which can
keep the intracellular level of p53 is quite low [24]. p53 is a short-
lived protein, as its half life is~5-10 min. However, when cells
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are exposed to stress signals (y irradiation, UV, Reactive Oxygen
Species, oncogene activation, hypoxia, nutrients deprivation)
there is an increase in p53 cellular levels and stability. It is
achieved through uncoupling of the p53-MDM2 interaction,
which therefore prevents its degradation. Then, p53 undergoes
post-translational modifications particularly, phosphorylation,
methylation, acetylation, glycosylation and ribosylation, which
results in increased activity. p53 is then translocated to the
nucleus and plays a role of transcription factor. It binds to its
response element (RE) of the target genes in association with
other proteins (co-activators) such as CBP/p300 (histone
acetyltransferases) which fine-tune its activity. Depending on the
cells and tissue types, the nature and intensity of stress signals
it selectively requlates the expression of genes involved in cell-
cycle arrest, apoptosis, senescence, autophagy, DNA repair, and
antioxidant activities (Figure1). These cellular responses prevent
tumor formation and maintain genomic integrity. The molecular
mechanisms leading to a cell-cycle arrest or apoptosis have
been well described after DNA lesions caused by exposure
to chemotherapeutic agents, genotoxic agents, ultraviolet,
irradiation and which generate DNA double strand breaks (DSBs)
and single-strand breaks (SSBs). These lesions trigger a cascade
of events generated in the following order: 1) interaction of the
kinase ATM (Ataxia Telangiectasia Mutated) with the damaged
DNA, 2) phosphorylation of p53 and MDM2 by ATM allowing
their dissociation, thereby promoting p53 stabilization and
activation [25-29]. 3) p53 stimulates the expression of p21 (cyclin
dependent kinase inhibitor = CKI ) which binds and inactivates
the cyclin-dependent kinase/cyclin complexes, indispensable to
the progression of the cell cycle and 4) DNA repair genes (p48
and p53 R2) [30]. Taken together these responses allow cells
to survive until the damage has been repairedor stress of cells
has been removed [31-33]. These processes permit the cell to
re-enter the cell cycle without incurring errors that result in a
high mutation rate. When cells are exposed to severe or chronic
stress signals, p53 initiates the transcription of genes involved
in apoptosis ( Puma, Bax Fas) so eliminating cells that may have
acquired DNA markedly damaged and which could subsequently
be extremely prone to tumor development [31-33].

It should be emphasized that severe DNA damage
or oncogene activation are likely to be amongst the most
predominant mechanisms of p53-mediated tumor suppression.
However, a novel function of p53 in regulation of cellular energy
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metabolism has recently been identified, suggesting that this is
another mechanism that contributes to the role of p53 in tumor
suppression. (Figure 1)
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Figure 1. p53 characteristics and activation.
In normal homeostatic tissues p53 is maintained at low intracellular level
due essentially to an interaction with an ubiquitin ligase (MDM2 : murine
double minute 2) whose major role is to target p53 for a proteosomal
degradation. When cells are exposed to extrinsic and intrinsic stress
signals,there is an increase in p53 cellular levels and stability. It is
achieved through uncoupling of the p53-MDM2 interaction, followed by
post-translational modifications. p53 is then translocated to the nucleus
and plays a role of transcription factor. Depending on the cells and tissue
types, the nature and intensity of stress signals p53 selectively requlates
the expression of genes involved in cell cycle arrest, apoptosis, senescence,

autophagy, DNA repair, metabolism.

p53 and the regulation of cellular metabolism

Unlike normal cells, cancer cells have lost the ability to control
their proliferation. They grow and divide in an uncontrolled
manner. Consequently, the cell must synthetize biomolecules at
a higher rate so as to meet the increased metabolic demands
of proliferation. To cope with this challenge tumor cells display
marked changes in pathways of energy metabolism and nutrient
uptake [34]. Metabolic adaptation was one of the first aspects
of cancer studied. In the 1920s Otto Warburg noted that the
glycolytic flux, which normally increases under anaerobic
conditions was enhanced in cancer cells in the presence of
oxygen. This phenomenon is known as “aerobic glycolysis” or
the “"Warburg effect”. The switch from oxidative phosphorylation
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to glycolysis is associated with a marked release of lactate by the
cancer cell [35-37]. The view which then prevailed has been that
the Warburg effect is a mechanism to produce cellular energy
in the form of ATP. In the presence of robust glucose transport
the glycolytic flux drives ATP production at a faster rate and
in greater quantities than that generated via mitochondrial
oxidative phosphorylation [38]. Furthermore, the major function
of aerobic glycolysis is to maintain high levels of glycolytic
intermediates to feed anabolic processes so as to meet the high
demand of macromolecules required for a rapid growth and
proliferation of cancer cells.

The molecular mechanism underlying the Warburg effect
is not well-understood [34, 39, 40]. The activation of several
oncogenes in cancer cells has been shown to contribute to the
Warburg effect, including Myc, Akt and hypoxia inducible factor
1 (HIF-1). Myc transcriptionally activates many of the glycolytic
enzymes, and activation of Akt increases both glucose uptake
and metabolism [41, 42]. Activation of HIF-1 is also involved in
mediating the switch to aerobic glycolysis through its ability to
increase the expression of genes encoding glucose transporters
and glycolytic enzymes [43, 44]. Furthermore, HIF-1 induces
pyruvate dehydrogenase kinase 1 (PDK1), which phosphorylates
and inactivates pyruvatede hydrogenase and thus suppresses
the TCA cycle and aerobic respiration [45].

The net effect of p53 is a repression of the glycolytic flux
at different steps through multiple mechanisms, here briefly
reported (Figure 2). Glucose uptake is the first rate-limiting step
that fuels the glycolysis and it is mediated by glucose transporters
GLUT 1-4 localized in the plasma membrane. The role of p53 is
to transcriptionally repress the expression of these transporters,
which consequently decreases the glucose uptake in cells and
it also decreases GLUT-3 expression by antagonizing the NF-kB
pathway [46-47].

Once internalized the glucose is phosphorylated by the
hexokinase I into glucose-6-phosphate (G6P) which can fuel
two alternative pathways: glycolysis and the pentose phosphate
pathway (PPP). In the glycolytic pathway, p53 stimulates the
expression of TIGAR (TP53-induced glycolysis and apoptosis
regulator), whose role is to promote the conversion of F2,6P to
F6P (it stimulates the phosphatase activity of the bifunctional
enzyme phosphofructokinase-2-kinase/fructose-6-kinase),
thereby attenuating the allosteric effect of F2, 6P on the
glycolytic regulatory enzyme PFK1[48-49]. Consequently, it slows
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Figure 2. p53 and energy metabolism.

The protein has a role in the regulation of both glycolysis and oxidative phosphorylation. p53 impedes the glycolytic flux through various steps of the

pathway. It decreases the expression of the GLUT1 and GLUT4 transporters and the level of the phosphoglycerate mutase (PGM) while stimulating the

expression of TIGAR. The latter promotes the conversion of F2,6-P to F6-P, thereby attenuating the allosteric effect of F2,6-P on PFK1

. It leads to a partial

accumulation of G6P which can fuel the pentose phosphate pathway (PPP). p53 represses this flux by inhibiting the G6PDH activity, first enzyme of this

pathway. These mechanisms counteract the increase of glycolysis that is characteristic of cancer cells. p53 also maintains the oxidative phosphorylation by

stimulating the expression of SCO2 (Synthesis of Cytochrome ¢ Oxidase 2) which is involved in the assembly of mitochondrial complex IV in the electron

transport chain. Glutamine is also a crucial nutrient during cell proliferation as it provides carbon to the TCA cycle that plays a key role in the energy

metabolism. Glutamine metabolism requires a conversion to glutamate and it is requlated by the mitochondrial glutaminase 2 (GLS2) and its expression

is induced in response to DNA damage or oxidative stress in a p53-dependent manner.

down the conversion of F6P to F1,6-P and it leads to a partial
accumulation of G6P. It ensues that a fraction of the G6P pool
feeds the pentose phosphate pathway (PPP) to generate ribose-
5-phosphate, a key intermediate in nucleotide biosynthesis
and reducing equivalents in the form of NADPH. The latter is
a required electron donor, for reductive steps in lipid synthesis
in nucleotide metabolism and in maintaining glutathione (GSH)
in its reduced state. GSH allows cells to resist to the oxidative
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stress. The role of p53 is to bind the GGPDH (converts G6P in
6-phosphogluconate = 6PG) the first and rate-limiting enzyme of
PPP and inhibitits activity [50]. This mechanism might represent
a way to block PPP and thus inhibiting NADPH production, in
case of accumulation of TIGAR in cancer cells.

p53 also reduces the protein level of the glycolytic
enzyme phosphoglycerate mutase (PGM) which converts
3-phosphoglycerate into 2-phosphoglycerate [51]. The effects of
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p53 on glycolysis are well documented but it should be pointed
out that they are tissue-specific. Thus in muscle it promotes
glycolysis by inducing the expression of PGM, M isoform and of
hexokinase Il [52-53].

Increased glycolytic flux generates a large amount of
pyruvate which is mainly converted in lactate. It is attributed to a
partial block of the PDH activity which cannot convert pyruvate
in Acetyl-CoA, whose fate is to fuel the TCA cycle. The inhibition
of the PDH activity is a consequence of its phosphorylation by
PDK2. p53 represses the expression of PDK2 and thus reduces its
inhibitory effect on the PDH, thereby promoting the conversion
of pyruvate to Acetyl-CoA [54].

Taken together, these findings link the p53 protein with
glucose metabolism. Given that most mutations observed in
human tumors abrogate or attenuate p53 functions (loss of
function), it strongly suggests that this genetic change might
contribute to the Warburg effect (enhanced glycolytic flux).

p53 and oxidative phosphorylation

While  repressing  glycolysis, p53  promotes  oxidative
phosphorylation atmultiple levels. It up-reqgulates the expression
of SCO2 (Synthesis of Cytochrome ¢ Oxidase 2) which is involved
in the assembly of mitochondrial complex IV in the electron
transport chain [55]. It also increases the expression of AIF
(Apoptosis-Inducing Factor) which is required for the assembly
and function of complex .

p53 also reduces TCA cycle intermediates for biosynthesis
and NADPH production by repressing the expression of the two
malic enzymes ME1 and ME2 which recycle malate and pyruvate
[56]. Consequently, lowered intermediates inhibit cancer cell
proliferation.

Glutamine is a crucial nutrient during cell proliferation
(normal and cancer cells) as it is a source of both nitrogen and
carbon and it protects against oxidative stress. It provides carbon
to the TCA cycle in order to supply biosynthetic pathways such
as lipid synthesis. This process, termed Anaplerosis represents
an additional source of carbon in order to replenish the pool of
mitochondrial citrate which otherwise would be depleted due to
a high rate of lipid synthesis. To provide carbon, the glutamine is
converted to glutamate, which then gives rise to a-ketoglutarate.
The latter enters the TCA cycle to provide oxaloacetate (OAA),
which combines with acetyl-CoA to generate citrate. This
metabolic pathway plays also an important role in the control of
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energy supply. It is requlated by the mitochondrial glutaminase
2 (GLS2) and its expression is induced in response to DNA
damage or oxidative stress in a p53-dependent manner. It is
the first enzyme which catalyzes the hydrolysis of glutamine to
glutamate [57, 58]. The fate of glutamate is to fuel the TCA cycle
via the a-ketoglutarate and also to be the glutathione precursor
whose function is to protect the cell against oxidative stress.

p53 and lipid metabolism

There is an increased fatty acid synthesis in proliferative cells, in
order to meet the high demand of lipids, such as phospholipids
required for the membrane formation. The precursor of fatty
acids is the citrate that originates from the mitochondria. Once
in the cytosol, it is converted by the citrate lyase (CL) and yields
OAA and Acetyl CoA. The latter is converted to malonyl-CoA
via the reaction catalyzed by the Acetyl-CoA carboxylase (ACC)
and it is further metabolized by the fatty acid synthase (FAS) to
give rise to a fatty acid. This is called, in vivo lipogenesis. In
many tumors there is an over expression of these two lipogenic
enzymes (CL and FAS) and their inhibition results in the inhibition
of the tumor development.

p53 has been reported to repress fatty acid synthesis
and it would block cancer cell proliferation. The mechanism is
as follows: p53 represses the transcription of SREBP1c (sterol
regulatory element binding protein 1c), which is the transcription
factor responsible for the stimulation of the expression of CL
and FAS.

Additionally, p53 stimulates fatty acid oxidation in the
liver and it occurs in response to starvation. It is attributed
to an activation of p53 in response to low glucose which
in turn enhances the expression of the guanidinoacetate
methyltransferase (GAMT), a critical enzyme involved in the
creatine synthesis, which plays an essential role in the regulation
of ATP synthesis [59]. Though the creatine action mechanism
is unclear, its elevation leads to an activation of AMPK, which
in turn phosphorylates and inactivates the ACC enzyme, which
converts the Acetyl-CoA to Malonyl-CoA. It results in a lowered
intracellular level of Malonyl-CoA, thus blunting its allosteric
inhibitory effect on CPT1. It ensues an increased FA influx in
the mitochondria through the carnitinepalmitoyltransferase 1
(CPT1) to fuel the FA oxidation pathway. p53 also stimulates
CPT1 when cells are exposed to glucose deprivation, thereby
increasing the FA influx in the mitochondria. It should be pointed
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Figure 3. p53 and IGF1/Akt/mTOR pathways.
mTOR plays a major role in the control of cell growth and can sense
and respond to various signals, including nutrients, energy, mitogens.
In presence of an adequate level of nutrients and a positive mitogen
signal this pathway is stimulated and mTOR activates S6K and 4EBP1,
thus promoting cell growth. In response to a metabolic stress (glucose
deprivation), p53 stimulates the transcription of negative regulators
of these pathways including IGF-BP3, PTEN, TSC2. p53 induces the
expression of , Sestrins 1/2, that interact with the a-subunit of AMPK
and also stimulates the expression of the B1 subunit of AMPK. This leads
to the activation of AMPK and TSC2 resulting in the inhibition of mTOR

activity.

out that increased fatty oxidation, results in a partial inhibition
of the glycolysis (glucose utilization) which might contribute to
tumor suppression [60].

p53 and IGF1/Akt /mTOR pathways

Availability of adequate nutrients and mitogens are the major
signals that can turn on or off the molecular mechanisms of
cell growth and proliferation. Recent studies have revealed that
various signals including nutrients (glucose and amino acids),
intracellular energy (AMP/ATP ratio) and growth factors (IGF1,
insulin) are sense by the kinase mTOR (the mammalian target
of rapamycin), which controls cell growth and division. It is now
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well established that p53 is also implicated in metabolic control
through two key regulatory factors AMPK and mTOR.

Thus, under the condition of low levels of glucose and ATP
(energy stress), two kinases, LKB1 and AMPK (AMP-activated
protein kinase), sense the levels of these stress signals. Thus,
when AMP/ATP ratio is elevated, it elicits an activation of AMPK
and it can be explained by the binding of AMP to the Y subunit
of AMPK and its phosphorylation by LKB1. In response to the
AMPK activation, mTOR activity is turned off and it is due to a
phosphorylation and activation of theTSC2 (Tuberous Sclerosis
heterodimer) protein, a GTPase negatively regulating Rheb
(conversion of Rheb-GTP to Rheb-GDP), which can no longer
bind and stimulate mTOR.

Energy stress (glucose deprivation) in the presence of
activated oncogene results in AMPK phosphorylation. Activated
AMPK results in a stimulation of p53 transcription and activation,
which then stimulates the expression of the proteins encoded by
the Sestrin 1 & 2 genes (anti-oxidants genes) [61]. They bind to
the o subunit of AMPK, which leads to its kinase activation and
then it phosphorylates TSC2 which acts as a negative regulator
of mTOR.

In response to mitogen signals (IGF-1 or insulin) and
adequate availability of nutrients the IGF-1/AKT/mTOR signaling
pathway is activated to stimulate cell growth and division [62]. In
the absence of stress signal, to stimulate the pathway the ligand
IGF-1 binds to its receptor which then recruits and activates the
PI3 kinase (PI3K) to the plasma membrane. It phosphorylates the
phosphatidylinositol 4,5 bisphosphate (PIP2) and gives rise to
the phosphatidylinositol 3,4,5 triphosphate (PIP3) that activates
PDK1 which in turn phosphorylates and activates the kinase
Akt [63, 64]. A full activation requires also a phosphorylation
by PDK2 (mTORC2). Akt phosphorylates two proteins that
play a major role in cellular outcomes: 1) BAD, a proapoptotic
molecule which will be inactivated, thereby promoting a cell
survival signal, due to an increase of antiapoptotic/proaptotic
molecules ratio and 2) TSC2 (Tuberous Sclerosis heterodimer) a
GTPase molecule (Rheb-GAP) which will be inactivated leading
to an enhanced Rheb-GTP form that activates mTOR [65-68].
The outcome is a stimulation of cell growth, division and energy
metabolism.

This pathway is monitored by p53 because any cell stress
occuring when it is activated can introduce errors during cell
growth and division. To prevent the accumulation of errors
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during these processes, p53 induces the expression of genes
that encode proteins which negatively regulate the IGF-1/AKT/
mTOR signaling pathway. For instance, under the condition of
energy stress (glucose starvation and low intracellular ATP) the
p53 target genes include IGF-BP3, PTEN, TSC2, REDD, AMPK
B1 subunit and Sestrins 1&2 [69-73]. Thus, IGF-BP3 hinds to
IGF1, which prevents its binding to the IGF-1 receptors. PTEN a
phosphatase that converts PIP3 to PIP2, results in a decrease in
intracellular PIP3, which no longer activates PDK1 and thus lead
to a decreased AKT activity. TSC2 which functions as RhebGTPase
activator, prevents the formation of Rheb-GTP whose binding to
mTOR is required to enable its activation. REDD is also involved
during cell hypoxia and negatively regulates mTOR activity.

Mutant p53 and metabolism
Given the high mutation rate of p53 (> 50%) in human tumors,
these findings suggest that the mutation of the p53 gene and
the resultant loss of function of the p53 protein in tumors could
be an important genetic change contributing to the marked
metabolic changes. It is now widely acknowledged that the
most common mutant forms arise from missense mutations
(single base-pair substitutions) [74]. Many of these stable
mutant forms of p53 (~75% of all mutant forms in humans)
can exert a dominant negative effect on the remaining wild-type
allele, serving to abrogate the ability of wild-type p53 to inhibit
cellular transformation, particularly when the mutant protein is
expressed in excess of its wild-type counterpart [75, 76]. Beside
the dominant-negative effect of p53 mutants there is also clear
evidence that mutant p53 can exert oncogenic or gain-of-
function activity independent of its effects on wild-type p53 [76-
79]. There are multiple proposed mechanisms that account for
different mutant p53 gain-of-function activities. These include
both transcriptional and non-transcriptional mechanisms [79].

The novel gain of function of mutant p53 promotes tumor
metabolic changes resulting in tumor development. For instance,
the mutant activates SREBP 1 and 2, which then induces
the transcription of genes encoding enzymes regulating the
mevalonate pathway. This pathway represents one aspect of
lipid metabolism which gives rise to cholesterol and isoprenoid
[80]. Mutant p53 also induces the hexokinase Il gene that could
stimulate the glycolytic flux.

As mentioned above, the normal functionality of p53 is
abrogated, in the vast majority of human tumors. In past years
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there have been attempts to restore its activity as a novel cancer
therapy strategy. This approach is potentially highly promising in
the long term.

Conclusion

Initially, it was demonstrated that the p53 protein is essential
to counteract tumor formation and progression and it was
attributed to its capacity to induce cell cycle arrest and apoptosis.
However, over the past decade, numerous studies have now
indisputably demonstrated that the tumor suppressive function
of p53 also relies on its ability to control and regulate cellular
metabolism. It modulates the glycolytic flux , the lipid synthesis
and the mitochondrial functions . Given that metabolic changes
are common to a broad range of cancer cell types they are
attractive potential targets for anticancer therapy. Therefore, a
characterization of cancer cells metabolism shoud yield useful
information that can be translated into therapeutic tools to
partly or totally inhibit the tumor growth.

Conflict of Interest
The authors state no conflict of interest.

References

1. Lane DP, Crawford LV. T antigen is bound to a host protein
in SV40-transformed cells. Nature 1979; 278: 261-263.

2. Llinzer DI, Levine AJ. Characterization of a 54K dalton
cellular SV40 tumor antigen present in SV40-transformed
cells and uninfected embryonal carcinoma cells. Cell 1979;
17:43-52.

3. Deleo AB, Jay G, Appella E, Dubois GC, Law LW, OId LJ.
Detection of a transformation-related antigen in chemically
induced sarcomas and other transformed cells of the mouse.
Proc Natl Acad Sci USA 1979; 76: 2420-2424.

4. Rotter V. p53, a transformation-related cellular-encoded
protein, can be used as a biochemical marker for the
detection of primary mouse tumor cells. Proc Natl Acad Sci
USA 1983; 80: 2613-2617.

5. Eliyahu D, Michalovitz D, Eliyahu S, Pinhasi-Kimhi O, Oren
M. Wild-type p53 can inhibit oncogene-mediated focus
formation. Proc Natl Acad Sci USA 1989; 86: 8763-8767.

6. Finlay CA, Hinds PW, Levine Al. The p53 proto-oncogene



Marc Gilbert et al.

20.

AR

22.

can act as a suppressor of transformation. Cell 1989; 57:
1083-1093.

Malkin D, Li FP, Strong LC, Fraumeni JF Jr, Nelson CE, Kim
DH. Germ line p53 mutations in a familial syndrome of
breast cancer, sarcomas, and other neoplasms. Science
1990; 250: 1233-1238.

Srivastava S, Zou ZQ, Pirollo K, Blattner W, Chang EH. Germ-
line transmission of a mutated p53 gene in a cancer-prone
family with Li-Fraumeni syndrome. Nature 1990; 348 747-
749.

Zuckerman V, Wolyniec K, Sionov RV, Haupt S, Haupt Y.
Tumour suppression by p53: the importance of apoptosis
and cellular senescence. J Pathol 2009; 219: 3-15.
Vousden KH, Lu X. Live or let die: the cell's response to p53.
Nat Rev Cancer 2002; 2: 594-604.

. Sherr CJ, Roberts JM. CDK inhibitors: positive and negative

regulators of G1-phase progression. Genes Dev 1999; 13:
1501-1512.

Poyurovsky MV, Prives C. P53 and aging: A fresh look at an
old paradigm. Aging (Albany NY) 2010; 2: 380-382.

. Menendez D, Shatz M, Resnick MA. Interactions between

the tumor suppressor p53 and immune responses. Curr
Opin Oncol 2013; 25: 85-92.

Danilova N, Sakamoto KM, Lin S. p53 family in development.
Mech Dev 2008; 125: 919-931.

Levine AJ, Tomasini R, McKeon FD, Mak TW, Melino G. The
p53 family: guardians of maternal reproduction. Nat Rev
Mol Cell Biol 2011; 12: 259-265.

Chang JR, Ghafouri M, Mukerjee R, Bagashev A, Chabrashvili
T, Sawaya BE. Role of p53 in neurodegenerative diseases.
Neurodegener Dis 2012; 9: 68-80.

. Bensaad K, Vousden KH. p53: new roles in metabolism.

Trends Cell Biol 2007; 17: 286-291.

Vousden KH, Ryan KM. p53 and metabolism. Nat Rev
Cancer 2009; 9: 691-700.

Cheung EC, Vousden KH. The role of p53 in glucose
metabolism. Curr Opin Cell Biol 2010; 22: 186-191.

Zhang XD, Qin ZH,Wang J.The role of p53 in cell metabolism.
Acta Pharmacol Sin 2010; 31: 1208-1212.

Puzio-Kuter AM. The Role of p53 in Metabolic Regulation.
Genes Cancer 2011; 2: 385-391.

Humpton TJ, Vousden KH. Regulation of Cellular Metabolism
and Hypoxia by p53. Cold Spring Harb Perspect Med 2016.

Vol.3+ No.2+ June 2017

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

CENTRAL ASIAN JOURNAL of CA MS
MEDICAL SCIENCES

http://dx.doi.org/10.1101/cshperspect.a026146.

Fang S, Jensen JP, Ludwig RL, Vousden KH, Weissman AM.
Mdm?2 is a RING finger-dependent ubiquitin protein ligase
for itself and p53. J Biol Chem 2000; 275: 8945-8951.
Zauberman A, Flusberg D, Haupt Y, Barak Y, Oren M. A
functional p53-responsive intronic promoter is contained
within the human mdm2 gene. Nucleic Acids Res 1995; 23:
2584-2592.

Shieh SY, Ikeda M, Taya Y, Prives C. DNA damage-induced
phosphorylation of p53 alleviates inhibition by MDM2. Cell
1997, 91: 325-334.

Siliciano JD, Canman CE, Taya Y, Sakaguchi K, Appella E,
Kastan MB. DNA damage induces phosphorylation of the
amino terminus of p53. Genes Dev 1997; 11: 3471-3481.
Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa L, et
al. Enhanced phosphorylation of p53 by ATM in response to
DNA damage. Science 1998; 281: 1674-1677.

Khosravi R, Maya R, Gottlieb T, Oren M, Shiloh Y, Shkedy D.
Rapid ATM-dependent phosphorylation of MDM2 precedes
p53 accumulation in response to DNA damage. Proc Natl
Acad Sci USA 1999; 96: 14973-14977.

Maya R, Balass M, Kim ST, Shkedy D, Leal JF, Shifman O,
et al. ATM-dependent phosphorylation of Mdm2 on serine
395: role in p53 activation by DNA damage. Genes Dev
2001; 15: 1067-1077.

el-Deiry WS, Harper JW, O'Connor PM, Velculescu VE,
Canman CE, Jackman J. WAF1/CIP1 is induced in p53-
mediated G1 arrest and apoptosis. Cancer Res1994; 54:
1169-1174.

Vogelstein B,Lane D, Levine Al. Surfing the p53 network.
Nature 2000; 408: 307-310.

Levine AJ, Hu W, Feng Z. The P53 pathway: what questions
remain to be explored? Cell Death Differ 2006; 13: 1027-
1036.

Riley T, Sontag E, Chen P, Levine A. Transcriptional control of
human p53-regulated genes. Nat Rev Mol Cell Biol 2008; 9:
402-412.

Garber K. Energy deregulation: licensing tumors to grow.
Science 2006; 312: 1158-1159.

Warburg O, Wind F, Negelein E. The metabolism of tumors in
the body. J Gen Physiol 1927; 8: 519-530.

Warburg O. On respiratory impairment in cancer cells.
Science 1956; 124: 269-270.

WWW.Cajms.mn 13



CAJM

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

114

CENTRAL ASIAN JOURNAL of
MEDICAL SCIENCES

Vander Heiden MG, Cantley LC, Thompson CB. Understanding
the Warburg effect: the metabolic requirements of cell
proliferation. Science 2009; 324: 1029-1033.

Guppy M, Greiner E, Brand K. The role of the Crabtree
effect and an endogenous fuel in the energy metabolism of
resting and proliferating thymocytes. Eur J Biochem 1993;
212:95-99.

Gatenby RA, Gillies RJ. Why do cancers have high aerobic
glycolysis? Nat Rev Cancer 2004; 4: 891-899.

Shaw RJ. Glucose metabolism and cancer. Curr Opin Cell
Biol 2006; 18: 598-608.

Shim H, Dolde C, Lewis BC, Wu CS, Dang G, Jungmann RA,
et al. c-Myc transactivation of LDH-A: implications for tumor
metabolism and growth. Proc Natl Acad Sci USA 1997; 94:
6658-6663.

Elstrom RL, Bauer DE, Buzzai M, Karnauskas R, Harris MH,
Plas DR, et al. Akt stimulates aerobic glycolysis in cancer
cells. Cancer Res 2004. 64: 3892-3899.

Plas DR, Thompson CB. Akt-dependent transformation:
there is more to growth than just surviving. Oncogene
2005; 24: 7435-7442.

Semenza GL. Regulation of metabolism by hypoxia-
inducible factor 1. Cold Spring Harb Symp Quant Biol 2011;
76:347-353.

Kim JW, Tchernyshyov |, Semenza GL, Dang CV. HIF-1-
mediated expression of pyruvate dehydrogenase kinase: a
metabolic switch required for cellular adaptation to hypoxia.
Cell Metab 2006; 3: 177-185.

Schwartzenberg-Bar-Yoseph F, Armoni M, Karnieli E. The
tumor suppressor p53 down-regulates glucose transporters
GLUT1 and GLUT4 gene expression. Cancer Res 2004; 64:
2627-2633.

Kawauchi K, Araki K, Tobiume K, Tanaka N. p53 regulates
glucose metabolism through an IKK-NF-kappaB pathway
and inhibits cell transformation. Nat Cell Biol 2008; 10:
611-618.

Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano K,
Bartrons R, et al. TIGAR, a p53-inducible regulator of
glycolysis and apoptosis. Cell 2006; 126: 107-120.

Hers HG, Van Schaftingen E. Fructose 2,6-bisphosphate 2
years after its discovery. Biochem J 1982; 206: 1-12.

Jiang P, Du W, Wang X, Mancuso A, Gao X, Wu M, et al.
p53 regulates biosynthesis through direct inactivation of

WWW.Cajms.mn

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

P53 Function

glucose-6-phosphate dehydrogenase. Nat Cell Biol 2011;
13:310-316.

Kondoh H, Lleonart ME, Gil J, Wang J, Degan P, Peters G,
et al. Glycolytic enzymes can modulate cellular life span.
Cancer Res 2005; 65: 177-185.

Ruiz-Lozano P, Hixon ML, Wagner MW, Flores Al, lkawa S,
Baldwin AS Jr, et al. p53 is a transcriptional activator of
the muscle-specific phosphoglycerate mutase gene and
contributes in vivo to the control of its cardiac expression.
Cell Growth Differ 1999; 10: 295-306.

Mathupala SP, Ko YH, Pedersen PL. Hexokinase Il: cancer's
double-edged sword acting as both facilitator and
gatekeeper of malignancy when bound to mitochondria.
Oncogene 2006; 25: 4777-4786.

Contractor T, Harris CR. p53 negatively regulates
transcription of the pyruvate dehydrogenase kinase Pdk2.
Cancer Res 2012; 72: 560-567.

Matoba S, Kang JG, Patino WD, Wragg A, Boehm M,
Gavrilova O, et al. p53 regulates mitochondrial respiration.
Science 2006; 312: 1650-1653.

Jiang P, Du W, Mancuso A, Wellen KE, Yang X. Reciprocal
requlation of p53 and malic enzymes modulates metabolism
and senescence. Nature 2013; 493: 689-693.

Suzuki S, Tanaka T, Poyurovsky MV, Nagano H, Mayama T,
Ohkubo S, et al. Phosphate-activated glutaminase (GLS2),
a p53-inducible regulator of glutamine metabolism and
reactive oxygen species. Proc Natl Acad Sci U S A 2010;
107: 7461-7466.

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 U S A 2010;
107: 7455-7460.

Ide T, Chu K, Aaronson SA, Lee SW. GAMT joins the p53
network: branching into metabolism. Cell Cycle 2010; 9:
1706-1710.

Goldstein |, Rotter V. Regulation of lipid metabolism by p53
- fighting two villains with one sword. Trends Endocrinol
Metab 2012; 23: 567-575.

Okoshi R, Ozaki T, Yamamoto H, Ando K, Koida N, Ono S.
Activation of AMP-activated protein kinase induces p53-
dependent apoptotic cell death in response to energetic
stress. J Biol Chem 2008; 283:3979-3987.

Feng Z, Levine AJ. The regulation of energy metabolism and



Marc Gilbert et al.

63.

64.

65.

66.

67.

68.

69.

70.

7.

the IGF-1/mTOR pathways by the p53 protein. Trends Cell
Biol 2010; 20: 427-434.

Belham C, Wu S, Avruch J. Intracellular signalling: PDK1--a
kinase at the hub of things. Curr Biol 1999; 9: R93-96.
Toker A, Newton AC. Cellular signaling: pivoting around
PDK-1. Cell 2000; 103: 185-188.

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, et al.
Akt phosphorylation of BAD couples survival signals to the
cell-intrinsic death machinery. Cell 1997; 91: 231-241.
Gao X, Zhang Y, Arrazola P, Hino O, Kobayashi T, Yeung RS,
et al. Tsc tumour suppressor proteins antagonize amino-
acid-TOR signalling. Nat Cell Biol 2002; 4: 699-704.

Inoki K, Li'Y, Xu T, Guan KL. Rheb GTPase is a direct target
of TSC2 GAP activity and regulates mTOR signaling. Genes
Dev 2003; 17: 1829-1834.

Kwiatkowski DJ. Rhebbing up mTOR: new insights on TSC1
and TSC2, and the pathogenesis of tuberous sclerosis.
Cancer Biol Ther 2003; 2: 471-476.

Feng Z, Zhang H, Levine AJ, Jin S. The coordinate regulation
of the p53 and mTOR pathways in cells. Proc Natl Acad Sci
U S A 2005; 102: 8204-8209.

Feng Z, HuW, de Stanchina E, Teresky AK, Jin S, Lowe S, et al.
The regulation of AMPK beta1, TSC2, and PTEN expression
by p53: stress, cell and tissue specificity, and the role of
these gene products in modulating the IGF-1-AKT-mTOR
pathways. Cancer Res 2007; 67: 3043-3053.

Budanov AV, Karin M. p53 target genes sestrin1 and
sestrin2 connect genotoxic stress and mTOR signaling. Cell
2008; 134: 451-460.

Vol.3+ No.2+ June 2017

72.

73.

74.

75.

76.

1.

78.

79.

80.

CENTRAL ASIAN JOURNAL of CA MS
MEDICAL SCIENCES

Stambolic V, MacPherson D, Sas D, Lin Y, Snow B, Jang Y, et
al. Regulation of PTEN transcription by p53. Mol Cell 2001;
8:317-325.

Ellisen LW, Ramsayer KD, Johannessen CM, Yang A, Beppu
H, Minda K, et al. REDD1, a developmentally regulated
transcriptional target of p63 and p53, links p63 to
regulation of reactive oxygen species. Mol Cell 2002; 10:
995-1005.

Levine AJ, Oren M. The first 30 years of p53: growing ever
more complex. Nat Rev Cancer 2009; 9: 749-758.

Brosh R, Rotter V. When mutants gain new powers; news
from the mutant p53 field. Nat Rev Cancer 2009; 9: 701-
713.

Oren M, Rotter V. Mutant p53 gain-of-function in cancer.
Cold Spring Harb Perspect Biol 2010. http://dx.doi.
org/10.1101/cshperspect.a001107.

Sigal A, Rotter V. Oncogenic mutations of the p53 tumor
suppressor: the demons of the guardian of the genome.
Cancer Res 2000; 60: 6788-6793.

Muller PA, Vousden KH. p53 mutations in cancer. Nat Cell
Biol 2013; 15: 2-8.

Freed-Pastor WA, Prives C. Mutant p53: one name, many
proteins. Genes Dev 2012; 26: 1268-1286.
Freed-Pastor WA, Mizuno H, Zhao X, Langered A, Moon SH,
Rodriguez-Barrueco R, et al. Mutant p53 disrupts mammary
tissue architecture via the mevalonate pathway. Cell 2012;
148: 244-258.

WWW.Cajms.mn 115



