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Sestrins — proteins that link stress and aging

Stressin’ Sestrins take an aging fight
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Introduction

Every organism exists in a constantly
changing environment and faces fre-
quent challenges that threaten its
survival and can compromise its well-
being. In spite of huge differences in
lifespan amongst different species and
even between individuals within one
species, the existence of all individuals

Sestrins (Sesns) are a family of highly conserved stress-responsive proteins, tran-
scriptionally regulated by p53 and forkhead transcription factor that exhibit oxido-
reductase activity in vitro and can protect cells from oxidative stress. However, their
major biochemical and physiological function does not appear to depend on their
redox (reduction and oxidation) activity. Sesns promote activation of adenosine-5-
monophosphate (AMP)-dependent protein kinase in both mammals and flies. Stress-
induced Sesn expression results in inhibition of the target of rapamycin complex 1
(TORC1) and the physiological and pathological implications of disrupting the Sesns-
TORC1 crosstalk are now being unravelled. Detailing their mechanism of action and
exploring their roles in human physiology point to exciting new insights to topics as
diverse as stress, cancer, metabolism and aging.

depends on so-called stress responses,
whose main goal is to provide protec-
tion against life-threatening challenges and restore physiological
homeostasis. Well-studied stress responses include the heat-
shock response (Morimoto, 1998), the unfolded protein response
(Ron & Walter, 2007) or the induction of metallothioneins in
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response to toxic heavy metals (Karin, 1985). In addition to
providing protection against acute insults, many of the products
of these stress responses have normal physiological functions and
their expression may provide both stress adaptation as well as
increased overall fitness.

This review deals with a small group of stress-inducible
proteins called Sestrins (Sesns), whose physiological functions
are just starting to be appreciated and understood.

The Discovery of Sestrins

The tumour suppressor protein p53 has attracted much attention
since its identification (Lane & Crawford, 1979) and molecular
cloning (Chumakov et al, 1982; Oren & Levine, 1983), mainly
because the gene is mutated and/or inactivated in most human
cancers (Levine, 1997). p53 protein accumulation and activity are
induced by genotoxic stress (Levine, 1997) as well as oxidative
(Sablina et al, 2005) and oncogenic stresses (Lowe et al, 2004).
p53 is a well-established transcription factor with tumour
suppressive properties as its absence in mice results in
spontaneous tumours (Donehower et al, 1992). Many p53 target
genes have been thoroughly characterized and implicated in its
tumour suppressive functions (Vousden & Lane, 2007; Vousden &
Prives, 2009), but so far not a single target gene whose ablation
results in tumorogenesis has been identified. Excessive p53
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activity in response to severe DNA damage can lead to cell death
through induction of pro-apoptotic target genes such as Puma and
Noxa (Vousden & Prives, 2009), whereas more modest p53
activation inhibits cell cycle progression mostly through induc-
tion of p21 (Vousden & Prives, 2009). More recently, p53 was
found to control glycolysis through induction of TP53-induced
glycolysis and apoptosis regulator (TIGAR) (Bensaad et al, 2006).
In 1994, Kley’s group isolated a new p53 target gene that was
named p53-activated gene 26 (PA26) (Buckbinder et al, 1994).
PA26 did not show any similarity to previously known genes but
a close homologue of the PA26 gene named hypoxia-inducible

Glossary

Alzheimer’s disease

Age-related neurodegenerative disease, characterized pathologically
by protein aggregates known as plaques and tangles consisting
mainly of the proteins amyloid beta and phosphorylated tau. The
main symptoms are memory loss and reduced cognitive functioning.

Apoptosis

Programmed cell death characterized by shrinkage of the cell,
condensation of chromatin and fragmentation of the cell into
membrane-covered bodies that are eliminated by phagocytosis.

Autophagy

Tightly regulated process for degradation of intracellular constituents
in lysosome helping to maintain cellular integrity. Divided into three
groups: macroautophagy, microautophagy and chaperone-mediated

autophagy. Macroautophagy is the most studied form of autophagy

characterized by encapsulation of part of cytoplasm or organelles into
two-membrane vesicles followed fusion with lysosome.

Cancer

Disease featuring abnormal and uncontrolled proliferation of a group
of cells resulting in invasive growths or tumour followed by spread
throughout the body.

Chronic obstructive pulmonary disease

Progressive lung disease encompassing chronic bronchitis and
emphysema (destruction of lung tissue) and characterized by
narrowing airways and limitation of air flow through the lungs.

Fat droplets
Microaggregates of lipids (mainly triglycerides) visible within cells.

Genotoxic stress
Reaction of cells or organism on DNA-damage induced by genotoxins,
irradiation or intrinsic inability to support DNA integrity.

Glycolysis

Metabolic pathway that converts glucose into pyruvate through a
sequence of reactions involving 10 intermediates, releasing energy in
form of ATP and NADH.

Hepatosteatosis

Fat deposition in the liver that exceeds 5% of the total weight of liver
or at visualization with more that 5% of hepatocytes containing fatty
droplets at light microscopic examination.

Inflammation
A poorly specific immune response of body tissues to infection, irritation
or other injuries, characterized by pain, swelling, redness and heat.

Ischaemic injury

Damage and/or dysfunction of tissue induced by restriction of blood
supply resulting in shortage of oxygen, glucose and some other
nutrients.
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gene 95 (Hi95) was identified several years later (Budanov et al,
2002) (Fig 1). PA26, Hi95 and a third member of the family, found
as an open reading frame by in silico analysis (Budanov et al,
2002; Peeters et al, 2003), comprise a small gene family whose
members were named Sesns after Sestri Levante, a small town on
the Ligurian coast of Italy where, during a human genetics course,
researchers discovered the amino acid sequence homology
between the three proteins (Peeters et al, 2003) (Fig 2). In this
review, we refer to the Sesns as Sesnl, Sesn2 and Sesn3. Sesn3
was also found as a gene regulated by serum and growth factors
(Nogueira et al, 2008). Whereas Sesnl and Sesn2 are mainly

Lipogenesis

Metabolic process by which acetyl-CoA is converted to fat. Lipogenesis
encompasses the process of fatty acid synthesis and subsequent
triglyceride synthesis. It plays an important role in conservation of
energy in form of fat.

Mitophagy
Autophagy selective for degradation of mitochondria.

Oncogenic stress

Reaction of organism to hyperactivation of oncogenes to prevent
uncontrolled proliferation of potentially detrimental procarcinogenic
cells.

Oxidative burst
Rapid but temporal release of ROS by cells to stimulate cell signalling
or combat infections.

Oxidative stress

An imbalance between production and decomposition of ROS results
in accumulation of ROS followed by oxidative damage of cellular
constituents.

Parkinson’s disease

Age-related neurodegenerative disease, characterized pathologically
by protein aggregates in the brain, mainly composed of alpha-
synuclein, known as Lewy bodies. The main symptoms are reduced
motor skills and movement defects.

Pulmonary emphysema

Progressive disease of lung causing shortness of breath. The disease is
characterized by destruction of lung tissue around alveoli, making
them unable to hold their functional shape upon exhalation.

Reactive oxygen species

Inorganic or organic chemically reactive molecules containing oxygen
in form of oxygen ion, radical or peroxide. Work as second messengers
in cell signalling under physiological concentration, but cause
oxidative stress when accumulated.

Sarcopenia
Degenerative loss of skeletal muscle tissue and skeletal muscle
strength as a consequence of aging.

Second messengers
Small molecules that convey and amplify signals from receptors on
cell surface to effector molecules.

Translation
Process of protein biosynthesis on a ribosome during which mRNA
directs incorporation of amino acids into polypeptide chain.

Type Il diabetes
A metabolic medical condition characterized by insulin resistance and
high blood glucose levels.
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First Sestrin (Sesn1) discovered as p53 target
Sesn2/Sesn3discovered

Redox function of Sestrins revealed

Sestrin function in genomic stability reported
TOR-inhibitory function of Sestrins revealed

Sestrin was shown to inhibit aging-related pathologies

Figure 1. Historical timeline of Sestrin research. Since the discovery of
Sesns as stress-inducible proteins, many studies shed light on understanding
the physiological function of the molecule.

responsive to p53 (Budanov et al, 2002; Velasco-Miguel et al,
1999), Sesn3 is activated by FoxO transcriptional factors
(Nogueira et al, 2008), which can also contribute to Sesnl
induction (Nogueira et al, 2008; Tran et al, 2002). The Sesns are
highly conserved and Caenorhabditis elegans and Drosophila
melanogaster orthologues were found by analysis of the
corresponding genomes (see Box 1 and Fig 2) (Budanov et al,
2002). Whereas vertebrates contain three Sesn genes, inverte-
brates in general have a single Sesn with no Sesn genes found in
yeast (Lee et al, 2010) (Fig 2).

Sestrins and Redox Control

The only structural similarity identified between Sesns and
other proteins is limited to a conserved N-terminal region that
contains a motif found in prokaryotic proteins, including the
Mycobacterium tuberculosis AhpD protein (Budanov et al, 2004)

(Fig 2B). AhpD is a component of alkyl-hydroperoxidereductase
which provides protection against reactive oxygen species
(ROS) (Bryk et al, 2002). More specifically, AhpD is responsible
for regeneration of a thiol-specific peroxidase AhpC that is
oxidized during reduction of peroxides and reactive nitrogen
species (Bryk et al, 2002). The mammalian peroxiredoxin (Prx)
family consists of six members, whose catalytic cycle include
oxidation of a catalytic cysteine (Cys)-SH to Cys-SOH, followed
by formation of a S-S bridge that is reduced back to Cys-SH by
the thioredoxin system (Rhee et al, 2005). During an oxidative
burst, the Prxs can be over-oxidized to cysteine sulfinic acid
(Cys-SO,H), resulting in their inactivation. In their oxidized
form (Cys-SO,H), Prxs can be rescued by a special sulfinyl-
reductase system comprised of sulphiredoxins (Biteau et al,
2003; Chang et al, 2004). Given their similarity to AhpD, the
Sesns were examined for effects on ROS accumulation.
Depletion of Sesnl or Sesn2 by gene silencing in cultured cells
resulted in ROS accumulation, whereas Sesnl/2 overexpression
reduced ROS levels (Budanov et al, 2004) (Fig 3A). Sesns are
now known to modulate Prx regeneration in cancer cell lines
(Budanov et al, 2004), macrophages (Essler et al, 2009) and
neurons, where they prevent oxidative stress caused by N-
methyl-p-aspartate (NMDA) receptor activation (Papadia et al,
2008) (Fig 3A). Sesns (in particular Sesn2) can restore the
activity of over-oxidized Prxs (Cys-SO,) (Budanov et al 2004),
although it was reported that Sesn is not an enzyme that is
directly involved in reduction of over-oxidized Prxs, but rather
play an auxiliary role in the process (Rhee et al, 2008). Thus
Sesns likely inhibit ROS accumulation through maintenance of
Prxs activity, although other antioxidant mechanisms of action
performed by Sesns cannot be ruled out at this stage.

Sesnlis considered the primordial member of the family and
most similar to invertebrate Sesns (Lee et al, 2010). The
SESN1 gene is transcribed into three mRNAs from three
different promoters, such that each transcript contains a
unique first exon and nine common exons. The transcripts
encode three different proteins: Sesn1-T1 (551 a.a., 68 kDa),
Sesn1-T2 (491 a.a., 55 kDa) and Sesn1-T3 (426 a.a., 48 kDa),
which vary in their amino (N)-terminal portions. Only the T2
and T3 isoforms are p53-inducible (Velasco-Miguel et al,
1999). Two major transcripts of the Xenopus Sesnl gene
were also identified within Xenopus (Hikasa & Taira, 2001),
but no alternative transcripts were found in zebrafish
(Peeters et al, 2003). The SESN2 gene by contrast is
transcribed into a single mMRNA species. Sesn2 mRNA encodes
a 480 a.a. protein which runs as a 60-kDa band on SDS-
polyacrylamide gel electrophoresis (Budanov et al, 2002).
According to the Uniprot database (http://www.uniprot.org/
uniprot/P58005#P58005-2), there are two alternatively
spliced forms of SESN3, encoding two different protein
products: 492 a.a. (57.3 kDa) and 317 a.a. (36 kDa). Sesns are
located on different chromosomes: SESN1 on 6q21, SESN2 on

BOX 1: Isoforms, structure and expression of Sestrins

1p35.3, and SESN3 on 11921 in the human genome
(Budanov et al, 2002).

Structural predictions in silico using the GLOBE program
(http://cubic.bioc.columbia.edu/predictprotein) suggest that
Sesns are globular proteins composed mostly of a-helical
regions. Predicted highly conserved «-helices are connected
by the less conserved hinge regions (Budanov et al, 2002).
However, no obvious known structural motifs or folds appear
to be present. The Sesns contain several putative Ser/Thr and
Tyr phosphorylation sites, including casein kinase 2 (CK2),
protein kinase C (PKC) and protein kinase A (PKA) sites
(Budanov et al, 2002). Recent phosphoproteomic analysis
revealed that Drosophila Sesn (dSesn) is phosphorylated at
multiple sites in vivo (Zhai et al, 2008).

Sesnsareubiquitouslyexpressedinalladulttissues,although
at different levels (Budanov et al, 2002; Peeters et al, 2003;
Velasco-Miguel et al, 1999). Interestingly, Sesn1 and Sesn2 are
most highly expressed in skeletal muscle (Velasco-Miguel et al,
1999) and dSesn is also highly expressed in skeletal muscle
(Lee et al, 2010). The amount of dSesn expression increases
upon maturation to imago stage and aging (Lee et al, 2010).

© 2010 EMBO Molecular Medicine
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A Ciona intestalis Sesn
Homo sapiens Sesn1
Mus musculus Sesn1
Xenopus laevis Sesn1
= — Danio rerio Sesn1
Homo sapiens Sesn3
Mus musculus Sesn3
L Xenopus laevis Sesn3
'———————— Danio rerio Sesn3
— Homo sapiens Sesn2
Mus musculus Sesn2
Xenopus laevis Sesn2

Danio rerio Sesn2
Drosophila melanogaster Sesn
Anopheles gambiae Sesn

Apis mellifera Sesn
Hydra magnipapillata Sesn
Dictyostelium discoideum Sesn
Phytophtora infestans Sesn
Caenorhabditis elegans Sesn
Paramecium tetraurelia Sesn
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Figure 2. Conservation of Sestrins.

A. Multiple alignment was performed using CLUSTALW algorithm. Phylogenic
tree was constructed using Neighbour-Joining methods. Sesn paralogue
diversification is only observed within the vertebrate branches.

B. Putative domain structure of Sesn-family proteins. Sesn-A domain cor-
responds to 81-221 a.a., Sesn-B domain to 273-311 a.a. and Sesn-C
domain to 325-492 a.a. of human Sesn1 short isoform protein, which were
estimated from multiple sequence alignments. Human Sesn1 long isoform
is N-terminally extended from Sesn1 short isoform. Part of Sesn-A domain
shows similarity to bacterial AhpD family proteins (dashed with blue) and
contains a conserved cystein residue (yellow circle), which may be critical
for antioxidant function of the protein. Caenorhabditis elegans Sesn (cSesn)
has a less conserved Sesn-B domain (dashed with pink).

Although ROS can cause severe damage to many cellular
constituents (Finkel & Holbrook, 2000), they may also operate
as second messengers involved in the regulation of cell
proliferation (Finkel, 2003; Martindale & Holbrook, 2002).
For instance, oncogenic Ras proteins induce ROS accumulation
and ROS are thought to be important effectors of Ras GTPase
(Alexandrova et al, 2006; Irani et al, 1997). Ras activation results
in down-regulation of Sesn1 and Sesn3 expression and this may
contribute to Ras-induced ROS accumulation (Kopnin et al,
2007). The ability of Ras to cause down-regulation of Sesn1 and
Sesn3 may be related to their positive regulation by FoxO
transcription factors (Fig 3) (Chen et al, 2010; Nogueira et al,
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2008; Tran et al, 2002). FoxO activity is subject to negative
regulation by Ras through the AKT/protein kinase B (PKB) and
ERK protein kinases, which retain FoxO proteins in the
cytoplasm (Yang & Hung, 2009). Furthermore, Sesn3 was
found to be responsible for some of the antioxidant activity of
FoxO3A, and ectopic expression of activated AKT increases ROS
accumulation through down-regulation of Sesn3 expression
(Nogueira et al, 2008). Sesns are not the only antioxidant
proteins activated by FoxO. The list also includes superoxide
dismutase 2 (SOD2) and catalase, so Sesns may cooperate with
other antioxidant proteins to provide a robust antioxidant
defense system triggered by FoxO in response to different
environmental stimuli (Salih & Brunet, 2008).

Sesnl and Sesn2 are regulated by p53 (Fig 3A), and p53 is also
known to activate antioxidant responses (Sablina et al, 2005). In
addition to Sesnl and Sesn2, p53 can induce expression of
glutathione peroxidase 1 (Hussain et al, 2004), SOD2 (Hussain
et al, 2004), aldehyde dehydrogenase 4A1 (ALDH4A1l) (Yoon
et al, 2004), p53-inducible protein 1 (INP1) (Cano et al, 2009),
TIGAR (Bensaad et al, 2006), catalase (O’Connor et al, 2008) and
glutaminase 2 (Hu et al, 2010), congruently with its ability to
elevate antioxidant defenses. Interestingly, under severe stress
conditions p53 induces ROS production and activates expres-
sion of pro-oxidant proteins involved in induction of apoptosis,
such as PIG3, PUMA and Bax (Polyak et al, 1997; Vousden &
Lane, 2007). Nevertheless, ROS accumulation is enhanced in
p53-deficient cells (Ding et al, 2007; Sablina et al, 2005) and as a
result, p53-deficient cells exhibit elevated DNA oxidation and
chromosomal instability (Kopnin et al, 2007; Sablina et al,
2005). The antioxidant activity of p53 is also important for
protecting retinal cells against oxidative stress and cell death
(O’Connor et al, 2008). The importance of p53 in antioxidant
defense is supported by in vivo analysis of transgenic mice
with extra copies of p53 and the p53 regulator Arfl that show
reduced oxidative damage and ROS accumulation (Matheu et al,
2007). Expression of Sesnl and Sesn2 is increased in these
mice which also display an increased longevity phenotype.
Despite the lack of direct evidence for a role of Sesns in the
delay of aging, the plethora of data on the protective role of
Sesns against oxidative stress in cell culture and their role in
delaying aging-associated pathologies in Drosophila (see below)
make them good candidates for the anti-aging activity in this
mouse model.

Many recent studies suggest that age-associated neurode-
generative diseases, such as Alzheimer’s disease (Querfurth &
LaFerla, 2010) and Parkinson’s disease (Schapira & Tolosa,
2010) are associated with the accumulation of oxidative stress.
Hence, the antioxidant activity of Sesns may exert a neuropro-
tective role during aging as well as upon neuronal injury.
Lending further credit to this hypothesis, Sesn2 is highly
induced in mouse brains that suffered ischaemic injury
(Budanov et al, 2002). In addition, Sesn2 is also induced by
neuronal synaptic activity through NMDA receptor signalling
thereby mediating intrinsic antioxidant defenses triggered by
synaptic activity (Papadia et al, 2008) (Fig 3). dSesn-null
Drosophila (Lee et al, 2010) show an obvious muscle
degeneration phenotype, strikingly similar to the ones observed

© 2010 EMBO Molecular Medicine
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A NMDAR signalling 4\_}

Oxidative stress ——————— %
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Figure 3. Regulators of Sestrin expression.

..:'* % mSesn1 p>

\*’ mSesn3 P>
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----- Enhanced autophagy

ROS reduction

Reduced protein synthesis
Reduced anabolism

Reduced cell growth

Enhanced autophagy
ROS reduction
dSesn p> Reduced protein synthesis

Reduced anabolism

Reduced cell growth

A. Regulation of Sesn family gene expression in mammals. Stress-regulated transcription factors, p53 and FoxO were shown to be involved in the regulation of

Sesn proteins.

B. Regulation of Sesn in Drosophila. Solid lines depict confirmed mechanism of inducing Sesns. Dotted lines depict potential transcriptional mechanisms for Sesn

regulation.

in Parkin-null and PTEN induced putative kinase 1 (PINK)-null
mutant flies (Clark et al, 2006; Greene et al, 2003; Park et al,
2006). Parkin and PINK are homologues of human genes for
familial parkinsonism and the pathologies caused by loss of
either dSesn, Parkin or PINK are suppressed by administration of
antioxidants such as vitamin E (Bier, 2006; Lee et al, 2010; Wang
etal, 20006). Altogether, we believe that Sesn’s antioxidant roles,
as well as other protective roles that will be described below, are
functioning to attenuate age- or brain injury-induced neurode-
generative diseases.

Sestrins and TOR Signalling

During a search for signalling pathways that may be affected by
the redox (reduction and oxidation) activity of Sesn, we found
that a major target for Sesn is the pathway that controls the
activity of target of rapamycin (TOR) kinase (Budanov & Karin,
2008) (see Box 2, Fig4). The regulation of TOR activity by Sesn,
however, does not depend on Sesn redox activity (Budanov &
Karin, 2008; Lee et al, 2010). TOR is a critical regulator of cell
growth, proliferation, translation, metabolism and autophagy,
first identified as a protein kinase whose activity is inhibited by
the macrolide rapamycin (Alexander et al, 2010; Blagosklonny,
2008; Chen et al 2009; Wullschleger et al, 2006). In mammals,
mTOR is present in two different complexes, TORC1 and
TORC2. p53 is a known inhibitor of TORC1 and Sesn1 and Sesn2
are essential for this activity (Budanov & Karin, 2008) (Fig 5).
Ectopic expression of Sesnl or Sesn2 in different experimental

© 2010 EMBO Molecular Medicine

settings results in strong inhibition of TORCI activity, monitored
by phosphorylation of p70S6K, 4E-binding protein (4EBP)1 and
S6 proteins (Budanov & Karin, 2008). Two different splice forms
of Sesn3 and dSesn can also inhibit the activity of TORCI
(Budanov & Karin, 2008; Chen et al, 2010; Lee et al, 2010) and,
importantly, inhibition of Sesnl or Sesn2 expression prevents
the suppression of TORCI activity otherwise imposed by
genotoxic stress and p53 (Budanov & Karin, 2008; Wempe
et al, 2010).

Inhibition of TOR is, however, independent of the anti-
oxidant effects of the Sesns. Expression of a Sesn2 redox-
defective mutant (C125S) (Budanov et al, 2004) led to as much
inhibition of TORC1 as overexpression of wild type Sesn2 in
human cell lines and similar findings were made in Drosophila
(Budanov & Karin, 2008; Lee et al, 2010). To understand how
Sesn inhibits TORC1, we examined the role of the small GTPase
Rheb and the TSC1:TSC2 complex (see Box 2) in this process.
Ectopically expressed Sesn2 decreased GTP loading of endo-
genous Rheb and overexpression of Rheb abrogated the
inhibition of TORC1 by Sesnl/2 (Budanov & Karin, 2008).
We also found that Sesnl/2 inhibits TORC1 in a TSC1:TSC2-
dependent manner (Budanov et al, 2004). Importantly, Sesn1/2
induces AMPK phosphorylation at T172 and enhances AMPK-
mediated phosphorylation of the TSC1:TSC2 complex (Fig 5)
(Budanov & Karin, 2008). The mechanism by which Sesns
activate AMPK is yet to be elucidated and it is not even clear
whether it is liver kinase B (LKB1)-dependent or not. In some
cells, Sesn overexpression can lead to AMPK phosphorylation in
the absence of LKB, whereas in others it is LKB dependent (Wei

EMBO Mol Med 2, 388-400 www.embomolmed.org
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BOX 2: The TOR signalling pathway

TOR (or mTOR in mammals) forms two distinct complexes
called TORC1 and TORC2, which differ in the presence of
the adaptor proteins Raptor and PRAS40 in TORC1 and the
adaptor proteins Rictor, Sinl and Protor-1 in TORC2
(Laplante & Sabatini, 2009b) (Fig 4). Curiously, rapamycin
inhibits TORC1 activity, whereas TORC2 activity is consid-
ered to be rapamycin-independent (Wullschleger et al,
2006). TORC1 phosphorylates the protein kinase p70S6K1
and the 4EBP proteins, which are involved in regulation of
translation, whereas TORC2 phosphorylates AKT, a critical
regulator of metabolism and viability (Laplante & Sabatini,
2009b; Wullschleger et al, 2006).

TORC1 activity is regulated by a small GTPase, Ras
homologues enriched in brain (Rheb), which binds and
activates TORC1 upon guanosine-5'-triphosphate (GTP)
loading (Wullschleger et al, 2006). Rheb itself is subject to
negative control by the tuberous sclerosis 1 and 2 proteins
(TSC1 and TSC2), which form a stable heterodimer that
functions as a GTPase activating protein (Laplante &
Sabatini, 2009b; Wullschleger et al, 2006). The TSC1:TSC2
complex is a nodal point for TORC1 regulation, because it

( AMPK | —> [ TSC1/TSC2 )

1

integrates numerous inputs including the protein kinases
AKT, ERK and RSK that function as negative regulators of
TSC1:TSC2, thereby leading to TORC1 activation (Laplante &
Sabatini, 2009b). Importantly, TSC1:TSC2 activity is posi-
tively regulated by AMP-activated protein kinase (AMPK),
which is a major nutrient sensor (Shaw, 2009). Nutrient
starvation, caloric restriction (CR) and exercise, all of which
lead to ATP depletion and an increase in the AMP to ATP ratio,
can activate AMPK (Shaw, 2009). AMPK activation results in
inhibition of TORC1 activity through phosphorylation of
TSC2 (Inoki et al, 2003) and Raptor (Gwinn et al, 2008). AMPK
itself is a protein complex composed of a catalytic a subunit,
and regulatory B and vy subunits (Shaw, 2009) and its
activation can be brought about by different mechanisms
including phosphorylation by upstream kinases such as
LKB1, Ca®*/calmodulin-dependent kinase and transforming
growth factor-B-activated kinase 1 (TAK1), and through
interaction with regulator proteins such as KSR2 (Costanzo-
Garvey et al, 2009; Wang & Guan, 2009). Curiously, p53
activation was found to inhibit TORC1 through activation of
AMPK (Feng et al, 2005).

Figure 4. Overview of TOR signalling. TOR
kinase can be found in two distinct
complexes in cells. TORC1 is rapamycin-
sensitive but TORC2 is rapamycin-
insensitive, and they are regulated

i PRAS40

differently. While TORC2 can induce TORC1

TORCH

( sin1 [ Protor-1
I TOR |

TORC2 activation, hyperactivation of TORC1 can

SiL

R
( Rictor | GBL )

lead to suppression of TORC2. Signalling

i

v\
(Aatg1) [sek) [ 4EBP | AKT

molecules are shaded in blue and TOR
cofactors are shaded in red.

Wang and Michael Karin, unpublished data). Most likely
through interaction with AMPK, Sesns facilitate activation by
upstream stimuli or autophosphorylation.

TORC1 regulates many intracellular processes, including
translation, cell growth, proliferation and autophagy (Wulls-
chleger et al, 2006). Ectopic expression of Sesn2 inhibits
phosphorylation of 4EBP1 and stimulates its binding to the
translation initiation factor eIF-4E, thereby inhibiting the
initiation of mMRNA translation (Budanov & Karin, 2008).
Accordingly, Sesn2 prevents translation of c-Myc and Cyclin
D1 mRNAs, blocking cell proliferation (Budanov & Karin, 2008).
Sesnl and Sesn2 may also play a critical role in regulating cap-
dependent protein synthesis in response to ionizing irradiation
(Braunstein et al, 2009). Another important function of TORC1 is
inhibition of macroautophagy (hereafter called autophagy) and
Sesns may play a role here too. Autophagy is a process of
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sequestration and lysosomal degradation of intracellular orga-
nelles (including mitochondria) and cytoplasmic content
(Klionsky et al, 2008). Autophagy plays an important role in
the control of cell viability by providing necessary nutrients
during starvation and in monitoring the health and integrity of
organelles, especially the mitochondrion. Defective autophagy
results in accumulation of damaged mitochondria which produce
ROS and thereby can lead to oxidative stress and cellular damage
(Gottlieb & Carreira, 2010). TORC1 inhibits autophagy through
phosphorylation-mediated inhibition of the ATG1 (ULK1) protein
kinase, and ATG13 proteins (Hosokawa et al, 2009; Jung et al,
2009; Wullschleger et al, 2006). shRNA-mediated knockdown of
Sesn2 inhibits p53-dependent autophagy in response to nutrient
depletion and rapamycin (Maiuri et al, 2009). Moreover, lithium,
an inhibitor of inositol monophosphatase causing decreased
phospho-inositol-1,4,5-triphosphate levels, and thapsigargin, an
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Figure 5. Role of Sestrins in cell signalling. Sesn regulates AMPK-TORC1
signalling and controls cellular metabolism. While Sesn-dependent activation
of AMPK and inhibition of TOR suppresses protein and lipid anabolism, Sesn
can activate autophagic catabolism, which can provide additional energy
sources, remove excessive lipid droplets or protein aggregates, and eliminate
damaged mitochondria.

inhibitor of an endoplasmatic reticulum (ER) Ca®"-ATPase
responsible for release of ER-stored Ca®>" to the cytoplasm,
induce autophagy in a Sesn2-dependent manner (Maiuri et al,
2009). Overexpression of Sesn2 induces autophagy as indicated
by conversion of the autophagic protein LC3-I (18K) into LC3-II
(16K) form (Andrei V. Budanov, Jun Hee Lee and Michael Karin,
unpublished data).

Sesn-dependent suppression of TORC1 signalling was also
demonstrated in Drosophila. When overexpressed in mamma-
lian 293 cells, dSesn functions like its mammalian counterpart; it
increases the activity of AMPK towards TSC2 and suppresses
p70S6K phosphorylation and activity (Lee et al, 2010). dSesn
overexpression in flies decreases cell size (Lee et al, 2010),
which is a general phenomenon associated with inhibition of
TORC1 (Wullschleger et al, 2006). Genetic epistasis results fit
well into a model where dSesn-mediated cell size suppression
occurs between AKT and p70S6K, where the AMPK-TSC2 axis
acts; as reducing expression of TSC1, TSC2 or AMPK hampered
dSesn-dependent cell growth inhibition (Lee et al, 2010).
Interestingly, expression of mammalian Sesnl and Sesn2 in
Drosophila also led to reduced cell size (Lee et al, 2010),
implying that the Sesn-dependent regulation of TORCI signal-
ling is conserved throughout the metazoan system.

More importantly, Sesn also appears to be induced by
hyperactivation of TORC1 signalling (Fig 5). dSesn expression
is elevated upon TORCI activation (mediated by overexpression
of a constitutively active insulin receptor or Rheb, or by genetic
ablation of TSC1 and PTEN) (Lee et al, 2010). Moreover,
activation of TORCI induces ROS accumulation and subsequent
activation of a JNK-FoxO signalling module, which is responsible
for dSesn induction (Budanov et al, 2004; Lee et al, 2010).
TORCI1-induced Sesn induction was also observed in mammalian
cell lines (Andrei V. Budanov, Jun Hee Lee and Michael Karin,
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unpublished data). As it stands, Sesns are not only stress-
dependent inhibitors of TORCI activity, but also negative
feedback regulators of TORCI signalling. Interestingly, Sesns
induced by ROS are inhibitors of ROS accumulation, thus they can
control ROS levels trough their intrinsic antioxidant activity in
parallel with the inhibition of TORC1 and stimulation of
autophagy (mitophagy). This system might provide a dual
control for regulation of Sesns expression and Sesns-mediated
control of ROS accumulation, allowing cells to tightly adjust
Sesns expression to the amounts of ROS (Fig 5). In the future it
would be interesting to address the role of each individual
pathway in regulation of Sesn expression. Below we will discuss
the importance of this TORC1-Sesn-AMPK-TORC1 feedback loop.

Implications of the Sestrin-TORC1 Crosstalk

Aging
All multicellular organisms suffer from progressive decline in
bodily function and physiology through a process called aging.
Human aging is associated with many diseases such as type II
diabetes, cancer, chronic inflammation, cardiovascular diseases
and various degenerative diseases, such as sarcopenia, Alzhei-
mer’s disease and other forms of neurodegeneration and
dementia. A general feature of aged cells and tissues is oxidative
stress and accumulation of oxidized and modified proteins and
protein aggregates, which can be the driving forces behind age-
associated diseases. Thus, if we refer to aging as a slow but
progressive increase in oxidative stress, it is conceivable that a
stress response is activated during aging to impact this process.
There are two well established ways to control or attenuate
age-associated disorders: these are the inhibition of the insulin/
IGF1 signalling pathway and CR, both of which potentiate
AMPK activation and inhibit TORC1 (Narasimhan et al, 2009).
CR prevents the onset of various age-associated diseases
including cancer, diabetes, cardiovascular diseases and neuro-
nal degeneration in rhesus monkeys, a model species closely
related to humans (Colman et al, 2009). Both CR and inhibition
of the insulin/IGF pathway inhibit TORC1 activity and this
inhibition increases lifespan in yeast, worms, flies and mice
(Harrison et al, 2009; Kaeberlein et al, 2005; Kapabhi et al, 2004).
For example, mutation and inactivation of S6 kinase (S6K), a
downstream target of TORCI, increased lifespan and decreased
the incidence of diabetic phenotypes in mouse model (Selman
et al, 2009). TORC1 overactivity has been associated with
cancer, type II diabetes, obesity, cardiac hypertrophy and
neurodegenerative diseases (Rosner et al, 2008; Stanfel et al,
2009). Amongst the many TORC1-controlled outputs, the ones
most critical for affecting life- and healthspan are autophagy and
mRNA translation (Hashimoto et al, 2009; Vellai, 2009). The
role of mRNA translation is not well defined but an overall
increase in translation could cause a decrease in fidelity of
protein synthesis, increasing the overall burden of misfolded
proteins hence contributing to oxidative stress (Kapahi et al,
2010). Inhibition of TORC1 could also decrease the translation
of mRNAs encoding particular proteins involved in cell
growth and metabolism and thereby affect the rate of
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metabolism, ROS production and intracellular damage. Another
mechanism that affects aging is autophagy, which helps prevent
the accumulation of age-associated sub-cellular abnormalities.
Strikingly, the activity of p53, a positive regulator of autophagy
and a suppressor of ROS, is decreased with age (Feng et al, 2007;
Feng et al, 2005; Sablina et al, 2005). Conversely, increased p53
activity in mice through extra transgenic copies of the ARF1 and
P53 genes is accompanied by increased expression of Sesnl/2
and can delay aging and age-associated disorders and reduce
ROS accumulation (Matheu et al, 2007).

Given all of the above, as well as Sesns’ crosstalk with
TORCI, it is expected that Sesns will be able to modulate aging
and age-related disease processes (Fig 6) (Topisirovic &
Sonenberg, 2010). Studying the physiological role of mamma-
lian Sesns is complicated by the biochemical and regulatory
redundancy of their function and expression, but having only a
single Sesn gene (dSesn) Drosophila provide a simpler model to
understand Sesn function (Lee et al, 2010). dSesn-null flies do
not exhibit any developmental abnormalities, suggesting that
dSesn is dispensable for normal growth. We cannot exclude,
however, developmental roles for mammalian Sesns. For
instance, Sesnl appears to be involved in notochord develop-
ment (Hikasa & Taira, 2001) and development of left-right
asymmetry (Peeters et al, 2003). Inactivation of dSesn led to
accelerated tissue aging and reduced health span, characterized
by accumulation of triglycerides, muscle degeneration, cardiac
malfunction and oxidative stress (Lee et al, 2010). These
phenotypes are similar to those associated with inhibition of
AMPK activity and activation of TORC1 (Stanfel et al, 2009). In
the fly, dSesn was induced upon chronic TORC1 activation,
which leads to ROS accumulation via activation of JNK and
FoxO signalling (Lee et al, 2010). Thus, any condition that leads
to ROS accumulation may be able to induce dSesn expression
and possibly Sesnl and Sesn3 through this pathway. Interest-
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Figure 6. Sestrins as suppressors of age yciated di Both Sesns
and CR can activate AMPK, inhibit TORC1 and induce autophagy, which are
generally considered to be beneficial for preventing aging and age-associated
pathologies.
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ingly, JNK activation is known to extend lifespan through FoxO
(Wang et al, 2005) and it is likely that Sesns mediate the effect of
JNK and FoxO on longevity as well as ARF/p53.

Metabolism
Recent literature indicates that TORCI1 hyperactivity is involved
in various metabolic syndromes, such as obesity and type II
diabetes (Wullschleger et al, 2006). TORC1 can enhance lipid
synthesis by augmenting the activity of the lipogenic transcription
factor sterol response element binding protein (SREBP), and by
increasing expression of its downstream targets: fatty acid
synthase, fatty acid carboxylase, acetyl-CoA synthase and acetyl-
CoA carboxylase (ACC) (Laplante & Sabatini, 2009a). In addition
to this, inhibition of autophagy through TORCI activation can
stimulate lipid accumulation because autophagy is required for
the removal of fat droplets in liver (Singh et al, 2009a).
Correspondingly, TORC1 inhibition with rapamycin reduced
high fat diet-induced obesity and hepatosteatosis (Chang et al,
2009) as well as carbon tetrachloride-induced hepatic fibrosis
(Bridle et al, 2009). Interestingly, autophagy plays an opposite
role in lipid accumulation in adipose tissue and mice with
adipose-specific knockout of autophagic ATG7 gene are lean and
have decreased white adipose mass and enhanced insulin
sensitivity (Singh et al, 2009b; Zhang et al, 2009). Autophagy
is involved in differentiation of white adipose tissue (WAT) and
adipose-specific ATG7 KO mice demonstrate conversion of WAT
to brown adipose tissue (BAT). BAT uses fatty acids for
autonomous energy expenditure and heat generation, supporting
a lean body mass phenotype (Singh et al, 2009b).

dSesn-null flies have increased lipid accumulation in the
fat body, the Drosophila homologue of the mammalian
liver, which is associated with decreased AMPK activity and
increased TOR activity (Lee et al, 2010). Inhibition of TOR by
rapamycin or activation of AMPK with AICAR or metformin
prevented fat accumulation (Lee et al, 2010). Increased
lipogenesis in dSesn-null flies was associated with transcrip-
tional up-regulation of SREBP and its downstream targets
(Lee etal, 2010). Since TORCI signalling pathway is known to be
involved in obesity-induced hepatosteatosis, accumulation of
WAT and diabetic progression in mammals (Dann et al, 2007;
Laplante & Sabatini, 2009a; Laplante & Sabatini, 2009b), it will be
interesting to determine the role of Sesns in regulation of lipid
metabolism in different metabolically active organs such as liver,
adipose tissue and muscle. It is worth knowing whether
mammalian Sesns have a role in pathogenesis of age- and
obesity-related metabolic disorders.

Muscle and neurodegeneration

dSesn-null flies exhibit cardiac arrhythmia, accompanied by
increased heart period and heart diameter, that are very similar to
the phenotypes of TORC1 hyperactivation (Lee et al, 2010;
Wessells et al, 2004, 2009). Analysis of actin fibres demonstrated
deterioration of the heart structure in dSesn-null flies. Also
skeletal muscle is affected in dSesn-null flies as they suffered from
age-dependent structural degeneration with accumulation of
dysfunctional mitochondria and degenerated sarcomeres (Lee
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et al, 2010), a phenotype observed in extremely old flies too,
albeit with reduced penetrance (Takahashi et al, 1970). Impor-
tantly, feeding of dSesn-null larvae with rapamycin or the AMPK
activator AICAR prevents or attenuates most of these degen-
erative phenotypes (Lee et al, 2010).

Mammalian Sesns are expressed in the heart and muscle
(Velasco-Miguel et al, 1999) and, in particular, Sesn1 is highly
expressed in muscle. Rapamycin protects the heart from failure
in hypoxia-reperfusion injury mouse model of heart attack
(Khan et al, 2006) and AMPK activity is also dysregulated in
human cardiomyopathy (Dyck & Lopaschuk, 2006). It is
possible that Sesns exhibit a protective role in the mammalian
muscle and heart too (through AMPK signalling) and could be
responsible for example for preventing cardiac dysfunction
during aging and obesity.

Autophagy can also prevent diverse neurodegenerative
diseases associated with accumulation of protein aggregates,
such as Alzheimer’s, Parkinson’s and Huntington’s diseases
(Querfurth & LaFerla, 2010; Sarkar & Rubinsztein, 2008; Schapira
& Tolosa, 2010). Therefore, autophagy defects may be a general
cause of neurodegenerative diseases and induction of autophagy
may have therapeutic value for treating neurodegenerative
disorders caused by accumulation of aggregated proteins,
damaged mitochondria and ROS. Rapamycin, as a potent TORC1
inhibitor, can strongly induce autophagy and administration of
rapamycin to Drosophila and mouse models of Huntington’s
(Ravikumar et al, 2004) and Parkinson’s disease (Malagelada
et al, 2010; Tain et al, 2009) ameliorates the degenerative
phenotypes of these animal models. Since Sesns are intrinsic
feedback inhibitors of TORCI signalling and inducers of
autophagy, and can be induced by a variety of stresses including
oxidative and proteotoxic stresses, it is very likely that Sesns are
functioning to attenuate the onset and progression of the
neurodegenerative diseases by stimulating autophagy. In support
of this hypothesis, Sesn2 was found to be up-regulated in
response to exposure of neuroblastoma CHP134 cells to amyloid
B(1-42) peptides, responsible for Alzheimer’s disease (Hara et al,
2006; Kim et al, 2003). In addition, Sesns were also suggested to
mediate the neuroprotective effects against oxidative stress
conferred by p53, NMDA receptor and rosiglitazone, an
antidiabetic drug and insulin sensitizer (Doonan et al, 2009;
O’Connor et al, 2008; Papadia et al, 2008). Collectively, the
autophagy-inducing role of Sesns, as well as their antioxidant
function could contribute to the attenuation of the age-associated
neurodegenerative diseases.

Cancer

Cancer cells require acceleration of anabolic processes such as
protein and lipid biosynthesis, and increased energy production
(Jones & Thompson, 2009). The TORC1 pathway is often
activated in human cancers and rapamycin exhibits anti-
tumorigenic activity (Guertin & Sabatini, 2007). mTOR is
considered a potential drug target in cancer, stimulating the
development of rapamycin analogues (Faivre et al, 2006; Guertin
& Sabatini, 2007). TORCI1 can support the neoplastic phenotype
by increasing the rate of protein and lipid synthesis as well as
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glycolysis and mitochondrial respiration (Wullschleger et al,
2006). In addition, TORC1 inhibits autophagy, a process that
protects mitochondria and peroxisomes from damage. Thus ROS
accumulation in cells experiencing chronic TORCI activation can
accelerate tumour development by increasing DNA damage.

Because Sesns can suppress TORC1 activation, inhibit
ROS accumulation, reduce genomic instability and stimulate
autophagy, they may have tumour suppressor activity and
could be part of the tumour suppressive gene network
activated by p53 and FoxO. Accordingly, TORC1-stimulated
hyperplasic cell growth was enhanced in the absence of dSesn
(Lee et al, 2010), indicating that Sesns are negative regulators of
cell growth. Overexpression of Sesnl or Sesn2 suppressed
hyperactive TORC1-induced cancerous cell growth (Budanov &
Karin, 2008; Budanov et al, 2002). Sesn2-deficient mouse
embryonic fibroblasts were significantly more susceptible to
E1A + H-Ras-induced oncogenic transformation than wild type
counterparts, suggesting that Sesn2 may have tumour suppres-
sive activity (Budanov & Karin, 2008). Knockdown of Sesn2, as
well as p53, accelerated A549 cancer cell growth in a tumour
xenograft model (Sablina et al, 2005). Sesn2 was also shown to
suppress angiogenesis and vascular endothelial growth factor
(VEGF) production in the same model system (Andrei V.
Budanov, AA Sablina and PM Chumakov, unpublished).
Indeed, the human SESNI (6q21) and SESN2 (1p35) loci are
frequently deleted in cancer (Ragnarsson et al, 1999; Velasco-
Miguel et al, 1999), and Sesnl and Sesn2 expression is down-
regulated in lung adenocarcinomas (Garber et al, 2001).
Moreover, the Sesn3 promoter was found to be methylated in
20% of endometrial cancers (Zighelboim et al, 2007). Moreover,
it was also shown that Sesn2 can counteract TGF@ signalling
pathway (Wempe et al, 2010), which may have both tumour-
suppressive and metastasis promoting activity depending on
context (Ikushima & Miyazono, 2010). All of these findings
indicate that the putative tumour suppressive function of Sesns
merits further investigation.

Sestrins and TGFB Signalling in the Lung

The TGFp signalling is associated with chronic obstructive
pulmonary disease (COPD), a leading cause of human mortality
upon chronic exposure to cigarette smoke and other air
pollutants (Morty et al, 2009). Inactivation of a short splice
variant of LTBP4S, a member of the latent TGFB-binding protein
family, causes pulmonary emphysema associated with defective
TGFp signalling in mice (Sterner-Kock et al, 2002). Interestingly,
Wempe et al recently demonstrated that Sesn2 deficiency
partially suppresses pulmonary emphysema through stimula-
tion of TGFR signalling (Wempe et al, 2010). Sesn2 suppresses
the TGFB pathway in lung fibroblasts although we do not know
the exact molecular mechanism. Whether other Sesns regulate
this pathway in other contexts and tissues is unclear thus far but
their potential pathological function should be assessed in other
fibrotic diseases, especially liver fibrosis that can be enhanced
by obesity.
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Concluding Remarks and Future Perspectives

The link between stress and aging has just started to be
explored. Sesns are evolutionarily conserved stress-inducible
genes that encode antioxidant proteins involved in the
regulation of the AMPK-TORCI axis. It is clear that the
AMPK-TORC1 axis is regulated by Sesns and it provides a
major conduit for their function. However, despite its
physiological relevance, the exact mechanism(s) by which
Sesns promote AMPK activation is so far unclear. It will also be
important to better understand, using genetic approaches, the
role of autophagy, especially mitophagy, in Sesn action and
the pathological consequence of Sesn depletion in mammals.
dSesn protects the fly from early aging and age-associated
disorders through regulation of lipid metabolism, cardiac and
muscle function. The role of Sesns in regulation of physiology,
aging and lifespan in vertebrates is yet to be examined, but
the ongoing generation of Sesnl and Sesn3 knockout mice, as
well as combined Sesnl, Sesn2 and Sesn3 double and triple
knockout mice will provide much needed resources for such
studies. The essential contribution of the TORC1 pathway to
development, carcinogenesis, immunity, metabolism and
neurodegenerative diseases make the Sesns potential regulators
of all these processes. The impact of Sesns on stress responses
and age-associated diseases needs now to be tested in different
mouse models of cancer, progeroid syndromes, metabolic
derangements and neurodegenerative diseases, and some of
these experiments have already been initiated. The role(s) of
Sesns in lifespan extension by CR and in the maintenance of
muscle and cardiac function by exercise are other pressing
questions.

Pending issues
I What is the 3D molecular structure of Sesns?

What is the precise molecular mechanism underlying the Sesn-
induced activation of AMPK?

How are regulation of redox balance and energy sensing by Sesns
linked?

What is the mechanism of regulation of autophagy by Sesns?

associated pathologies conserved in mammals? Can it be demon-
strated in mouse models of cancer, progeroid syndromes, metabolic
derangements and neurodegenerative diseases?

What is the isoform-specific role of mammalian Sesns?

Can we find some Sesn mutations or SNP in human patients
suffering from early onset of the age-associated diseases?

How is the expression of Sesns changed in different types of cancer?
Are there any potential mechanisms of Sesn inactivation? Does Sesn
inactivation play any role during carcinogenesis?

What is the mechanism of TGFB regulation and what is the role of
Sesns in TGFB-dependent processes including fibrosis, inflammation

|

| What are the physiological roles of Sesns in suppressing age-
|

I and carcinogenesis?
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The modulation of Sesn activity or expression with small
molecule or peptide Sesn analogues might represent a handle to
further understand and eventually prevent and treat some of the
most common diseases now considered to be an inevitable part
of aging.
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