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Introduction

Dietary restriction (DR) is a robust method of increasing life span in a variety of species (1, 2) (see
Masoro Subfield History and Kristal Perspective). The shift of an organism's metabolic investment from
reproduction and growth toward somatic maintenance, which allows the organism to survive under harsh
environments until there are suitable reproductive conditions, has been proposed to be responsible for the
increase in life span caused by DR (3). However, the molecular mechanism by which this shift in
metabolism manifests as a change in life span remains to be elucidated.

Recently, the nutrient-sensing TOR (target of rapamycin) pathway (Fig. 1), which is conserved in
organisms ranging from fungi to humans, has been implicated in the regulation of life span (4-6). TOR
itself is a kinase that phosphorylates a number of different proteins and thus modulates their behavior. In
this Perspective, we discuss the responsiveness of the TOR pathway to nutrients, as well as its downstream
effectors that couple nutrients to growth, in relation to aging. We also discuss connections between the
TOR pathway and the insulin-like signaling (ILS) pathway, which is also implicated in the control of life
span (see "One for All").

Fig. 1. Balance between life span and growth is maintained
I 2 by the activities of the TOR and insulin/IGF-1 signaling
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TOR and Life Span

Experiments published in 2003 by Vellai et al. revealed that down-regulation of TOR expression by RNA
inhibition (RNA1i) in Caenorhabditis elegans during adulthood results in life-span extension (4). Whether
the ILS pathway is required for this phenotype was addressed by determining whether it was suppressible
by mutation in the gene encoding DAF-16, a FOXO forkhead transcription factor that functions in the
ILS pathway. If this pathway is active, DAF-16 becomes phosphorylated and is localized in the cytoplasm;
if the pathway is inactive, DAF-16 enters the nucleus, where it positively regulates the expression of genes
that are believed to promote life-span extension. Whereas down-regulation of the expression of DAF-2
[an insulin/insulin-like growth factor-1 (IGF-1)-like receptor] by RNAi causes life-span extension, a
phenotype that is suppressed by daf-16 mutations, Vellai ef al. showed that daf-16 mutations do not
suppress the effects of TOR down-regulation, indicating that the ILS pathway is not involved.

More recently, Jia et al. (5) provided additional evidence for connections between the TOR pathway and
life span by showing that heterozygous C. elegans daf-15 mutants display an extended life span as
compared to the wild type. DAF-15 is the worm ortholog of the mammalian protein raptor (regulatory
associated protein of mammalian TOR), which forms a stoichiometric complex with TOR. However, this
life-span extension was not observable in a daf-16 mutant background, indicating, in contrast to the
results from Vellai et al., that DAF-16 is required for these effects (5). This apparent discrepancy between
the results of the two groups is explained by the negative regulation of DAF-15 by DAF-16 (5). In a
daf-15 heterozygous mutant background, loss of DAF-16 may increase the abundance of DAF-15,
negating the life-span extension effect caused by reduction of DAF-15 by the heterozygous mutation (5).

Life-span extension by mutations that affect the TOR pathway also occurs in flies; modulation of various
genes that encode components of the TOR signaling pathway, including the products of the tuberous
sclerosis complex genes (Tscl and Tsc2), TOR, and S6 kinase (S6K), extend life span (6) (see "More
Without TOR"). The life-span extension displayed by mutant flies as compared to controls was found to
be greater when they were supplied with rich nutrition as compared to poor nutrition, an observation that
connects TOR's effects on life span with its previously characterized role in nutrient sensing.

TOR Links Nutrients to Growth

Mutations that affect components of the TOR pathway in a variety of organisms cause growth defects that
point toward its role in nutrient sensing. In Saccharomyces cerevisiae, disruption of TORI leads to a
phenotype similar to that seen in yeast treated with rapamycin, an antibiotic that inhibits TOR (7, 8). The
cells arrest at the G; phase of the cell cycle and display reduced protein synthesis, increased levels of

autophagy (see below), and decreased amino acid transport (7). In Drosophila, larvae lacking TOR show
similarities to amino acid-deprived animals, such as reduced nucleolar size and lipid vesicle aggregation in
the larval fat body (a structure that acts as both the liver and the adipose tissue of the fly) (9). The role of
TOR has also been examined in anautogenous mosquitoes (10). These mosquitoes use the reproductive
strategy of anautogeny, requiring a blood meal to initiate egg maturation. Production of egg yolk protein
precursors requires both the steroid hormone 20 hydroxyecdysone and the TOR pathway (10), indicating
that the TOR pathway couples blood ingestion with egg production.

In C. elegans, deletion of the gene encoding TOR leads to developmental arrest at the L3 larval stage;
these larvae exhibit an intestinal phenotype characterized by an increase in gut lumen size and a decreased
ability to absorb and digest nutrients (11). A similar phenotype was observed for homozygous daf-15
mutants (5). TOR pathway mutants also show an increase in fat accumulation like that observed in daf-2
mutants (5, 11). Interestingly, neither the developmental arrest nor the fat accumulation of homozygous
daf-15 mutants is suppressible by daf-16 mutations (5). Thus, although mutations that affect the TOR
pathway can result in phenotypes similar to those caused by mutations that affect the ILS pathway, these
data suggest that the TOR pathway is either acting downstream or parallel to the ILS pathway in the worm.
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Interaction Between the TOR and ILS Pathways

Recent evidence from Drosophila suggests that signaling through TOR is both parallel to and interactive
with signaling in the ILS pathway (12, 13). This idea is supported by the finding that heterozygosity of
dTscl or dTsc2, which encode products that function upstream of TOR, is sufficient to suppress the
lethality caused by loss of function of d/nR, which, like daf-2, encodes an insulin/IGF-1-like receptor
(13). However, the finding that loss-of-function mutations of d7sc/ and dPTEN, which encodes a
phosphatase that negatively regulates the ILS pathway, cause cell-autonomous and additive increases in
cell size, suggests that the products of these genes might function in parallel pathways (13). Furthermore,
the increase in cell size resulting from mutations in dTsc/ is enhanced by the loss of function of dFOXO,
which encodes a forkhead transcription factor that is the ortholog of C. elegans DAF-16 (14). Cross talk
between the TOR pathway and the ILS pathway is apparent, because both activate the downstream
effectors 4EBP (which can act as a repressor of translation) and S6K (which phosphorylates ribosomal
protein S6) (7, 15). Further interactions between these pathways are suggested by transcriptional
regulation of the gene encoding 4EBP by dFOXO in flies (16), and DAF-15 regulation by DAF-16 in
worms (discussed above) (3).

The Need for Multiple Growth Pathways

Unicellular organisms sense and directly respond to nutrients, such as amino acids, to control growth. In
multicellular organisms, the requirement for coordination of growth in different tissues creates a need for
intercellular communication, which is achieved by diffusible growth factors. In order to gauge the
appropriateness of these growth signals, multicellular organisms have also retained the ability to sense
nutrients autonomously, as checkpoints for growth control. The TOR pathway has been implicated in this
coordination of nutritional status and growth (17). Colombani et al. (17) showed that down-regulation of
TOR signaling in the Drosophila fat body can activate an amino acid sensor in the fat body that might
play a role in modulating the growth of peripheral tissues. A decrease in signaling by InR and
phosphatidylinositol 3-kinase (PI3K, another component of the ILS pathway) in the peripheral tissues is
observed upon activation of this amino acid sensor in the fat body. The fat body produces a Drosophila
insulin-like peptide cofactor, dALS (acid labile subunit), and this activity has been suggested as a possible
mechanism of humoral control of growth in peripheral tissues (17).

Downstream Effectors of TOR

TOR coordinates the activity of various targets that all seem to have a unifying role in regulating cellular
growth in response to nutrients.

Autophagy

Autophagy, a process triggered in many organisms upon nutrient starvation that involves TOR (18-20),
provides an attractive mechanism to explain the effects of the TOR pathway on life span. During
autophagy, various cytoplasmic components are enclosed within a double-membrane structure (the
autophagosome) and delivered to the vacuole for degradation. Recently, in C. elegans autophagy has
been shown to be required for the life-span extension that occurs in daf-2 mutants as well as for dauer
morphogenesis (an alternative developmental pathway that occurs under unfavorable growth conditions)
(21). TOR regulates autophagy by modulating the behavior of APG13 and APGI1, two proteins known to
play a role in autophagy. TOR maintains APG13 in a phosphorylated state, a form that has a low affinity
for APG1. Nutrient deprivation or inactivation of TOR by rapamycin leads to APG13 dephosphorylation
and hence to interaction with and activation of APG1 to stimulate autophagy (20).

Protein synthesis

Protein synthesis is another process mediated by the TOR pathway. S6K phosphorylation and thus
activation have been implicated in mediating the downstream effects of TOR on translation initiation in
both flies and mammals. This idea is suggested by the observation that the TOR knockout phenotype can
be suppressed by overexpressing S6K in flies (22). Consistent with the effect of S6K on growth, flies
carrying homozygous mutations in dS6K show a developmental delay and a reduction in body size (23).
Phosphorylation of ribosomal protein S6 by S6K is accompanied by up-regulation of a class of mRNAs
that contain an oligopyrimidine tract at their transcriptional start site, termed 5'TOP (24). Most of these
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mRNAs encode components of the translational apparatus, including ribosomal proteins and elongation
factors (24). Hence, increasing the translation of TOP messages amplifies the stimulatory effect of the
TOR pathway on protein synthesis.

4EBP, a protein that is phosphorylated upon insulin stimulation, is also targeted by TOR to regulate
translation and growth (7, 15). When inactive, the hypophosphorylated form acts as a translational
repressor by binding the protein synthesis initiation factor e[F4E and thus blocking the binding of elf4E
with initiation factor eIF4G. This activity represses cap-dependent translation (during which the assembly
of initiation factors on mRNA is stimulated by a 5' cap and a polyadenylated tail on the mRNA) (7, 15).
Overexpression of eIlF4E in cultured mammalian cells causes transformation of fibroblasts and increased
cell size, which can be reversed by increasing the abundance of 4EBP (15, 25).

Ribosome production

Ribosome production and protein synthesis are energetically costly processes that are co-regulated to meet
the metabolic demands of the cell. In yeast, TOR signaling regulates ribosome biogenesis at both the
transcriptional and translational levels. It is known to affect the transcription of ribosomal protein mRNAs
by RNA polymerase II, as well as transcription of ribosomal RNA and transfer RNA by RNA polymerase I
and RNA polymerase III (26, 27). The control of ribosome biogenesis by the TOR pathway, though not
well understood, is thought to involve protein phosphatase 2a, mutations in which inhibit polyribosome
formation (26, 27).

Amino acid transport

Amino acids are essential to cellular growth because they serve as building blocks for protein synthesis.
The TOR pathway plays an important role in regulating the activity of amino acid permeases, proteins that
transport amino acids across the plasma membrane, in S. cerevisiae (28). Inhibition of TOR function by
rapamycin or nitrogen limitation induces ubiquitination and degradation of tryptophan permease (28).

Although a role for the TOR pathway in the control of amino acid transport has not been shown in
worms, deletion of the gene encoding the intestinal peptide transporter shows some interesting interactions
with the TOR and ILS pathways. Deletion of the C. elegans pep-2 gene (which is normally expressed in
the intestine and encodes the ortholog of mammalian intestinal peptide transporter) abolishes the uptake of
intact peptides from the gut lumen (29). As a result, there is a decrease in the rate of development, body
size, and progeny number and an increase in tolerance to stress. Interestingly, the life-span extension
caused by daf-2 mutations or down-regulation of TOR by RNAI is further enhanced by the pep-2
deletion. Furthermore, loss of TOR in the pep-2 mutant background enhances the enlargement of the gut
lumen and the slow development that occurs in this mutant (29). These data suggest an important role for
amino acid transport upstream of TOR signaling in C. elegans.

Conclusion

The evidence that TOR regulates life span provides a framework for exploring the link between nutrient
limitation and life-span extension. It will be an interesting challenge to dissect the downstream effectors of
the TOR and ILS pathways that regulate life span. Further analysis of these pathways might also provide
information about connections between diet and cancer. Growth signaling pathways are frequently
misregulated in cancer, and the TOR and ILS growth signaling pathways play an important role in tumor
formation in some types of cancer [reviewed in (15)]. Additionally, DR reduces the incidence of a variety
of tumors in rodents (30). Thus, the TOR and ILS pathways may be a key link that provides insight into
the protective effects of DR on tumor formation.
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