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Stress-Responsive Sestrins Link p53
with Redox Regulation and Mammalian Target

of Rapamycin Signaling

Andrei V. Budanov

Abstract

The tumor suppressor p53 protects organisms from most types of cancer through multiple mechanisms. The p53
gene encodes a stress-activated transcriptional factor that transcriptionally regulates a large set of genes with
versatile functions. These p53-activated genes mitigate consequences of stress regulating cell viability, growth,
proliferation, repair, and metabolism. Recently, we described a novel antioxidant function of p53, which is
important for its tumor suppressor activity. Among the many antioxidant genes activated by p53, Sestrins
(Sesns) are critical for suppression of reactive oxygen species (ROS) and protection from oxidative stress,
transformation, and genomic instability. Sestrins can regulate ROS through their direct effect on antioxidant
peroxiredoxin proteins and through the AMP-activated protein kinase-target of rapamycin signaling pathway.
The AMP-activated protein kinase-target of rapamycin axis is critical for regulation of metabolism and autop-
hagy, two processes associated with ROS production, and deregulation of this pathway increases vulnerability
of the organism to stress, aging, and age-related diseases, including cancer. Recently, we have shown that
inactivation of Sestrin in fly causes accumulation of age-associated damage. Hence, Sestrins can link p53 with
aging and age-related diseases. Antioxid. Redox Signal. 15, 1679–1690.

Introduction

Recently, we celebrated a 30-year anniversary of iden-
tification of the p53 tumor suppressor, the gene promi-

nent for its role in suppression of carcinogenesis (73). The
significance of the p53 being called ‘‘guardian of the genome’’
(69) is supported by the fact that it is found mutated in >50%
of human cancers, and the p53-regulated pathway is in-
activated in most cancers (73). The p53 gene encodes a tran-
scription factor activated by numerous stress insults such as
DNA damage, hypoxia, nutrient deprivation, and oxidants
(120). As a result, activated p53 transcriptionally regulates
expression of a number of genes with diverse function. The
protein products of these genes help to adapt to stress con-
ditions through numerous mechanisms involved in mainte-
nance of cell homeostasis and genomic stability, and
prevention of propagation of the potentially detrimental cells
(120) (Fig. 1). For a long time p53 was recognized as the factor
that works in a restrictive manner to determine cell fate
through the induction of cell cycle arrest, senescence, and cell
death. However, more evidence has accumulated acknowl-
edging the importance of p53 in prevention of cancer and

some other age-associated diseases through mechanisms of
good maintenance involved in the regulation of reactive ox-
ygen species (ROS), cell signaling, and metabolism under the
normal and low stress conditions (119).

p53 and Stress Response

The tumor suppressor p53 belongs to a family of proteins
conserved in evolution from Caenorhabditis elegans to mam-
mals. Only one member of the family is found in the inver-
tebrate genome, whereas mammalian genomes contain three
members of the family: p53, p63, and p73 (86). The major
functions of the members of the family are different, and
whereas p63 and p73 play critical roles in developmental and
homeostatic control, p53 is a bona fide stress responsive gene
involved in the regulation of stress response and protection
from detrimental consequences of stress (86). The best evi-
dence for this special role of p53 comes from a knockout study
demonstrating that p53-deficient mice develop normally but
die by 6 months of age from cancer and=or inflammation (27).
Mice with a single copy of p53 live longer than p53 knockouts
but are also highly susceptible to carcinogenesis (46). This
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phenotype recapitulates the similar phenomenon in humans
suffering from Li-Fraumeni syndrome, a rare autosomal
dominant hereditary disorder characterized by high suscep-
tibility to carcinogenesis (77, 107). But why is p53 so important
for our long and productive lifespan and how does it work?

Our normal everyday life is affected by many stress insults.
Some of them come from our environment such as exposure
to UV light, irradiation, hypoxia, starvation, temperature ex-
tremes, and poisons, consumed with food and water. Micro-
organisms, viruses, and injuries can induce inflammatory
stress response resulting in clearing from invaders followed
by tissue repair. Finally, some stressors are generated by our
everyday metabolism. For example, ROS are produced as
byproducts of mitochondrial oxidation and through some
enzymatic reactions by xanthine oxidase, lipoxygenase, nic-
otinamide adenine dinucleotide phosphate [NAD(P)H] oxi-
dase, and the uncoupling of nitric oxide synthase (118). At low
concentrations ROS are important for regulation of cell sig-
naling, but their accumulation can induce oxidative stress
characterized by damage of different organelles and macro-
molecules (5, 37). To prevent such a scenario, systems of strict
control of reduction and oxidation (redox) state by numerous
mechanisms have been developed by nature. The mechanism
of ROS decomposition involves enzymes such as superoxide
dismutases, catalases, glutathione-dependent peroxidases
(GPX), and thioredoxin-dependent peroxidases (peroxir-
edoxins [Prx]) (5). Moreover, ROS are controlled by some
nonenzymatic antioxidants, including glutathione, lipoic
acid, tocopherols, ascorbic acid, and some others (5, 35, 93)
(Fig. 2).

The vast majority of stress insults activate p53 at the level of
protein stability (73). Under normal conditions p53 has a very
short life due to permanent degradation by the ubiquitin
system (73). The ubiquitin system requires three types of en-
zymes: E1 ubiquitin-activating enzyme, E2 ubiquitin-conju-
gating enzyme, and E3 ubiquitin ligase. The last one targets
specific protein substrates for degradation by the proteasome.
p53 stability is dependent on the E3 ubiquitin ligase murine
double minute 2 (MDM2), which interacts with p53 through

its N-terminal part (44). Moreover the MDM2 gene is a p53-
inducible gene establishing a negative feedback loop for p53
regulation (44). p53 stability is regulated through phosphor-
ylation of its N-terminus and disruption of the p53-MDM2
interaction and a number of p53 kinases activated by stress
have been identified (44, 73). The best characterized system is
activation of p53 by DNA damage through activation of
ATM=ATR and their downstream Chk1=Chk2 kinase cas-
cades and phosphorylation of p53 on Ser15 and Ser20 (12)
(Fig. 3).

FIG. 1. Regulation of intracellular processes by p53.
Tumor suppressor p53 activated by different stress stimuli
regulates expression of two sets of genes depending on the
nature, level, and durability of the stress. One set of genes
involved in regulation of cell cycle, DNA repair, metabolism,
and autophagy are activated early and responsible for sup-
port of cell viability and integrity, whereas the set of pro-
oxidant and proapoptotic genes are activated by sustained
and more severe stress.

FIG. 2. Regulation of intracellular ROS. ROS, the signal-
ing molecules and source of oxidative stress in the cell, are
produced through exogenous stimuli exposure (H2O2, UV
light, and ionizing radiation), as by-products of mitochon-
drial metabolism, and by several enzymes. In normal cells
ROS accumulation is tightly controlled by antioxidant en-
zymes and some nonenzymatic systems. ROS, reactive oxy-
gen species.

FIG. 3. Regulation of p53 by oxidative stress. p53 is acti-
vated by oxidative stress through phosphorylation by ki-
nases that are activated by ROS, such as ATM and AMPK.
AMPK, AMP-activated protein kinase; ATM, ataxia telangi-
ectasia mutated.
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Induced p53 activates expression of a number of genes
through interaction with the p53-responsive element con-
taining two copies of consensus sequences 5’-RRRCWW
GYYY-3 (R, purine; Y, pyrimidine), located in regulatory re-
gions such as promoters, introns, and long-distant sites of the
p53-inducible genes (120). It is predicted that transcription of
2583 human genes and 1713 mouse orthologs (around 5%–8%
of mammalian genes) might be regulated by p53 (47). More-
over, global mapping of p53 binding sites using analysis of
real binding of p53 with its target genes using chromatin
precipitation with the paired-end ditag (PET) sequencing
strategy allowed to identify 542 binding loci in the human
genome (123). Among the characterized genes, there are many
genes known to be involved in regulation of cell cycle, cell
death, DNA repair, antioxidant defense, and metabolism
(119). Evidently, more and more genes assigned for new
function will be characterized in the future and tell us more
about the p53 functions. We can expect that many compo-
nents of the p53-regulated network are intertwined and in-
volved in protection from stress and age-associated diseases,
including cancer.

p53 and ROS Regulation

Multiple stresses, including oxidative, metabolic, and
genotoxic, cause accumulation of ROS (42). ROS accumula-
tion leads to p53 activation and transactivation of various p53
targets (98). The mechanism of p53 activation by ROS is not
well established, but might be undertaken through phos-
phorylation by activated redox-dependent kinases. The po-
tential candidates, activated directly by oxidative stress and
involved in p53 phosphorylation, are ATM (1), LKB1, AMP-
activated protein kinase (AMPK) (1, 56), and c-Jun N-terminal
kinase (19, 38, 60) (Fig. 3). Alternative activation of p53 by
ROS can be mediated by oxidative DNA damage and oper-
ated through mechanisms of DNA damage response (83).
ROS can also damage the macromolecules and organelles,
leading to support p53 activation (36).

The outcome of p53 activation depends on the strength and
duration of the stress (98, 121). Under severe and long-lasting
stress conditions, p53 induces cell death or, alternatively,
permanent cell cycle arrest, to prevent propagation of cells
with damaged DNA (119). DNA damage can cause muta-
genesis and genomic instability, important features of carci-
nogenesis (72). The proapoptotic activity of p53 requires
induction of apoptotic genes such as PUMA and Bax, which
are activated in a p53-dependent manner in response to severe
stress to induce cell death (98). Under the same conditions p53
activates expression of the genes involved in generation of
ROS, such as the quinone oxidoreductase homolog gene
TP53I3 (also known as PIG3), and it was proposed that they
contribute to degradation of mitochondrial content and sup-
port proapoptotic activity of p53 (94, 98). Accordingly, we
have shown that ROS accumulation associated with hyper-
activation of p53 requires intact mitochondrial function and
does not occur in the r0 cells that lack mitochondrial DNA
and are defective for ROS-generating electron transport chain
(Fig. 4) (98).

p53-dependent cell death in response to severe stress re-
quires induction of pro-oxidant genes to facilitate apoptotic
processes (94), but under normal physiological conditions, the
organism still faces low-stress insults. For instance, endoge-

nous ROS produced as by-products of metabolism modify
*20,000 bases of DNA per day in a single cell (4). p53 re-
sponds to stress conditions, but cell death or senescence is not
always the most favorable scenario of p53 activation, and
under low-stress conditions additional ROS production is not
a desirable outcome, which contradicts the function of p53 as
the guardian of genome. Accordingly, we have found that in
conditions where p53 does not induce cell death such as under
low doses of H2O2 or UV or in the r0 cells, p53 suppresses
ROS production (98). The importance of p53 in ROS regula-
tion under physiological conditions is supported by the data
that p53-deficient cells or cells where p53 activity was com-
promised by MDM2, dominant-negative mutant of p53, or
HPV-E6 protein have higher levels of ROS than cells with a
normal status of p53 (98). These observations were supported
by another group, which demonstrated that levels of p53
correlate with the resistance of HPV-positive cervical carci-
noma cell lines to oxidative stress induced by hydrogen per-
oxide and knockdown of p53 by shRNA significantly
sensitizes the cells to this oxidants (26).

We have shown that p53-deficient cells have increased
levels of DNA oxidation and mutagenesis (98). Moreover,
p53-deficient A549 tumor xenografts grow faster in nude mice
than in a p53-proficient control. Supplementation with anti-
oxidant N-acetyl cysteine (NAC) retards the growth of
p53-deficient xenografts but does not affect growth of p53-
proficient counterparts (98). The regulation of ROS by p53 is
critical for its tumor suppressor activity. As previously de-
scribed, p53-knockout mice die from cancers, mostly lym-
phomas (98). p53-knockout mice supplemented with the
antioxidant NAC lived much longer and only 1 of 25 (4%)
mice taken into the experiment developed lymphomas,
whereas 90% of the p53-null mice not supplemented with
antioxidants die from cancer by the same time (98). Genomic
instability is an important hallmark of cancer (72) and p53 is
the major controller of genomic stability (69), the function
important for its tumor suppressor activity. Accordingly, the
p53-negative lung fibroblasts isolated from mice maintained
on a regular diet exhibited a much higher rate of karyotypic

FIG. 4. Regulation of ROS by p53. Under low stress con-
ditions p53 regulates expression of antioxidant genes, which
protect from oxidative stress. On the contrary, severe and
sustainable stress activates pro-oxidant genes, which facili-
tate cell death.
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abnormalities and aneuploidy than the counterparts from
mice supplemented with an NAC (98).

The antioxidant function of p53 depends on its role in
transcriptional activation of antioxidant genes (98). The list of
the p53-activated antioxidant genes includes the enzymes
directly involved in ROS decomposition such as glutathione
peroxidase 1 (GPX1) (52, 109), catalase (89), and manganese
superoxide dismutase (52). p53 can also suppress ROS accu-
mulation through other targets, including those involved in
redox reaction, cell signaling, metabolism, and mitochondrial
functions (121). The list of p53-inducible antioxidant proteins
includes aldehyde dehydrogenase 4 (ALDH4), a mitochon-
drial-matrix nicotinamide adenine dinucleotide (NADþ)-
dependent enzyme catalyzing the second step of the proline
degradation; tumor protein 53-induced glycolysis and apo-
ptosis regulator (TIGAR), the inhibitor of glycolysis lowering
the fructose-2,6-bisphosphate levels (6); tumor protein 53-
induced nuclear protein 1 (TP53NIP1), the protein involved in
p53 phosphorylation (20); and glutaminase 2 (GLT2), a mi-
tochondrial protein catalyzing the hydrolysis from glutamine
to glutamate (51) (Fig. 4). The alternative mechanism of ROS
regulation by p53 is activation of macroautophagy. Macro-
autophagy (later referred as autophagy) is a catabolic process
where organelles and portions of cytoplasm are sequestered
in double-membrane vesicles and followed to fusion with
lysosomes for degradation (85). Autophagy controls cell in-
tegrity by removing malfunctioning organelles responsible
for ROS generation and oxidative stress (7). Accordingly,
autophagy is considered to be the mechanism of protection
against genomic instability and carcinogenesis (67). p53 acti-
vates autophagy through transactivation of several proau-
thophagic genes such as damage-regulated autophagy
modulator (24), ISG20L1 (29), or through inhibition of the
target of rapamycin (TOR) pathway (see below) (34).

Sestrins

Interest in the role of p53 in antioxidant responses was
kindled by identification of a novel Sestrin (Sesn) gene family
involved in ROS regulation (17). In mammals, the Sesn family
is composed of three members, Sesn1, Sesn2, and Sesn3 (18,
92, 117), with only one Sesn gene in Drosophila melanogaster
and C. elegans (71). The first member of the family, Sesn1 or
p53-activated gene 26 (PA26), was identified through
screening of novel genes activated by p53 in tetracycline-
regulated system (14). Sesn1 is activated by genotoxic stress in
a p53-dependent manner (117). We have isolated the second
member of the family Sesn2 or hypoxia-inducible gene 95
(Hi95) by microarray-based analysis of novel genes activated
by prolonged hypoxia (18). Similar to Sesn1, Sesn2 is a stress
responsive gene and both genes are activated by genotoxic
and oxidative stress in a p53-dependent manner, whereas
hypoxia can also induce Sesn2 through a p53-independent
mechanism (18, 117).

Additionally, it was demonstrated that all three members
of the Sesn family are activated by the transcription factor
forkhead transcription factor (FoxO3A) and FoxO1, members
of the FoxO gene family (88, 113). The FoxO genes encode
transcriptional factors belonging to forkhead family and in-
clude four members at mammals: FoxO1, FoxO3A, FoxO4,
and FoxO6, and only one gene at Drosophila (99). Similar to
p53, FoxO proteins are activated by stress and regulate ex-

pression of the genes involved in regulation of cell cycle,
metabolism, DNA repair, and antioxidant defense, protecting
cells under stress, but some of the FoxO targets are proapo-
totic genes responsible for inducing cell death under certain
conditions (99). They also play a critical role in regulation of
longevity (99). Transcription activity of FoxOs is negatively
regulated by insulin and growth factors through phosphor-
ylation by AKT and redistribution of protein from the nucleus
to the cytoplasm (99). Among the members of the Sestrin
family, Sesn3 has been shown the highest degree of activation
by FoxO (88). The Drosophila genome contains only one Ses-
trin gene, dSesn, which is transcriptionally regulated by p53
and FoxO providing further evidence that Sestrin regulation
is highly conserved in evolution (71).

The paradigm that the Sesn family encodes antioxidant
proteins emerged from detailed analysis of primary and sec-
ondary structure of the proteins using PSI-BLAST and 3D-
PSSM programs (3, 62). Indeed, we found sequence and
structural similarity of N-terminal portion of the Sesns and a
family of antioxidant bacterial proteins, which includes My-
cobacterium tuberculosis AhpD protein (17). The homology
spans at least five N-terminal a-helices of the conserved region
of Sestrins and the C-terminal a-helical portion of AhpD (17).
AhpD is a component of alkyl-hydroperoxide reductase par-
ticipating in defense against ROS and reactive nitrogen spe-
cies produced by host immune cells (13). The protein is
responsible for regeneration of AhpC, a member of a con-
served family of thiol-specific peroxidases called Prxs (13).
Two critical cysteines (Cys) in the catalytic domain of AhpD
are required for enzymatic activity of the protein (13), and
only one of them is conserved between AhpD and Sesns,
suggesting a different mechanism of action (17).

The mammalian Prx gene family is composed of six
members, which encode proteins that occupy different com-
partments of the cell and regulate redox balance and cell
signaling (37). The catalytic cycle passes through oxidation of
catalytic Cys to Cys-SOH group, and formation of a disulfide
bridge with resolving Cys and regeneration of Cys-SH groups
with thioredoxin. Unlike the bacterial protein, mammalian
Prx acquires sensitivity to oxidative inactivation of catalytical
Cys during oxidative burst through the formation of Cys-
SO2H group (37) (Fig. 5). Overoxidation of the catalytic Cys of
the Prxs temporarily switch off an antioxidant firewall and
allow transduction of the signaling pathways regulated by
ROS (36, 37, 80). However, after signaling has been com-

FIG. 5. Prx cycle. During enzymatic cycles of Prxs involved
in peroxide decomposition, catalytic cysteine is oxidized to
SOH group and then resolved by another Cys-SH through
the formation of a S-S bridge. Under oxidative burst, SOH
groups can be overoxidized to SO2H, which is reduced by
sulfiredoxins and Sestrins. Cys, cysteines; Prx, peroxiredoxin;
Sesn, Sestrin.
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pleted, the firewall should be restored. Two unrelated protein
family Sesns and Sulfiredoxin take a part in regeneration of
overoxidized forms of Prxs and are involved in regulation of
redox balance in the cell (8, 17) (Fig. 5). Sesns play a role in
regeneration of Prxs in many cell types, including different
cancer cell lines and macrophages (17, 30). Moreover, stimu-
lation of neuronal synaptic activity through the NMDA re-
ceptor involves overoxidation and reduction of Prxs in
Sesn2=Srxn-dependent manner (90).

Both Sesn1 and Sesn2 are critical for negative ROS regula-
tion in different cancer cell lines and primary human and
mouse fibroblasts in low stress conditions and under oxida-
tive stress (17, 124). ROS accumulation and oxidative stress
affect cell proliferation and viability. Silencing of either Sesn1
or Sesn2 in human fibroblasts significantly inhibit cell prolif-
eration and accelerate cell senescence triggered by ROS ac-
cumulation (17). Cell death is accompanied by ROS
production, which plays a potential role in amplification and
completion of the process (60, 94). H2O2 treatment of Sesn2-
silenced human cancer cells or Sesn2-deficient mouse lung
fibroblasts induces higher levels of cell death, whereas the
cells overexpressing Sesn1 or Sesn2 are more resistant to ox-
idative stress and hypoxia (17, 18)

Cancer cells are characterized by increased ROS production
and permanent oxidative stress (5, 93). The consequences of
ROS accumulation in cancer cells might be stimulation of
cellular proliferation, promotion of mutagenesis, and geno-
mic instability (5, 93). Accordingly, transformation of cells by
the RAS oncogene causes accumulation of large amounts of
ROS and treatment with NAC suppresses the transformed
phenotype and inhibits proliferation of transformed cells (2, 5,
55). The mechanism underlying ROS production in response
to Ras is not well characterized, but it was demonstrated re-
cently that Sesns participate in this process (66). Activated
forms of H-Ras and N-Ras negatively regulate expression of
Sesn1 and Sesn3 genes and the inhibition of Sesn expression
causes an oxidative burst, leading to increased levels DNA
oxidation and chromosomal instability (66). Treatment of Ras-
transformed cells with NAC or ectopic expression of Sesn1
and Sesn3 prevents accumulation of ROS and oxidative DNA
damages (66). Strikingly, p53 determines the effect of Ras on
ROS production, whereas elevation of ROS in response to Ras
induction is transient in p53-positive cells, ROS levels stay
increased permanently in p53-negative cells (66). So, inacti-
vation of p53 might be a desirable outcome for transformed
cells, allowing them to maintain high levels of ROS important
for their proliferation. p53 is not the only regulator of Sesn
expression in response to Ras. FoxO proteins play an impor-
tant role in regulation of Sesns, and two Ras-activated pro-
teins, AKT and ERK, negatively regulate FoxO through
phosphorylation and degradation (88, 126). Accordingly, the
levels of Sesn3 mRNA were significantly increased in the
AKT-deficient fibroblasts as compared to AKT-positive
counterparts (88). Thus, Ras potentially inhibits expression of
Sesns through negative regulation of FoxO.

The opposite effect of tumor suppressors and oncogenes in
regulation of Sesns indicates their potential role in tumor
suppression. Tumor suppressor mechanisms operate on dif-
ferent stages of carcinogenesis, including transformation and
tumor progression. To study the potential impact of Sesns on
suppression of transformation, we examined the efficiency of
transformation of Sesn2-deficient primary fibroblasts and

their Sesn2-proficient counterparts in a colony-formation as-
say. Sesn2 knockout cells are more susceptible to RasþE1A-
induced transformation than their wild-type counterparts
(16). Strikingly, the effect was reverted by treatment with
antioxidant NAC, implying the importance of ROS regulation
in suppression of transformation by Sesns (AVB, unpublished
data). To assess the impact of Sesns in the regulation of tumor
growth, we silenced either Sesn1 or Sesn2 in lung carcinoma
A549 cells and examined the growth of A549 tumor xeno-
grafts in nude mice. Growth of Sesn1- and Sesn2-deficient
tumors was significantly accelerated, and the effect of Sesn
knockdown was attenuated by supplementation of the ex-
perimental mice with NAC (98).

p53 and TOR

The impact of p53 in redox control is not entirely confined
by regulation of antioxidant or pro-oxidant genes, but might
also constrain some signaling pathways associated with in-
trinsic ROS production. Mitochondria are the major source of
ROS and pathways that affect mitochondria integrity and
function and play critical roles in ROS regulation (102). Aging
and age-associated diseases are characterized by ROS ac-
cumulation and mitochondrial dysfunction (102). The TOR
kinase, a highly conserved protein belonging to the phos-
phatidylinositole kinase-related kinase (PIKK) subfamily
(125), is the critical controller of mitochondrial function and
aging, which is tightly linked to redox regulation (102). Ac-
tivation of TOR through different mechanisms leads to ac-
cumulation of ROS, and rapamycin (a specific inhibitor of
TOR) suppresses stimulatory effects of TOR on ROS pro-
duction (21, 39, 65, 114). ROS can regulate TOR in both a
positive and negative manner dependent on cell systems and
treatment conditions (1, 10).

TOR forms two distinct protein complexes: TOR complex 1
(TORC1), which is rapamycin sensitive, and TOR complex 2
(TORC2), which is rapamycin insensitive (125) (Fig. 6). In
mammals, both complexes share mammalian TOR (mTOR),
mLST8, and Deptor subunits, but differ in other subunits that
determine the specificity in function and regulation of these
two complexes. TORC1 contains Raptor and PRAS40 and is
responsible for regulation of translation, cell growth, prolif-
eration, autophagy, ribosomal biogenesis, lipid biosyntesis,
and metabolism (70, 125), whereas mTORC2 contains Rictor
and mSIN1, and is involved in regulation of actin cytoskele-
ton and cell spreading (70). TORC1 and TORC2 also have
different substrate specificity. TORC1 directly phosphorylates
two proteins involved in regulation of cell translation: p70S6K
and 4E-binding protein (4E-BP) (125). P70S6K phosphorylates
S6 ribosomal protein potently regulating translation through
this protein. Phosphorylation of 4E-BP by TORC1 relieves the
inhibitory effect of 4E-BP on eIF-4E, an important factor for
initiation of translation (125). Activated p70S6K also has in-
hibitory effects on TORC1 through phosphorylation and
subsequent degradation of the insulin receptor substrate 1
(IRS1) protein, an upstream TORC1 regulator, providing a
negative feedback loop (104). Two other TORC1 targets
ATG13 and ULK1 are involved in the regulation of autophagy
(49, 58). The AKT kinase and AKT-related serum- and glu-
cocorticoid-induced protein kinase 1 (SGK1) were identified
as substrates for TORC2, which make TORC2 a potential
regulator of metabolism and cell viability (70).
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These two TOR-containing complexes are regulated
through different mechanisms (127). The mechanisms of
TORC2 regulation are yet to be defined, and TORC1 is reg-
ulated through integrated signals from growth factors, nu-
trient, and stress. The critical component of TORC1 regulation
is a GTPase called Ras homolog enriched in brain (Rheb),
which is found in a complex with mTOR and, loaded with
GTP, activates TORC1 through a poorly established mecha-
nism. Upstream regulation of Rheb and the nodal point of
regulation of the Rheb-TORC1 axis by many intracellular
signaling pathways is the tuberoses scleroses complex (TSC)
composed of TSC1 and TSC2 proteins. The TSC2 subunit of
the complex is the GTP activating protein for Rheb, whereas
TSC1 is important for stabilization of the TSC2 protein, pre-
sumably inhibiting its degradation by HERC1 E3 ubiquitin
ligase (22).

Activity of the TSC1:TSC2 complex is regulated through
phosphorylation by numerous upstream kinases such as
AKT, ERK, RSK, AMPK, and GSK3 (70) in response to stim-
ulation with growth factors, mitogens, and stress insults. The
insulin=insulin-like growth factor 1 (IGF1) pathway is an
evolutionary conserved system of regulation cell growth
metabolism and aging, which exerts many of its functions
through stimulation of TORC1 in a TSC1:TSC2-dependent
manner. Stimulation of insulin=IGF1 receptor with insu-
lin=IGF1 leads to phosphorylation and recruitment of IRS1
proteins and activation of phosphoinositide-3-kinase (PI3K),

which in turn activates the members of the AKT family
(AKT1, AKT2, and AKT3) through production of phos-
phatdylinositol-3,4,5-triphosphates (PtdIns(3,4,5)P3) (79).
PtdIns(3,4,5)P3 induce translocation of AKT through its
pleckstrin homology domain (PHD) to the cytoplasmic
membrane where AKT is phosphorylated and activated by
upstream phosphatydil phosphoinositide-dependent kinases
PDK1 on Thr308 and PDK2 on Ser473. It was recently shown
that PDK2 is TORC2 (101). PI3K-dependent AKT activation is
negatively regulated by phosphatase and tensin homolog
(PTEN), a lipid phosphatase counteracting the effect of PI3K
and converting PtdIns(3,4,5)P3 back to PtdIns(4,5)P2 (79).
Activated AKT phosphorylates multiple sites on TSC2 and
inhibits its activity (54), relieving the negative effect of the
TSC1:TSC2 complex on Rheb. Akt can also modulate activity
of TORC1 through direct phosphorylation and dissociation of
TORC1 inhibitor RASP40 (70) (Fig. 6).

Although the insulin=IGF1 pathway is critical for main-
taining activity of TORC1, many stress insults, including
nutrient deficiency, hypoxia, oxidative stress, and DNA
damage, counteract effects of insulin and growth factors and
inhibit TORC1 through activation of TSC2 (53). Many stress
stimuli activate AMPK, which plays a critical role in inhibition
of TORC1 through phosphorylation of TSC2 and Raptor (53,
105). AMPK is composed of three subunits, AMPKa, AMPKb,
and AMPKg. The mammalian genome encodes two AMPKa
subunits (AMPKa1 and AMPKa2), two AMPKb subunits
(AMPKb1 and AMPKb2), and three AMPKg subunits
(AMPKg1, AMPKg2, and AMPKg) (105, 122). AMPK activity
is positively regulated through phosphorylation of catalitical
a-subunit on Thr172 by several upstream kinases such as
LKB1, Ca=calmodulin-dependent kinases a and b, and TGF-b-
activated kinase 1 (122). LKB1 is the major AMPK kinase
ubiquitously expressed in different cell types that plays a
critical role in activation of AMPK under low energy condi-
tions in response to AMP (105). Activity of AMPK is also
regulated through protein–protein interaction with some
proteins such as kinase suppressor of Ras 2, which might
work as scaffolding protein for AMPK (23).

p53 induces phosphorylation of the AMPKa subunit, pro-
viding a link between stress and TORC1 inhibition (16, 28, 34).
It was demonstrated by several laboratories that DNA-
damaging insults suppress translation (11, 48, 111) and induce
autophagy (34), two well-established TORC1-regulated pro-
cesses (96, 111, 125). We have shown that p53 regulates
AMPK-TORC1 axis through induction of Sesn1 and Sesn2
genes (16). Being previously characterized as antioxidant
proteins, Sesns were considered to be suppressors of ROS-
dependent pathways, but we found that Sesns inhibit TORC1
through a redox-independent mechanism in a TSC2- and
AMPK-dependent manner (16, 71). Ectopic expression of
Sesn1 and Sesn2 induces phosphorylation of AMPKa subunit
and stimulates phosphorylation of TSC2 by AMPK (16) (Fig.
7). We observed that Sesns form complexes with AMPK,
TSC1, and TSC2 (16). Moreover, AMPK, TSC1, and TSC2
were coprecipitated with Sesn2, implying that Sesns can ac-
tivate AMPK and stimulate TSC2 phosphorylation through
protein–protein interactions working as scaffolding proteins
(16), which can potentiate phosphorylation of the AMPKa
subunit by upstream AMPK kinase and=or de-phosphoryla-
tion by upstream phosphatase. Inhibition of TORC1 through
Sesns might cooperate with other mechanisms of TORC1

FIG. 6. Regulation of the mTOR signaling pathway by
insulin and growth factors. Insulin=IGF1 activates PI3K
through the recruitment and phosphorylation of IRS1. PI3K
generates PIP3 [PtdIns(3,4,5)P3] from PIP2 [PtdIns(4,5)P2]
through the recruitment of PDK1 to the cytoplasmic mem-
brane, which stimulates AKT phosphorylation by this kinase.
Another AKT kinase is TORC2, regulated through a yet to be
defined mechanism. AKT phosphorylates and inhibits GAP
activity of TSC2, leading to Rheb inhibition and mTORC1
suppression. IGF1, insulin-like growth factor 1; IRS1, insulin
receptor substrate 1; mTOR, mammalian target of rapamy-
cin; PDK, phosphoinositide-dependent protein kinase; PI3K,
phosphatidylinositol-3-kinase; PIP, phosphatidylinositol
phosphate; Rheb, Ras homolog enriched in brain; TSC2,
tuberoses scleroses complex 2.
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regulation by p53. It was demonstrated that p53 also activate
negative modulators of TORC1 such as TSC2, AMPKb, PTEN,
and IGF1-binding protein 3 (IGF-BP3) (15, 32). Also, Polo-like
kinase 2 (PLK2) kinase has been described recently as a p53
target, which interacts with the TSC1:TSC2 complex and in-
hibit TORC1 activity (82).

Regulation of AMPK in response to p53 activation provides
another mechanism of suppression of ROS accumulation by
Sesns. As shown in many studies, AMPK plays important
roles in antioxidant defense (68, 74, 91, 106) and protects cells
from oxidative stress induced by fatty acids (64). Mitochon-
dria are the major source of ROS in cell and regulation of
mitochondrial function by AMPK is important for the anti-
oxidant activity of this kinase (106). Regulation of mitochon-
drial function and ROS production by AMPK potentially
involves inhibition of mTOR, which modulates mitochondrial
function and ROS through two mechanisms. First, mTOR
enhances mitochondrial respiration (25, 97, 103). Second,
mTOR interacts with mitochondrial proteins involved in
regulation of mitochondrial functions such as Bcl-xl and
VDAC1 (97), which can potentiate oxidative phosphorylation
(OXPHOS) through the regulation of substrate permeability
(97). Moreover, mTOR stimulates mitochondrial biogenesis
(25). ROS are generated as by-products of mitochondrial
respiration through leakage of electrons from the OXPHOS
chain. Stimulation of OXPHOS by mTOR can cause ROS ac-
cumulation (35). Another mechanism of control of ROS pro-
duction by the AMPK-TORC1 pathway involves activation of
autophagy (34, 128). Malfunctioned mitochondria and per-
oxisomes produce excess ROS, and autophagy can be re-
sponsible for turnover of defective organelles protecting the
cell from oxidative stress (36, 63, 128). In agreement with its
role in regulation of the AMPK-TORC1 pathway, Sesn2 is a
positive regulator of autophagy (AVB, unpublished obser-
vation), and is involved in activation of autophagy in re-
sponse to nutrient depletion, rapamycin, lithium, and
thapsigargin (76). p53 also induces autophagy through tran-
scriptional activation of damage-regulated autophagy mod-
ulator, a lysosomal protein that supports autophagy (24).
Cytoplasmic p53 inhibit autophagy (110), providing a nega-
tive feedback loop for this process.

p53, Sesns, and Aging

Our response to stress determines our lifespan expectancy
(100). Many exogenous stress insults cause increased ROS
production inside the cell through damage of mitochondria
and some other organelles (50, 78, 116). Aging and different

age-associated syndromes, including cancer, diabetes, neu-
rodegenerative diseases, muscle dystrophy, and chronic in-
flammation, are characteristics of oxidative stress (36), and it
was proposed by Harman in 1956 that ROS is a driving force
of aging (43). In spite of the evidence for and against this
theory (10), the detrimental role of ROS in many age-associ-
ated diseases is widely accepted (5, 31, 35). ROS production is
tightly linked with the activity of TOR, a well-characterized
aging regulator involved in many age-related pathologies (10,
102). Inhibition of TORC1 by the specific TORC1 inhibitor
rapamycin extends lifespan in yeast, worms, flies, and mice
(45, 57, 59, 61, 108). Inhibition of insulin=IGF1 pathway and
caloric restriction, two major mechanisms of lifespan exten-
sion in different organisms, are linked to the suppression of
TORC1 activity, considering the central role of TORC1 in
regulation of aging by many factors (87).

p53 is a critical regulator of lifespan and its inactivation
causes early death from cancer (27). To study the role of p53 in
aging, several mouse models were applied with much con-
troversy. Some mouse strains with increased p53 activity due
to expression of hypermorphic p53 allele, temperature-sensitive
p53 mutant, or a splice form of p53 resulted in accelerating
aging but increased resistance to cancer (75, 115). In other
mouse models with an extra copy of p53, or hypomorphic
Mdm2 gene mutation, normal lifespan was not affected, but
cancer incidence was decreased (41, 84). Finally, recent work
from the Serrano lab has shown that a genetically engineered
mouse strain containing an extra copy of the p53 and ARF
genes (super-Arf=super-p53 or s-Arf=p53 mice) is character-
ized by decreased levels of age-associated damage and cancer
resistance (82). Altogether, this indicates that the rigor of
control of p53 status and potential contribution from the other
pathways may determine the outcome of p53 activation,
which might have a positive or negative impact on aging.

s-Arf=p53 mice have decreased levels of oxidative stress as
compared to control and show increased expression of Sesn1
and Sesn2 genes (82). As mentioned before Sesn1 and Sesn2
genes are involved in the control of ROS accumulation and
protection against oxidative stress, but also in regulation of
the AMPK-TORC1 pathway. Not properly controlled TORC1
can accelerate aging through increased rate of metabolism,
translation, and negative regulation of autophagy (9, 10, 100).

FIG. 7. Regulation of mTOR pathway by Sestrins. Ses-
trins, induced by many stress insults through p53, interact
with the TSC1:TSC2 complex and activate AMPK. This re-
sults in TSC2 phosphorylation and stimulation of TSC2
GAP activity, followed by inhibition of TORC1 and TORC1-
dependent processes.

FIG. 8. Role Sestrins in aging. Sestrins activated by vari-
ous stresses in a p53- or forkhead transcription factor-
dependent manner regulate mTOR signaling, resulting in
protection from aging-related dysfunctions.
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Accordingly, inhibition of autophagy shortens lifespan and
causes muscle atrophy and neurodegeneration, two age-as-
sociated phenomenon (40, 81, 100). The levels of autophagic
proteolysis decrease with age, weakening stress responses
and providing favorable soil for age-linked diseases (100). The
function of the autophagy regulator p53 and activation of p53-
dependent genes declines with age, potentially affecting au-
tophagy (33). Sesns, regulated positively by p53 (18, 117) and
negatively by insulin-AKT pathway (88), might mediate ef-
fects of these pathway on regulation of aging through control
of ROS and TORC1 activity (112). Accordingly, deletion the
only Sesn gene (dSesn) in Drosophila accelerates age-related
pathologies such as triglyceride accumulation, mitochondrial
dysfunction, muscle degeneration, and cardiac malfunction in
many aspects phenocoping the effect of inactivation of an
important autophagy regulator ATG1 (71) (Fig. 8). All age-
related phenotypes of dSesn-deficient flies were prevented by
treatment with AMPK activators or TORC1 inhibitor rapa-
mycin (71). The muscles of dSesn null flies also exhibit ele-
vation of ROS and accumulation of ubiquitinated protein
aggregates, two signatures of impaired autophagy potentially
contributing to the aging phenotype (71). To examine whether
Sesn contribute to aging phenotype and oxidative stress
through its intrinsic enzymatic activity or indirectly through
the AMPK-TORC1 pathway we reconstituted dSesn null flies
with the redox-deficient S125C mutant (16). This mutant is
proficient in regulation of the AMPK-TORC1 pathway and is
able to rescue many of the age accelerating phenotypes of
dSesn null flies, such as triglyceride accumulation and pro-
gressive muscle degeneration (71). These data support the
idea that regulation of the AMPK-TORC1 axis and its link
with redox balance is the predominant mechanism utilized by
Sesns to protect against aging and aging-related pathologies
at Drosophila. Nonetheless, we cannot rule out the possibility
that Sesns have AMPK and TORC1-independent mechanisms
of regulation of aging in vertebrates. Accordingly, reconsti-
tution of Sesn null mice with the redox-deficient mutant will
shed light on the role of intrinsic antioxidant activity of Sesns
on aging at mammals.

Cancer is a disease of aging and similar mechanisms might
provide protection in both cases. An elevated oxidative sta-
tus of aging cells can contribute to carcinogenesis facilitating
transformation, genomic instability, invasiveness, and an-
giogenesis (5). In accordance, some mouse strains with de-
ficiency of antioxidant enzymes are cancer prone (95). The
antioxidant function of p53 seems to be important for its
antiaging and tumor suppressor function, and Sestrins
might be effectors of both processes. Decline of p53 function
with age can repress Sesn1 and Sesn2 expression, weakening
protection from oxidative stress and elimination of age-as-
sociated damages (33).

Concluding Remarks

The last years have provided more and more data that the
major tumor suppressor p53 controls cancer not only through
elimination of premalignant cells, but also through regulation
of stress response, mitochondrial function, and cell signaling.
Among them, regulation of ROS and TORC1 are two closely
related processes, which potentiate aging and age-related
diseases, including cancer. The novel p53-regulated antioxi-

dant Sesn gene family involved in control of the AMPK-
TORC1 axis and mitochondrial function might be a first line of
defense against accumulation of detrimental damages, which
potentiate aging and fuel age-associated diseases. The mouse
models with deficiency in members of the Sesn family will
allow us to better understand the impact of Sesns in stress
response, aging, and age-related disorders.
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Abbreviations Used

4E-BP¼ 4E-binding protein
ALDH4¼ aldehyde dehydrogenase 4 gene
AMPK¼AMP-activated protein kinase

ATM¼ ataxia telangiectasia mutated
Cys¼Cystein

FoxO¼ forkhead transcription factor
GPX1¼ gluthatione peroxidase 1
Hi95¼hypoxia-inducible gene 95
IGF1¼ insulin-like growth factor 1

IGF-BP3¼ IGF1-binding protein 3
IRS¼ insulin receptor substrate

Mdm2¼murine double minute 2
MnSOD¼manganese superoxide dismutase

mTOR¼mammalian target of rapamycin
NAC¼N-acetyl-L-cysteine

NAD(P)H¼nicotinamide adenine dinucleotide phosphate
OXPHOS¼ oxidative phosphorylation

PA26¼p53-activated protein 26
PDK¼phosphoinositide-dependent protein kinase
PI3K¼phosphatidylinositol-3-kinase

PIP¼phosphatidylinositol phosphate
PLK2¼Polo-like kinase 2

Prx¼peroxiredoxin
PTEN¼phosphatase and tensin homolog
Redox¼ reduction and oxidation

Rheb¼Ras homolog enriched in brain
ROS¼ reactive oxygen species
S6K¼ S6 kinase
Sesn¼ Sestrin
SGK¼ serum- and glucocorticoid-induced protein

kinase 1
SOD¼ superoxide dismutase

TIGAR¼ tumor protein 53-induced glycolysis and
apoptosis regulator

TP53INP1¼ tumor protein 53-inducible nuclear protein 1
TOR¼ target of rapamycin

TORC1¼TOR complex 1
TORC2¼TOR complex 2

TSC¼ tuberoses scleroses complex protein
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