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a b s t r a c t

The target of rapamycin (TOR) signal transduction network monitors intra- and extracellular conditions
that favor cell growth. Research during the last decade has revealed a modular structure of the TOR
signaling network. Each signaling module senses a particular set of signals from the cellular milieu and
exerts regulatory control towards TOR activity. The TOR pathway responds to growth factor signals,
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nutrient availability, and cellular stresses like hypoxia and energy stress. The signaling modules and
their molecular components constituting the TOR network are remarkably conserved in both sequence
and function across species. In yeast, roundworms, flies, and mice, the TOR pathway has been shown
to regulate lifespan. Correspondingly, genetic, dietary or pharmacological manipulation of individual
signaling modules as well as TOR activity itself extends lifespan in these model organisms. We discuss
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the potential impact of m

. Introduction

The achievements of medicine and public health over the
ast century and a half have resulted in an increased life
xpectancy, most notably in developed countries. Since 1840,
ifespan expectancy has increased nearly linearly without show-
ng signs of slowing down (Christensen et al., 2009). Much of
his increase in the early part of the 20th century was due to
mprovements in infant and childhood survival. However, since the

idpoint of the last century, lifespan improvements have largely
een due to a reduction of mortality among the elderly. The prob-
bility of dying within a year for 80- and 90-year olds has steadily
eclined since 1950. This increase in lifespan, accompanied by a
ecrease in fecundity, has lead to an aging population in many
eveloped countries (Christensen et al., 2009).

Along with an aging population comes an increase in age-related
iseases, such as cancer, cardiovascular disease, type-2 diabetes,
steoporosis, and Alzheimer’s, among many others (Christensen
Please cite this article in press as: Evans, D.S., et al., TOR signaling never ge
doi:10.1016/j.arr.2010.04.001

U
Nt al., 2009; Drachman, 2006; Holroyd et al., 2008). As a result,

dentifying effective methods to treat or prevent these diseases has
ecome a public health priority. The observation that lifespan and
any age-related diseases have a substantial heritable component
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in humans has encouraged the search for the genetic underpinnings
of these processes (Fallin and Matteini, 2009). Data from model
organisms have also indicated that the genetic pathways regulating
lifespan exhibit remarkable functional conservation across multi-
ple species, possibly even extending to humans (Bell et al., 2009;
Partridge, 2009). The identification of genes regulating lifespan can
reveal the biological basis of age-related diseases, potentially lead-
ing to better prognosis and therapies.

In this review, we summarize evidence from model organisms
that lifespan can be influenced by the TOR pathway, an ancient
genetic pathway functionally conserved across many species. The
TOR pathway plays a well established role in growth control and
lifespan. In yeast, roundworms, flies, and mice, the TOR pathway
has been shown to regulate lifespan (Kenyon, 2005). Deregulation
of TOR signaling has also been consistently observed in age-related
diseases such as type-2 diabetes and a wide variety of cancers
(Brugge et al., 2007; Guertin and Sabatini, 2007). In this review,
we first describe the regulatory structure of the TOR pathway and
emphasize its modularity. Second, we turn to the genetic evidence
from model organisms associating each signaling module with
lifespan control. We will conclude by discussing the promises and
complications for future studies of the TOR pathway’s role in human
longevity.
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

2. The structure of the TOR signaling network 66

The ability to integrate and balance a multitude of signals from 67

the intra- and extracellular environment is reflected in the modu- 68
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Fig. 1. The Tor signaling network. The signaling core of the Tor pathway integrates the activity of growth factor signaling like insulin and wnt, hypoxia, energy stress and
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Rmino acid sufficiency to regulate translation initiation. The individual signaling m
elay their signal to key components of the Tor signaling core, Tsc2 and the Tor co
ell by controlling translational initiation. For species-dependent differences, pleas

ar structure of the TOR pathway (Fig. 1). A central signaling core
eceives stimulatory and inhibitory inputs from an array of sig-
aling branches. In turn, signals are relayed through the signaling
ore towards the regulation of translation, autophagocytosis (see
ccompanying review from Koga et al., in this issue), apoptotic
egulators, mitochondrial oxidative phosphorylation, and stress
esistance. In general, each signaling branch is specialized to sense
ne particular signal that is relayed to the TOR signaling core.
owever, some components of the signaling core are activated by
ultiple signaling branches, and some signaling branches have tar-

ets other than the TOR signaling core. Akt, for example, becomes
Please cite this article in press as: Evans, D.S., et al., TOR signaling never ge
doi:10.1016/j.arr.2010.04.001

ctivated by classic growth factor signaling as well as by oxida-
ive stress, and AMPK has targets other than Tsc2 and Raptor.
elow, we describe the biochemical composition of each of the

ndividual modules and their links to the TOR signaling pathway
Fig. 1).
s survey the intra- and extracellular environment for their particular stimuli, and
1 (TORC1). Among other processes, Tor regulates the biosynthetic capacity of the
ain text.

2.1. The TOR signaling core

This molecular signal transduction pathway serves as the inte-
grative backbone that all other branches of the signaling network
connect to (Inoki et al., 2005; Manning et al., 2002). The signaling
pathway ultimately controls the activity of TORC1, which is com-
posed of the Serine/Threonine kinase TOR, along with its associated
proteins Raptor and mLst8 (Guertin and Sabatini, 2005). Akt acti-
vates TORC1 by directly phosphorylating two separate targets that
regulate TORC1 activity: the GTPase activating protein (GAP) Tsc2
(tuberous sclerosis complex protein 2) and the inhibitor of TORC1,
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

PRAS40 (Sancak et al., 2007). In its unphosphorylated state, Tsc2, 94

in complex with Tsc1 and Melted, inhibits the activity of the small 95

GTPase Rheb by stimulating the turnover of Rheb-associated GTP to 96

GDP (Manning, 2004; Pan et al., 2004; Teleman et al., 2005; Zhang et 97

al., 2003). To reverse this process, Rheb potentially requires a gua- 98

dx.doi.org/10.1016/j.arr.2010.04.001
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ine nucleotide exchange factor (GEF), possibly TCTP, but recent
esults raise questions as to the identity of Rheb’s GEF (Hsu et
l., 2007; Rehmann et al., 2008; Wang et al., 2008). GTP bound
heb activates TORC1 (Harris and Lawrence, 2003). Thus, Akt phos-
horylation and inhibition of Tsc2 results in Rheb-GTP activating
ORC1. The second Akt target, PRAS40, binds the mTOR kinase
omain and inhibits mTOR activity (Vander Haar et al., 2007). Upon
hosphorylation by Akt, PRAS40 dissociates from mTOR, thereby
lleviating its inhibition (Vander Haar et al., 2007). TORC1 controls
ownstream targets by activating S6 Kinase (S6K) and repressing
he translational regulator 4E-BP, both by a direct phosphorylation

echanism.
While the Tor signaling core is generally considered to be

ighly conserved across species, some prominent differences, apart
rom the increased number of paralogs in higher organisms, stand
ut. In yeast, Saccharomyces cerevisiae does not contain functional
rthologs of tsc1, tsc2, or rheb, while these genes are present in
chizosaccharomyces pombe. The tsc1 and tsc2 genes are also absent
n Caenorhabditis elegans (see below). Finally, two tor genes are
resent inthe genomes of S. cerevisiae (encoding TOR1 and TOR2)
nd S. pombe (encoding Tor1p and Tor2p), while all other model
rganisms discussed here only have one. The differential incorpo-
ation of TOR1 and TOR2 into distinct complexes gave rise to the
iscovery of TORC1 and TORC2 (Loewith et al., 2002).

.2. Five signaling inputs

. Growth factor signaling: Stimulation of receptor tyrosine kinases
(RTKs) by growth factors, especially IGF or insulin, results in a
PI3K-dependent activation of Akt, and subsequently, TORC1. The
molecular structure and lifespan effects of the insulin signaling
pathway are extensively reviewed in the accompanying review
by Ziv et al. in this issue.

. The energy stress signaling branch: Low cellular energy levels
result in a repression of TORC1 activity. Signals indicating a
drop in the cell’s energy content, such as the inhibition of
either glycolysis or mitochondrial oxidative phosphorylation,
lead to the accumulation of AMP and result in the activation
of the AMP-dependent kinase AMPK. AMP directly binds to the
gamma-subunit of AMPK, thereby allowing LKB1 or CaMKK1
to place an activating phosphate on Threonine 172 of the cat-
alytic subunit, AMPK� (Hardie, 2007; Shaw, 2009). Activated
AMPK reduces the activity of TORC1 through at least two mech-
anisms. First, AMPK directly phosphorylates Tsc2, resulting in
the stimulation of Tsc2’s GAP activity and the inactivation of
TORC1 (Corradetti et al., 2004; Inoki et al., 2003; Shaw et al.,
2004). Second, AMPK directly phosphorylates Raptor, resulting
in a repression of TORC1 activity (Gwinn et al., 2008).

Phosphorylation of Tsc2 at different sites by distinct kinases
can either activate or repress Tsc2’s GAP activity. AMPK-
mediated phosphorylation of Tsc2 results in activation, whereas
Akt-mediated phosphorylation of Tsc2 results in inhibition. The
differential effect of phosphorylation results from the specific
sites that are phosphorylated by the two kinases. Akt phos-
phorylates multiple sites on Tsc2, including Ser939, Ser1130, and
Thr1462, whereas AMPK� phosphorylates Thr1227 and Ser1345

(Inoki et al., 2002, 2003; Manning et al., 2002; Potter et al., 2002).
In this manner, differential phosphorylation of Tsc2 through var-
ious signaling branches can activate or inhibit TORC1 activity.

. The hypoxia signaling branch: The onset of hypoxia results in a
strong inhibition of TORC1. Under normoxic conditions, prolyl-
Please cite this article in press as: Evans, D.S., et al., TOR signaling never ge
doi:10.1016/j.arr.2010.04.001

hydroxylase domain containing proteins (PHD) hydroxylate
HIF1� on specific prolyl residues, marking HIF1� for recognition
by the von Hippel-Lindau (VHL) protein (Epstein et al., 2001).
VHL acts as a recognition subunit for an ubiquitin ligase and
targets HIF1� for ubiquitin-dependent degradation (Cockman
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et al., 2000; Kamura et al., 2000; Maxwell et al., 1999). Con-
versely, hypoxic conditions created by low intracellular oxygen
concentration result in the stabilization of the transcription fac-
tor HIF1�, and the activation of the hypoxic response (Kaelin,
2008; Kaelin and Ratcliffe, 2008). Stabilized HIF1� forms a
heterodimer with the aryl hydrocarbon receptor nuclear translo-
cator (ARNT) and activates the transcription of the hypoxic
response genes, most notably REDD1 (Brugarolas et al., 2004;
Reiling and Hafen, 2004). REDD1 releases Tsc2 from the growth
factor induced association with 14-3-3 proteins, thereby activat-
ing the Tsc1/Tsc2 complex and leading to the inhibition of TORC1
activity (DeYoung et al., 2008). In turn, the transcription and
translation of HIF1� is controlled by TORC1 activity (Bernardi
et al., 2006; Hui et al., 2006). This is supported by results of cell
culture studies indicating that rapamycin treatment results in a
failure to elicit the hypoxic response (Thomas et al., 2006).

4. The nutrient signaling branch: Withdrawal of amino acids acts as
a powerful inhibitor of TORC1 activity, even in the presence of
acute growth factor stimulation (Hara et al., 1998). The mam-
malian Akt-TOR signaling network primarily senses the levels
of l-glutamine, which acts synergistically with essential amino
acids to activate TORC1 (Nicklin et al., 2009). Recently, two small
heterodimeric GTPases, RagA/RagC and RagB/RagD, have been
shown to relay the signal of amino acid sufficiency to TORC1
(Kim et al., 2008; Sancak et al., 2008). In response to abundant
amino acids, the heterodimeric RagA–C or RagB–D complexes
become GTP-loaded and bind directly to Raptor, resulting in the
relocalization of TORC1 to a subcellular endomembrane where
the activator Rheb resides (Sancak and Sabatini, 2009).

5. The Wnt signaling branch: Wnt signaling is involved in various
aspects of embryonic development, cell fate decisions, and cell
movement, but its role in cell proliferation and stem cell main-
tenance raises the possibility that Wnt might regulate cellular
and organismal lifespan as well (van Amerongen and Nusse,
2009). Supporting this possibility, it has been shown that Wnt
signaling results in the activation of TORC1. Stimulation of the
Wnt receptors in the Frizzled and LRP protein family culmi-
nates in the inhibition of Glycogen synthase kinase 3 (Gsk3) (van
Amerongen and Nusse, 2009). Active Gsk3 has been shown to
directly phosphorylate and activate Tsc2 when primed by an
AMPK-dependent phosphorylation (Inoki et al., 2006). There-
fore, Wnt-mediated inactivation of Gsk3 activates Tsc2’s GAP
activity, resulting in TORC1 activation.

2.3. Tor signaling output

2.3.1. Translational initiation output
TORC1 activity stimulates cap-dependent mRNA translation

by regulating translation initiation and elongation (Proud, 2007;
Scheper et al., 2007; Wang and Proud, 2006). Translation is initi-
ated by the 40S ribosomal subunit binding to the mRNA 5′ end,
scanning for the initiation codon, and joining with the 60S ribo-
somal subunit to form the catalytically competent 80S ribosome.
Prior to mRNA binding, the 40S ribosomal subunit complexes with
eukaryotic initiation factors (eIFs) and the initiator tRNA bound to
eIF2 to form a 43S pre-initiation complex. The eIF4F complex is
composed of several proteins bound to the mRNA 5′ end, including
eIF4A, eIF4B, eIF4E, and eIF4G, and recruits the 43S pre-initiation
complex to mRNA. eIF4G acts as a scaffold protein that assembles
the eIF4F complex and bridges the poly(A) binding proteins (PABPs)
on the mRNA 3′ end with eIF4E on the 5′ end. This leads to the cir-
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

cularization of mRNAs, which has a synergistic effect on the rate of 222

translation (Gebauer and Hentze, 2004; Sonenberg et al., 2000). 223

The TOR pathway regulates the circularization of mRNAs 224

through the direct phosphorylation of eukaryotic initiation factor 225

4E binding protein (4E-BP) (Brunn et al., 1997). Reduced TORC1 226

dx.doi.org/10.1016/j.arr.2010.04.001
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ctivity results in hypo-phosphorylated 4E-BP that binds to eIF4E
Brunn et al., 1997). 4E-BP’s binding of eIF4E blocks the associa-
ion of eIF4E with eIF4G, thus preventing eIF4F complex formation
nd mRNA circularization (Haghighat et al., 1995). Active TORC1
irectly phosphorylates 4E-BP, which prevents 4E-BP from binding
IF4E and alleviates the repressive effects of 4E-BP on translation
Brunn et al., 1997; Harris and Lawrence, 2003; Shamji et al., 2003).

The TOR pathway also regulates translation initiation and elon-
ation through the activation of S6K (Ma and Blenis, 2009). To
ontrol translation initiation, S6K regulates PDCD4 and eIF4B.
6K phosphorylates PDCD4, an inhibitor of the initiation factor
IF4A, marking it for Ubiquitin-mediated destruction (Dorrello
t al., 2006). Upon phosphorylation by S6K, eIF4B is recruited
o the translation pre-initiation complex, where it is thought
o partner with eIF4A to form a fully functional mRNA heli-
ase (Holz et al., 2005; Rogers et al., 2001; Shahbazian et al.,
006). To control translational elongation, S6K regulates SKAR
S6K1 Aly/REF-like Target) and eEF2K (elongation Factor 2 Kinase).
6K activates SKAR, a component of the exon-junction com-
lex (EJC), which serves to enhance translation of spliced mRNAs
Holz et al., 2005). Furthermore, S6K directly phosphorylates and
nhibits eEF2K (Wang et al., 2001). When active, eEF2K phos-
horylates and inhibits the translation elongation factor eEF2
Redpath et al., 1993). Thus, active TORC1 results in the activation
f S6K and stimulates translation initiation as well as translational
longation.

.4. Genetic regulation of longevity by TOR pathway components

Genetic experiments exploring the effects of longevity genes in
diverse group of model organisms are bound to exploit distinct

eadouts. In contrast to the seemingly apparent measurement of
ifespan in multicellular organisms, lifespan in unicellular organ-
sms is measured as replicative and/or chronological lifespan.
eplicative lifespan measures the number of times a mother cell can
roduce a daughter cell (Mortimer and Johnston, 1959). Chronolog-

cal lifespan is measured by the length of time cells can survive in a
uiescent state while retaining the ability to reenter the cell cycle
pon stimulation by appropriate cues (Fabrizio and Longo, 2003).

In this section, we review evidence that link the reduction of
ORC1 activity to the extension of lifespan. Furthermore, we will
iscuss whether the lifespan effects caused by genetic manipula-
ion of single or multiple signaling branches of the TOR pathway are
onsistent with predictions made from the biochemical structure
f the pathway.

.5. The longevity phenotype of the TOR signaling core

Across all model organisms tested so far, reduced TORC1 signal-
ng extends lifespan. This impressive track record comes with the
aveat that null mutants in the nutrient sensing TOR pathway dis-
lay pleiotropic phenotypes. Drosophila larvae lacking TOR show
henotypes similar to animals subjected to amino acid starvation:
educed nuclear size, developmental arrest, and lipid vesicle aggre-
ation in the larval fat body (Oldham et al., 2000; Zhang et al.,
000). Similarly, C. elegans lacking CeTOR (let363) and or daf-15
the worm ortholog of the TORC1 protein Raptor) are developmen-
ally arrested, display intestinal hypotrophy and accumulate fat (Jia
t al., 2004; Long et al., 2002; Vellai et al., 2003). CeTOR activity
educed by RNAi (Hansen et al., 2007; Pan et al., 2007; Syntichaki
t al., 2007; Vellai et al., 2003) extends lifespan in C. elegans. Inter-
Please cite this article in press as: Evans, D.S., et al., TOR signaling never ge
doi:10.1016/j.arr.2010.04.001

stingly, even the developmentally arrested L3 larvae genetically
utant for CeTOR show an extended lifespan when compared to

ither wild type or larvae arrested in L3 by starvation (Vellai et
l., 2003). Similarly, heterozygosity for daf-15/raptor or repression
f rheb-1 expression using RNAi also extends lifespan in worms
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(Honjoh et al., 2009; Jia et al., 2004). In essence, reduction of TORC1
activity shows a longevity phenotype.

Of note, the longevity phenotype of daf-15/raptor is suppressed
by daf-16/foxO (Henderson et al., 2006; Jia et al., 2004). In contrast,
neither the developmental arrest nor the fat accumulation pheno-
type of homozygous daf-15/raptor mutants is suppressible by the
FoxO ortholog daf-16, indicating that these phenotypes are par-
allel or downstream of the insulin signaling pathway in worms
(Jia et al., 2004). These conflicting results raise the question of
how daf-16/foxO and daf15/raptor are connected. Mechanistically,
DAF-16/FoxO was shown to negatively regulate the transcription
of daf-15/raptor in vitro and in vivo (Jia et al., 2004). This surpris-
ing finding shows the molecular connection between insulin and
TOR signaling in C. elegans, depite the lack of functional Tsc1/Tsc2
orthologs in this organism. The genetic and molecular interactions
of daf16/foxO with daf15/raptor demonstrate a complex relationship
between insulin signaling and the TOR pathway.

In S. cerevisiae, deletion of tor1 (Bonawitz et al., 2007; Kaeberlein
et al., 2005; Powers et al., 2006), or inhibition of TORC1 by
rapamycin treatment (Medvedik et al., 2007; Powers et al., 2006)
extends the chronological and replicative lifespan. In Drosophila,
modulation of various genes that encode components of the TOR
signaling core, including dTsc1, dTsc2, dTOR, and dS6K, extends lifes-
pan (Honjoh et al., 2008; Kapahi et al., 2004; Luong et al., 2006).
Similarly, rapamycin treatment of male and female flies causes
extended median lifespan (Bjedov et al., 2010). Consistently, lifes-
pan extension by inhibition of S6 Kinase is also observed in C.
elegans, mice and yeast (Fabrizio et al., 2001; Hansen et al., 2007;
Pan et al., 2007; Selman et al., 2009) (Table 1).

The lifespan extension by inhibition of the TOR pathway is nutri-
ent dependent in Drosophila (Kapahi et al., 2004), yeast (Kaeberlein
et al., 2005) and C. elegans (Honjoh et al., 2008). While reduction of
TOR activity extends lifespan under nutrient-rich conditions, these
manipulations show a limited effect under conditions of dietary
restriction (DR). This is most likely due to the inhibition of TORC1
activity by DR. Hence, genetic or pharmacological inactivation of
TOR on top of DR is not expected to have much of an effect, although
the combination of rapamycin and DR treatments can cause some
additional effect when compared to each single treatment (Bjedov
et al., 2010). This might be due to the incomplete inhibition on
TORC1 activity by rapamycin towards 4E-BP (see below). Taken
together, the data establishes at least a partial role of TORC1 signal-
ing in mediating the effects of DR, and suggests that reduction of
TORC1 activity mimics, at least to some extent, the effects of dietary
restriction (see below).

2.6. The longevity phenotype of the hypoxia signaling branch

The hypoxic response centers on the stabilization of the HIF1�
protein. Three recent publications analyzed the role of HIF1� in the
regulation of lifespan under normoxic conditions in C. elegans (Chen
et al., 2009b; Mehta et al., 2009; Zhang et al., 2009). As the aging
experiments have been performed under different temperatures,
genetic backgrounds, and food conditions, no consistent picture
has emerged, but some trends have come into sight (Kaeberlein and
Kapahi, 2009). Most noticeably, all three groups agree that Hif1�
contributes to the genetic determination of lifespan, but disagree
over whether the mechanism involves HIF1� stabilization, ablation
or both.

Stabilization of HIF1�, either by overexpression of a
degradation-resistant HIF1� mutant or by genetic deletion of
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

the negative regulators egl-9 (the PHD ortholog) or VHL, results 348

in an extended lifespan at 20 ◦C (Mehta et al., 2009; Zhang et 349

al., 2009). This effect has not been observed at 25 ◦C (Chen et al., 350

2009b). In contrast, lifespan extension in hif1˛ mutants or in hif1� 351

RNAi treated animals is consistently observed by the groups of 352

dx.doi.org/10.1016/j.arr.2010.04.001
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Table 1
TOR signaling network genes shown to affect lifespan in model organisms. LOF: loss of function. See text for detailed discussion.

Human gene name Model organism tested (gene name
or drug treatment)

LOF lifespan phenotype
(extend/shorten)

References

TOR signaling core

TOR

S. cerevisiae (TOR1) Extend Bonawitz et al. (2007), Kaeberlein et al. (2005),
Powers et al. (2006), and Smith et al. (2008)

C. elegans (let-363) Extend Hansen et al. (2007), Jia et al. (2004), and Vellai et
al. (2003)

Drosophila (dTOR) Extend Kapahi et al. (2004), and Luong et al. (2006)
M. musculus (rapamycin) Extend Harrison et al. (2009), and Chen et al. (2009a,b)

Raptor C. elegans (daf-15) Extend Jia et al. (2004)
Rheb C. elegans (CeRheb) Extend Honjoh et al. (2008)
Tsc1/2 Drosophila (dTSC1/2) Extendb Kapahi et al. (2004)

S. cerevisiae (SCH9) Extend Fabrizio et al. (2001), and Kaeberlein et al. (2005)

S6K

C. elegans (rsks-1) Extend Hansen et al. (2007), Pan et al. (2007), and Selman
et al. (2009)

Drosophila (dS6K) Extendc Kapahi et al. (2004)
M. musculus (S6K1) Extend Selman et al. (2009)

TOR signaling output
4E-BP Drosophila (d4E-BP) Shorten Zid et al. (2009)
Mnk1/2 Drosophila (Lk6) Extenda Reiling et al. (2005))
eIF2 ( C. elegans eIF2� (iftb-1) Extend Hansen et al. (2007)

eIE4A
S. cerevisiae (TIF1/2) Extend Smith et al. (2008)
C. elegans (inf-1) Extend Curran and Ruvkun (2007)

eIF4E C. elegans (ife-2) Extend Hansen et al. (2007), Pan et al. (2007), and
Syntichaki et al. (2007)

eIF4G
S. cerevisiae (TIF4631) Extend Smith et al. (2008)
C. elegans (ifg-1) Extend Curran and Ruvkun (2007), Hansen et al. (2007)

and Pan et al. (2007)

Ribosomal proteins
S. cerevisiae (rp genes) Extend Kaeberlein et al. (2005), Smith et al. (2008), and

Steffen et al. (2008)
C. elegans (rps and rpl genes) Extend Curran and Ruvkun (2007), and Hansen et al.

(2007)

rRNA processing factors S. cerevisiae (nop12, loc1, ssf1, rei1) Extend Kaeberlein et al. (2005), and Steffen et al. (2008)

TOR inputs
HIF1-( C. elegans (hif-1) Unclear Chen et al. (2009a,b), Mehta et al. (2009), and

Zhang et al. (2009)
VHL1 C. elegans (vhl-1) Extend Chen et al. (2009a,b), Mehta et al. (2009), and

Zhang et al. (2009)
PHD proline hydroxylase C. elegans (eg l-9) Extend Chen et al. (2009a,b), Mehta et al. (2009), and

Zhang et al. (2009)

AMPK

S. cerevisiae (snf1) No effect Ashrafi et al. (2000)
C. elegans (aak-2) Shorten Apfeld et al. (2004), Greer et al. (2007), Narbonne

and Roy (2006, 2009)
M. musculus (metformin treatment) Extendb Anisimov et al. (2008)

Lkb1 C. elegans (par-4) Shorten Narbonne and Roy (2009)
STRAD-alpha C. elegans (strd-1) Shorten Narbonne and Roy (2009)
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a LOF lifespan phenotype observed under starvation conditions.
b Gain of function experiment.
c Expression of dominant negative allele.

apahi and Powell-Coffmann, but not in the Kaeberlein laboratory
Chen et al., 2009a,b; Mehta et al., 2009; Zhang et al., 2009).
urthermore, the mechanism of lifespan extension by mutants for
if1˛ has been shown to be either dependent or independent on
af-16/foxO by Zhang et al and Chen et al., respectively (Chen et al.,
009b; Zhang et al., 2009).

Taken together, the deletion or the overexpression of HIF1�
xtends lifespan under somewhat different conditions. It is likely
hat the loss and gain of function mutations elicit their effects on
ifespan by distinct mechanisms (Zhang et al., 2009). Why tem-
erature, food sources, and xenobiotic additives routinely used
Please cite this article in press as: Evans, D.S., et al., TOR signaling never ge
doi:10.1016/j.arr.2010.04.001

n C. elegans experiments make lifespan differentially sensitive to
he activity of hif1˛ and daf-16/foxO remains an open issue. Alter-
atively, the possible lack of statistical power in the individual
xperiments presented by all three groups might have contributed
owards the complex picture (Box 1 ). Notably, however, the group
reporting no lifespan effect of hif1˛ loss of function reached a cumu-
lative sample size of 558 hif1˛ (ia04) mutants and 563wt controls
in 11 individual experiments. In a combined analysis, this sam-
ple size would achieve sufficient statistical power to support their
conclusions. However, a summary estimate of the 11 experiments
was not provided, thus limiting the interpretation of the negative
finding (Mehta et al., 2009). In summary, a potentially sufficiently
powered study appears to find no effect, while two potentially
underpowered studies report significant extensions of lifespan.
This represents a conundrum warranting further investigation.

In addition, the data by Chen et al. proposes that hif1˛ acts
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

downstream of the TOR pathway to regulate lifespan in C. ele- 380

gans. RNAi against hif1˛ does not further extend the lifespan of 381

daf-15/raptor heterozygotes or rsks-1 (the C. elegans S6K ortholog) 382

homozygotes. In a complementary experiment, HIF1� protein sta- 383

bilization caused by egl-9/PHD mutations abolishes the lifespan 384

dx.doi.org/10.1016/j.arr.2010.04.001
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Box 1: Statistical power, cohort size and reproducibility
of measured lifespan differences.
Insufficient statistical power is a commonly encountered issue
in original and/or replication studies, including studies employ-
ing survival analysis. Power represents the probability to
detect a significant difference between two groups when the
true underlying difference is not zero. Typically, studies aim to
achieve power of at least 0.8, meaning that 8 out of 10 indepen-
dent experiments will detect a difference, if a true difference
really exists. It is possible, albeit unlikely, for an underpowered
study to detect a significant difference. However, an underpow-
ered study that fails to detect a significant difference produces
two possible interpretations: it either missed to detect a true
underlying difference, or the true underlying difference was in
fact zero.
Power is largely a function of effect size (the difference in lifes-
pan between experimental and control groups) and sample
size (the number of individual animals in the experimental and
control groups, see Graph 1). The measure of an effect in sur-
vival analysis is the hazard ratio, which is equivalent to the ratio
of the mean survival times of the experimental and control
groups. If the hazard ratio equals 1.0, there is no lifespan differ-
ence between experimental and control groups. If the hazard
ratio is 1.30, the average life span of the experimental group is
30% longer. Previous work performed power analysis using the
Weibull distribution to model the distribution of survival prob-
abilities (Heo et al., 1998). Here, we present a power analysis
for the commonly used, non-parametric log-rank test.
The bigger the effect size, the smaller the sufficiently powered
experiment becomes. Conversely, smaller effect sizes require
much larger sample sizes in order to achieve sufficient power.
The experimentalist has to strike a balance to design trials with
sufficient power without letting the cohort size (and workload)
growing out of sight. If the mutant lives – on average – twice as
long as the wild type (the hazard ratio is 2.0), 33 mutants and
33 controls provides power at the 0.8 level. If the difference
in average lifespan between mutant and wild-type strains is
30% (a hazard ratio of 1.3), a 0.8 powered study requires 229
mutants and 229 controls (see Graph 1). The power curves in
the graph show the power achieved using the non-parametric
log-rank test, a commonly used method for survival analysis
in model organism studies.

Graph 1. Power for survival analysis. Power is calculated for the log-rank two-sided
test under different hazard ratios assuming equal numbers in the experimental and
control groups and no censoring, alpha = 0.05, and no accrual period (Schoenfeld,Q7
1981). The size of the experimental group is shown along the X-axis. The dashed
line indicates power of 0.80.
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extension of rsks-1 mutants (Chen et al., 2009b). This suggests that
hif1˛ functions downstream of S6K to regulate lifespan, consis-
tent with TORC1-dependent translational control of HIF1˛ mRNA
in kidney cancer cells (Thomas et al., 2006).

2.7. The longevity phenotype of energy stress signaling

AMPK, an AMP-dependent kinase, is the ancient and central
sensor of cellular energy stress. Once activated by low energy
levels, it inhibits TORC1 activity and triggers a cellular response
towards catabolic metabolism. The activation of AMPK represents
a conserved and protective switch shielding the organism from the
consequences of metabolic overspending in dire times.

Mutations in one of the two genes encoding the catalytic sub-
unit of AMPK in C. elegans (aak-2), but not the paralogous aak-1,
reduce lifespan (Apfeld et al., 2004; Greer et al., 2007; Narbonne and
Roy, 2006). Consistent with the requirement of Lkb1-dependent
phosphorylation to activate AMPK (Hardie, 2007), loss of function
mutations in par-4 (the Lkb1 ortholog) or one of its cofactors, strd-
1 (the STRAD-( ortholog), phenocopy the loss of aak-2 (Narbonne
and Roy, 2009). Conversely, expression of a constitutively active
AMPK catalytic subunit has been shown to extend lifespan (Apfeld
et al., 2004). The genetic results in C. elegans are consistent with the
biochemical structure of the TOR pathway. However, whether the
AMPK-dependent effects on lifespan are mediated by the modula-
tion of TORC1 activity remains to be addressed (see below).

Mutational analysis of the genes encoding the orthologs of
the AMPK subunits in S. cerevisiae project a differentiated pic-
ture of AMPK’s role in lifespan regulation (Ashrafi et al., 2000). In
yeast, snf1 encodes an ortholog of the catalytic subunit AMPK�.
In addition, the three genes sip1, sip2 and gal83 are orthologs of
the scaffold/glycogen-binding subunit AMPK�, and snf4 encodes
the ortholog of the ATP/AMP binding subunit AMPK� (Table 1).
To distinguish between short lifespan phenotypes due to accel-
erated aging versus a reduction in cellular fitness, Ashrafi et al.
measured markers of cellular aging such as sterility, changes in
nucleolar morphology, and the redistribution of the Sir transcrip-
tional silencing complex. Consistent with expectations, the sip2
deletion mutants have a shorter lifespan accompanied by all of
the markers of accelerated aging (Ashrafi et al., 2000). Contrary
to expectations, however, the deletion of snf4 displays a moderate
increase in replicative lifespan, sip1 mutants have no effect, and
snf1 and gal83 mutants show a shortened replicative lifespan with-
out the accelerated aging phenotype of sip2 mutants (Ashrafi et
al., 2000). Even more surprisingly, the overexpression of SNF1, the
yeast ortholog of the catalytic subunit AMPK(, results in a shortened
lifespan with an accelerated aging phenotype (Ashrafi et al., 2000),
and not the extended lifespan that was observed when AMPK( was
overexpressed in C. elegans (Apfeld et al., 2004).

The metabolic master-regulator AMPK is far from a one-trick
pony, and TORC1 is only one of its many targets (Hardie, 2007). This
is exemplified by the requirement of AMPK for the lifespan exten-
sion of daf-2 mutants (the InR ortholog in C. elegans) (Narbonne and
Roy, 2006). The daf-2, aak-2 double mutant display a short lifes-
pan due to a failure to downregulate the adipose triglyceride lipase
ATGL-1 and the lack of appropriate osmoregulation (Narbonne and
Roy, 2006). The multitude of direct AMPK targets and their associ-
ated effects in vivo, which have been called surprising (Cunningham
and Ashrafi, 2009), constitute a formidable challenge to dissect out
the relationship of TORC1 and AMPK for lifespan regulation in the
future (see below).
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

2.8. The longevity phenotype of nutrient signaling 444

To our knowledge, no experimental lifespan data connecting 445

genetic manipulation of the components of the amino acid sens- 446

dx.doi.org/10.1016/j.arr.2010.04.001


 IN

T

G

A

earch

i447

r448

m449

p450

a451

e452

p453

r454

f455

456

t457

Z458

c459

c460

u461

s462

n463

464

d465

c466

T467

i468

e469

(470

m471

D472

a473

p474

a475

m476

e477

o478

t479

a480

p481

2482

483

s484

t485

e486

i487

f488

i489

a490

l491

(492

(493

p494

t495

f496

2497

a498

S499

n500

w501

i502

s503

c504

t505

s506

a507

u508

p509

a510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569
ARTICLE

U
N

C
O

R
R

EC

Model

RR 271 1–13

D.S. Evans et al. / Ageing Res

ng pathway to TORC1 signaling is available as of yet. Nevertheless,
educing amino acid availability by modifying the feeding regi-
ent is a commonly applied form of dietary restriction (DR) and

robably represents the most robust mechanism to extend lifespan
cross all species tested. In the following paragraph, we will briefly
xamine the evidence that amino acid restriction mediates lifes-
an extension via the TOR pathway, and refer to a more extensive
eview on the subject for further reading (Kapahi et al., submitted
or publication).

In Drosophila and C. elegans, amino acid deprivation phenocopies
he loss of TORC1 function (Long et al., 2002; Oldham et al., 2000;
hang et al., 2000), and DR has been shown to inhibit the biochemi-
al activity of TORC1 in mice (Estep et al., 2009). In conjunction with
ell culture experiments that show a strong inhibition of TORC1
pon amino acid removal (Hara et al., 1998), the data strongly
upports the hypothesis that the TOR network acts as a primary
utrient sensor.

If TOR mediates the effects of DR on longevity, the model pre-
icts that, in the ideal case, the DR-dependent lifespan extension
annot be further extended by genetically reducing TOR function.
his concept has at least two complications: (1) the looming lethal-
ty of full TORC1 inhibition, limiting the experimental approach to
ither non-lethal (redundant) genes or hypomorphic alleles, and
2) the hope that combining two weak TORC1 inhibiting treat-

ents canproduce an additive effect on lifespan. Nevertheless, in
rosophila, C. elegans and S. cerevisiae, experimental data show that
further reduction of TOR activity often fails to extend the lifes-
an of DR (Kaeberlein et al., 2005; Kapahi et al., 2004; Powers et
l., 2006), although some combinatorial effects of rapamycin treat-
ent and DR have been observed (Bjedov et al., 2010). In summary,

ven with the caveat that DR is executed differently among lab-
ratory protocols and model organisms, there is strong evidence
hat the lifespan-extending effect of nutrient restriction is medi-
ted by the reduction of TOR signaling (Kapahi et al., submitted for
ublication).

.9. The longevity phenotype of Wnt signaling

Biochemical evidence shows that the TOR pathway receives
timulating input from the Frizzled family of Wnt receptors, leading
o the prediction that active Wnt signaling could result in the short-
ning of lifespan (Fig. 1). Much of the functional genetic evidence
mplicating the Wnt pathway in the regulation of lifespan comes
rom the Klotho mouse model of accelerated aging. Klotho was orig-
nally discovered as a mutated gene in a mouse strain that exhibited
ccelerated aging and premature death (Kuro-o et al., 1997). While
oss of function mutations in Klotho result in accelerated aging
Kuro-o et al., 1997), overexpression of Klotho extends lifespan
Kurosu et al., 2005). The Klotho gene encodes a transmembrane
rotein that appears to act as a humoral factor that regulates mul-
iple pathways, including the insulin, Wnt, and fibroblast growth
actor (FGF) signaling pathways, among others (Wang and Sun,
009). Evidence initially suggested that Klotho exerted its effects on
ging through the insulin signaling pathway (Kurosu et al., 2005).
ubsequent studies found that Klotho also acts as a Wnt antago-
ist, and Klotho mutants displayed enhanced Wnt signaling along
ith stem cell depletion (Liu et al., 2007). It might appear counter-

ntuitive that Wnt signaling, a process known to be involved in
tem cell self-renewal (Klaus and Birchmeier, 2008; Nusse, 2008),
an result in stem cell depletion and accelerated aging. However,
he continuous exposure to Wnt has been shown to induce cellular
Please cite this article in press as: Evans, D.S., et al., TOR signaling never ge
doi:10.1016/j.arr.2010.04.001

enescence of both stem cells and differentiated cells (Castilho et
l., 2009; Liu et al., 2007). It has been postulated that the contin-
ous activation of cellular growth by Wnt signaling can activate a
rotective mechanism that leads to cellular senescence (Castilho et
l., 2009). Linking Wnt-mediated aging to the TOR pathway, Wnt-
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induced senescence of epidermal stem cells in mice was shown to
be dependent on mTor (Castilho et al., 2009). Perhaps, prolonged
Wnt exposure exhausts the stem cell niche or causes cell senes-
cence of differentiated cells, leading to premature aging of the
entire organism.

Despite the published evidence that the activation of TOR by
Wnt can shorten cellular lifespan, there is currently no published
data showing that Wnt regulates organismal lifespan in a TOR-
dependent manner. It has been shown that the transcriptional
effects of Wnt signaling are required for daf-16/foxO-dependent
lifespan regulation and dauer formation in worms (Curran and
Ruvkun, 2007; Essers et al., 2005). These results, in conjunction
with the interplay between TOR and Insulin signaling and the con-
trol of cellular survival through the Wnt-induced regulation of TOR,
raise the prospect that Wnt might regulate TOR-dependent lifespan
regulation.

2.10. The longevity phenotype of translational initiation factors

Regulation of translation is the best characterized output of
TOR signaling that regulates lifespan (Table 1). TORC1 regulates
translation by activating S6 Kinase (S6K) and repressing the transla-
tional inhibitor 4E-BP, both by a direct phosphorylation mechanism
(Harris and Lawrence, 2003). The binding of 4E-BP with eIF4E
represses translation initiation by preventing eIF4F complex forma-
tion and mRNA circularization (see above). The inhibition of TORC1,
either through genetic manipulation or through dietary restriction
(DR), allows 4E-BP to repress translation initiation (see above). Con-
sistent with biochemical experiments, genetic studies in Drosophila
demonstrate that a null mutation in d4E-BP abrogates the lifespan-
extending effects of DR, and overexpression of activated alleles of
d4E-BP lengthens lifespan under nutrient-rich conditions (Zid et al.,
2009).

When 4E-BP is active under conditions of low TORC1 activity,
overall translational output is reduced as assessed by 35S-
methionine incorporation (Zid et al., 2009). However, regulation
of translational output by the TOR pathway is not as simple as
reducing translation from all mRNAs. Genome-wide translational
profiles in Drosophila under normal and DR conditions revealed
that mRNAs with complex secondary structure in their 5′ UTRs
were sensitive to the repressive effects of 4E-BP, while mRNAs
with simple 5′ UTRs escaped the translational repression of 4E-
BP (Zid et al., 2009). Among the mRNAs not repressed by 4E-BP
under DR conditions were nuclear-encoded mitochondrial mRNAs
encoding components of the electron transport chain (ETC). This
suggests that oxidative phosphorylation is favored over glycolysis
when nutrient levels are low, and DR-induced elevated mitochon-
drial ETC activity has been reported across many species (Guarente,
2008). Oxidative phosphorylation produces up to 36 moles of ATP
per mole of glucose while metabolizing glucose to lactate via the
glycolytic chain generates only 2 moles of ATP per mole of glucose.
Hence, the ETC can be rightfully viewed as a more efficient way to
produce ATP. Alternatively, the catabolic macromolecular precur-
sor molecules NADPH, Acetyl-CoA and the glycolytic intermediates
produced by glycolysis might not be required or might even be
detrimental during times of restricted resources during DR (Vander
Heiden et al., 2009). This shift in metabolism appears to be required
for the lifespan-extending effects of DR (Zid et al., 2009). Future
investigation will be required to determine how a shift towards
oxidative phosphorylation results in lifespan extension.

Studies using C. elegans and S. cerevisae have demonstrated that
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

the inhibition of several components of the translation initiation 570

complex, including eIF2, eIF4A, eIF4E, and eIF4G can extend lifes- 571

pan (Curran and Ruvkun, 2007; Hansen et al., 2007; Henderson et 572

al., 2006; Kaeberlein et al., 2005; Pan et al., 2007; Smith et al., 2008; 573

Steffen et al., 2008; Syntichaki et al., 2007). From 55 C. elegans genes 574
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nown to cause developmental arrest phenotypes similar to ifg-1
human eIF4G) (Kamath et al., 2003), 24 genes were found to extend
ifespan upon RNAi-based inhibition just during adulthood (Chen
t al., 2007). Many genes identified were involved in translation
nitiation and ribosomal biogenesis. Ribosomal proteins and rRNA
rocessing factors have also been shown to regulate lifespan both in
orms and yeast (Table 1). Genes involved in translation and nutri-

nt sensing display significant degrees of functional conservation
ven between yeast and worms, organisms separated by approxi-
ately 1.5 billion years of evolution. Yeast orthologs of worm aging

enes are significantly enriched for genes that affect replicative
ifespan and protein translation in yeast (Smith et al., 2008).

Among the four known S6K targets (SKAR, PDCD4, eIF4B, and
EF2K), only SKAR (Richardson et al., 2004) and eIF4B (Hernandez
t al., 2004) have been shown to control cell growth. There is no
ublished data showing that SKAR or eIF4B regulate organismal

ifespan, or that PDCD4 or eEF2K control cellular or organismal
ifespan.

The activity of eIF4E is not only regulated by 4E-BP, but also
y mitogen-activated protein kinases (MAPK)-interacting kinases
and 2 (Mnk1 and Mnk2). In mammals, Mnk1/2 phosphorylates

IF4E at Serine209 (Scheper et al., 2001). The exact physiological
ole for this phosphorylation in mammals is not completely under-
tood. Mice deficient for Mnk1 and Mnk2 are viable and develop
n the absence of any detectable eIF4E phosphorylation (Ueda
t al., 2004). In contrast, Mnk1/2 dependent phosphorylation of
IF4E becomes essential for cell survival and tumor progression
n a cancer context (Wendel et al., 2007). Taken together, it seems
hat eIF4E phosphorylated by Mnk1/2 becomes limiting in certain
athological settings with high requirements on translation (e.g.
ancer). In these stress contexts, the Ser209 phosphorylated eIF4E
an be viewed as an activated form of this translational initiation
actor, and Mnk1/2 as an eIF4E activating regulator. Although the
recise mechanism remains unknown, it appears that TOR might
romote eIF4E phosphorylation through Mnk1/2 (Wendel et al.,
007).

Interestingly, eIF4E phosphorylation has been shown to be
mportant for growth in Drosophila (Lachance et al., 2002). Consis-
ently, Lk6, the single homolog of Mnk1/2 in Drosophila, regulates
rowth in a dose and nutrient-dependent manner (Reiling et al.,
005). Lk6 mutants show an extension of lifespan only under
tarvation conditions where translational repression is especially
mportant in order to survive such harsh conditions (Reiling et
l., 2005). In summary, Lk6 deficient flies phenocopy the reduced
ctivity of TORC1 under nutrient stress circumstances. Although
he TORC1-LK6 link is not established biochemically, this phe-
otype is consistent with MNK’s role of regulating translation
ownstream of TOR.

.11. The longevity phenotype of autophagy

In addition to translational regulation, the TOR pathway controls
ifespan by regulating autophagy. Macro-autophagy is the degrada-
ion of organelles, allowing cellular macromolecules to be catabo-
ized and recycled. The lifespan-extending effects of DR and TORC1
nhibition require autophagy (Hansen et al., 2008; Jia and Levine,
007). The role of autophagy in lifespan regulation is extensively
eviewed in the accompanying article by Koga and colleagues.

. Of drugs, mice and men
Please cite this article in press as: Evans, D.S., et al., TOR signaling never ge
doi:10.1016/j.arr.2010.04.001

Studying lifespan in relatively long-lived mammals is challeng-
ng due to the high costs of long-term experiments that place
arge demands on laboratory space. These challenges have been
aken on in a few recent studies using pharmacological and genetic
nterventions inhibiting the TOR pathway (Harrison et al., 2009;
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Selman et al., 2009). The results are supporting a role for TORC1
activity on lifespan determination in mice. In this section, we dis-
cuss the effects of metformin and rapamycin, two small molecules
affecting TORC1 activity. We also review the effects of genetic abla-
tion of S6K1 on mammalian lifespan, and briefly summarize the
sex-specific effects of the resulting alteration of the TOR signaling
network.

3.1. Lifespan extension by metformin treatment, an AMPK
activator

Metformin, a relatively simple and inexpensive biguanide
commonly prescribed to treat type-2 diabetes, activates AMP-
dependent kinase by an unknown mechanism. Physiologically,
metformin acts in three ways: by reducing the resorption of car-
bohydrates in the intestine, by inhibiting gluconeogenesis in the
liver, and by sensitizing peripheral tissue to insulin. Due to its rela-
tively mild side effects and positive effect on cardiovascular disease
in diabetic patients, 40 million prescriptions of metformin were
filled in the US in 2008, making metformin the #1 ranked line
of treatment among type-2 diabetes patients, and #10 among all
prescribed generics (SDI/Verispan and VONA, 2008). On a cellular
level, the activation of AMPK causes a general switch from anabolic
to catabolic metabolism (Hardie, 2007). In addition to other tar-
gets, AMPK phosphorylates Tsc2 and Raptor (Fig. 1), resulting in
the downregulation of TORC1 activity (Gwinn et al., 2008).

The life extending properties of biguanides on rodents have been
known for some time (Dilman and Anisimov, 1980). Consistent
with its ability to activate AMPK, metformin has been reported to
extend median lifespan in C. elegans dependent on par-4/lkb1 and
aak-2/ampk (Onken and Driscoll, 2010). Furthermore, metformin
treatment extends the median and maximal lifespan of female
wild-type mice (Anisimov et al., 2008). Interestingly, a growing
body of evidence also suggests that a series of mouse tumor mod-
els treated with metformin display delayed or reduced tumor load
(Buzzai et al., 2007; Huang et al., 2008). Consistently, retrospective
studies of type-2 diabetics demonstrated that taking metformin is
associated with a reduced risk for pancreatic and breast cancer in
humans (Evans et al., 2005; Li et al., 2009; Libby et al., 2009). The
ability of metformin to reduce tumor load may suggest that the
lifespan-extending effects might be due to a reduced cancer burden.
However, at least in wild-type mice, this seems not to be the case
(Anisimov et al., 2008). The incidence of tumors was similar in met-
formin treated and non-treated controls, while metformin-treated
mice had a significant lifespan extension. However, tumor sizes of
untreated controls and metformin-treated mice were not exam-
ined in this study. Metformin’s physiological mechanism to extend
lifespan remains enigmatic, but its reduction of TORC1 activity
might provide a plausible explanation. As of yet, there are no reports
on the effect of metformin on human lifespan.

Polyphenols, including Resveratol, act as powerful activators of
AMPK (Zang et al., 2006). They also have been reported to acti-
vate Sirtuins, especially SIRT2 (see accompanying review by Tranah,
in this issue). Several studies have reported increased healthspan
(defined as the reduction of age-related diseases) in mice treated
with Resveratol, but to date it remains unclear if these effects are
mediated by the activation of AMPK, of Sirtuins, or both (Finkel et
al., 2009). Newly developed compounds activating Sirtuins without
affecting AMPK activity should help to resolve this matter (Baur et
al., 2006; Milne et al., 2007).
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

3.2. Lifespan extension by rapamycin treatment, a TORC1 695

inhibitor 696

Rapamycin and its direct chemical derivatives (“rapalogs”) 697

(Guertin and Sabatini, 2009) have long been used as allosteric 698

dx.doi.org/10.1016/j.arr.2010.04.001
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ORC1 inhibitors in the lab and as immunosuppressants in the
linic. Some rapalogs have recently been FDA approved for the
reatment of a few selected cancers (Guertin and Sabatini, 2007).
n a recent study, Harrison and colleagues showed that the admin-
stration of rapamycin late in life (600 days) significantly extends
he mean life span of male and female mice cohorts by 9 and 13%,
espectively (Harrison et al., 2009). Like the metformin study, Har-
ington et al. also report no significant changes in cancer onset and
requency between treated and control cohorts. A separate study
tarted at a later time and which is therefore still underway, inves-
igates the effects of rapamycin fed mice started at 270 days of
ge, and already notes a significant decrease in mortality risk of
he treated mice at a time point when 51% of females and 68% of
he males had died (Harrison et al., 2009). Examination of riboso-

al protein S6 (rpS6) phosphorylation, a frequently used surrogate
arker for TORC1 activity, in visceral fat tissue showed a 75–80%

eduction of TORC1 activity in rapamycin treated mice. However,
apamycin has been reported to accumulate in fat, so this might
epresent an overestimate of rapamycin’s effect on TORC1 activity
n other tissues. In an independent study, old mice (22–24 months)

ere fed with rapamycin for 6 weeks only. A comparison to vehicle-
ed controls revealed a significant increase in lifespan, restored
ematopoietic stem cell function and increased immunity function
Chen et al., 2009a). These results support the hypothesis that inhi-
ition of TORC1 activity might contribute to lifespan extension in
ammals.
The precise biochemical consequences of long-term rapamycin

reatment are complex. For one, extended rapamycin treatment
as been shown to inhibit TORC2 (a Tor-containing protein com-
lex with functions distinct from TORC1) in addition to TORC1

n some mammalian cell lines (Sarbassov et al., 2006). Secondly,
hronic rapamycin treatment inhibits TORC1 activity towards
6K permanently, while TORC1-dependent phosphorylation of
E-BP1 rebounds after a transient phase of inhibition (Choo et
l., 2008; Feldman et al., 2009; Thoreen et al., 2009). This con-
rasts with the previous view that rapamycin inhibits TORC1
inase activity towards all substrates. Taken into consideration,
his suggests that rapamycin treatment might mimic the spe-
ific inhibition of S6K (see below). Lastly, inhibition of TORC1 has
een shown to release the negative feedback inhibition towards
nR/IGFR/IRS activity, resulting in an increase of PI3K, Akt and
erum glucocorticoid-induced kinase (SGK) activity (Alessi et al.,
009; Manning, 2004). Dissecting out the relevant biochemical
vents and target tissues required for the rapamycin-dependent
ifespan extension will be an important challenge. The newly devel-
ped ATP competitive inhibitors of mTOR and dual-specificity
nhibitors of mTOR and PI3K might prove to be valuable tools
o address these questions, in addition to mice with genetically
ltered TORC1 signaling (Feldman et al., 2009; Thoreen et al.,
009).

.3. Lifespan extension by genetic deletion of S6K1

S6K1 is a direct TORC1 substrate, and the phosphorylation of
6K1 by TORC1 is strictly rapamycin sensitive (Choo and Blenis,
009; Thoreen and Sabatini, 2009). Mice carrying a genetic deletion
f S6K1 are viable, and this finding gave rise to the discovery of
6K2 (Lee-Fruman et al., 1999; Shima et al., 1998). The putative
6K1–S6K2 redundancy might contribute to the compensation for
he loss of S6K1. In support of this hypothesis, S6K2 activity was
ound to be upregulated in S6K1 deficient cells (Lee-Fruman et al.,
Please cite this article in press as: Evans, D.S., et al., TOR signaling never ge
doi:10.1016/j.arr.2010.04.001

999; Pende et al., 2004; Shima et al., 1998).
A recently published study utilizing a S6K1 deficient cohort of

ice showed a 19% increase of median lifespan in females when
ompared to isogenic wild-type controls, without any effects on
umor incidence rates. Of note, there was no significant improve-
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ment for male mice (Selman et al., 2009). The result of Selman et al.
establishes S6K1 as a major mediator of TORC1-dependent lifespan
in mice. However, no measurement of S6K2 activity in S6K1 mutant
mice is provided (Selman et al., 2009). Nevertheless, the data sug-
gest that it is S6K1 that plays a relevant role in mammalian lifespan
regulation downstream of TORC1.

3.4. The AMPK-TORC1-S6K subcircuit loop

Overall, the data from mice show that AMPK activation, TORC1
inhibition and S6K1 deletion share the common phenotype of
extended lifespan. The signal transduction from AMPK to TORC1
and, subsequently, to S6K is solidly established. Importantly, a
recent report sheds light on a previously underappreciated con-
nection of S6K back to AMPK. In skeletal muscle isolated from
S6K1−/− mice, high AMPK activity has been observed (Aguilar et
al., 2007). Data in C. elegans by Selman et al. also suggest elevated
AMPK activity in S6K mutants. Consistently, the prolonged lifespan
of S6K mutant worms depends on AMPK (aak2 in C. elegans). The
biochemical circuitry of the TOR signaling network predicts that
loss of S6K1 triggers elevated AMPK activity and results in sup-
pression of TORC1 by AMPK-dependent phosphorylation of Tsc2
and Raptor (Gwinn et al., 2008). Therefore, inhibition of S6K1,
either by genetic deficiency or by pharmacological means, trig-
gers a negative feedback loop that acts to reduce TORC1 activity.
How this translates back into mice remains to be explored, as a
true epistatic relationship placing S6K1 and AMPK into a negative
feedback loop culminating in TORC1 inhibition and thereby con-
trolling lifespan in mice remains to be proven, but is tantalizing
nonetheless.

3.5. Female vs. male lifespan differences

The model of the AMPK-TORC1-S6K circuit would explain the
power of the S6K1 deletion to extend lifespan in female mice, but
leaves very few clues as to why this effect does not apply to male
mice. Moreover, the sex-specific differences in the rapamycin study
are less pronounced (Harrison et al., 2009). The metformin study
does not illuminate the issue any further, as it presents data exclu-
sively from female mice. The effect of AMPK activation on lifespan
in male mice remains unknown (Anisimov et al., 2008). Of note,
IGFR deficient mice also display the tendency towards longer lived
females (Holzenberger et al., 2003).

Are similar sex-specific patterns also observed in other
model organisms? Lifespan experiments in C. elegans utilize
hermaphrodites, and the effects of mating type differences in yeasts
on lifespan are unexplored. However, in Drosophila, sex-specific
effects in lifespan are observed, and the manipulation of the Insulin
signaling pathway (Clancy et al., 2001; Tatar et al., 2001) or the TOR
pathway (Bjedov et al., 2010; Zid et al., 2009) leads to sex-specific
effects. Sex-specific phenotypes of elevated TORC1 signaling have
also been noted in human disease. Loss of function of the tsc1
or tsc2 genes induces lyphangioleiomyomatosis (LAM), only diag-
nosed in women for unknown reasons (Henske, 2003). The relation
to the observed differences in lifespan extension between male
and female mice by rapamycin treatment or S6K1 deletion and
the female-specific pathology of high TORC1 activity remains to
be explored.

4. Mechanisms of TOR-dependent lifespan extension
ts old: Aging, longevity and TORC1 activity. Ageing Res. Rev. (2010),

Although a careful and comprehensive exploration of the possi- 818

ble and probable mechanisms of TOR-dependent lifespan extension 819

is beyond the scope of this review, several key observations point 820

in the direction of at least four consistent effects of reduced TORC1 821

dx.doi.org/10.1016/j.arr.2010.04.001
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ignaling: (1) upregulated mitochondrial oxidative phosphoryla-
ion (Bonawitz et al., 2007; Guarente, 2008; Zid et al., 2009), (2)
ncreased resistance to oxidative stress (Fabrizio et al., 2003), (3)
cell-protective metabolic response (Wei et al., 2009), and (4) the

nitiation of autophagy (Salminen and Kaarniranta, 2009). The mul-
itude of responses poses the pressing questions of how much each
ndividual response contributes towards lifespan extension upon
he reduction of TORC1 activity, and if the individual responses act
ynergistically or additively. For example, while increasing the pro-
ection against superoxide seems to contribute towards extended
ifespan in yeast and flies (Parkes et al., 1998), this mechanism
eems to be only partially responsible for the lifespan extension
ediated by the sch9 (S6K ortholog) mutant in yeast (Fabrizio

t al., 2003). Quantitative studies employing pharmacological and
enetic tools in model organisms will again be the method of choice
o answer these questions.

. Outlook: the TOR signaling network and human lifespan

The data summarized in this review, covering all individual sig-
aling modules of the TOR pathway in multiple model organisms,

ncluding rodents, strongly suggest that reduced TORC1 signaling
arries the benefit of an extended lifespan. Considering the grow-
ng amount of these consistent results in experimental settings, the
ime has become mature to evaluate the relevance of TORC1 signal-
ng in humans. As aging is the single largest risk factor for human
isease in developed countries, interventions to postpone its pro-
ression will have tremendous impact on individual and public
ealth. It is intuitive to investigate the effects of mTOR antagonists
r agonists (e.g. rapamycin and metformin) on human health. How-
ver, such studies encounter many significant limitations. Using
ata from patients prescribed metformin and rapamycin face con-
ounding from selection bias, as these agents are prescribed to treat
erious life-shortening diseases. Furthermore, rapamycin and its
erivatives carry a long and gruesome list of side effects, excluding
r at least seriously limiting the initiation of prospective longi-
udinal studies in healthy individuals with this class of drugs. In
ontrast, the relatively mild side effects of metformin might rep-
esent less of a hurdle to initiate a long-term study in healthy
ndividuals, yet it may still take a very long time to observe mea-
urable effects.

Alternatively, identifying specific genetic variants affecting vari-
tion in human lifespan or longevity may present a feasible
pproach to address this question. The data from model organisms
an be crafted into the hypothesis that long-lived humans might
arry genetic variants in genes of the TOR signaling network that
ause reduced TORC1 activity. For instance, comparing the genetic
rofiles (e.g. DNA sequence variations or methylation patterns) of
enes constituting the human TOR network in a sufficiently large
ohort of centenarians to appropriate controls may reveal if spe-
ific variants of certain genes are significantly associated with the
ong-lived phenotype. Subsequently, the identified variants could
e tested for their effects on TORC1 activity by biochemical means
nd transplanted into model organisms for genetic effects on lifes-
an. With the ever dropping cost and increasing power of modern
equencing technology, this approach, which was out of reach just
couple of years ago, is firmly within the reach of today’s science.
erhaps, we might live to see if TOR signaling never gets old (Heo
t al., 1998).
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