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Abstract

In higher organisms dependent on the regenerative ability of tissue stem cells to maintain tissue
integrity throughout adulthood, the failure of stem cells to replace worn out, dead, or damaged cells
is seen as one mechanism that limits lifespan. In these organisms, tumor suppressors such as p53 are
central participants in the control of longevity because they regulate stem cell proliferation. Several
recent reports have identified p53 as a longevity gene in organisms such as C. elegans and Drosophila
melanogaster, which lack proliferative stem cells in all but the germline and have relatively short
lifespans. This has forced us to reevaluate the role of p53 in the control of lifespan. We discuss how
p53 might regulate longevity in both long- and short-lived species by controlling the activity of
insulin-like molecules that operate in proliferating and non-proliferating compartments of adult
somatic tissues. We also discuss the hierarchical structure of lifespan regulation where loss of p53
has lifespan extending effects. Finally, we suggest a molecular mechanism by which p53 might
facilitate the response to severe nutrient deprivation that allows metabolically active cells to survive
periods of starvation. Paradoxically, loss of p53 function in these cells would compromise lifespan.

Insulin/IGF signaling in C. elegans, Drosophila, and mice

Theinsulin (INS)/insulin-like growth factor (IGF) signaling axis is critical for control of growth
and proliferation. Reduced function of this axis causes growth retardation in humans (Vaessen
et al., 2002) and small size and hypocellularity in experimental organisms such as flies and
mice (Clancy et al., 2001; Liu et al., 1993; Tatar et al., 2001). This axis also controls lifespan
and aging in animals ranging from worms to mammals (Larsson et al., 2005). However, in
contrast to its deleterious effects on growth and proliferation, reduced insulin/IGF signaling
has beneficial effects on longevity, extending lifespan in all animals in which it has been tested
(Piper et al., 2008). In fact, a cohort study of elderly Dutch citizens has revealed that genetic
variations which cause reduced INS/IGF signaling are beneficial for old age survival, providing
evidence that the IGF axis controls lifespan in humans as well (van Heemst et al., 2005). Thus,
the same level of insulin/IGF activity that is beneficial early in life is detrimental later on (Fig.
1A). We have proposed that examples of antagonistic pleiotropy (Williams, 1957) such as this
might be linked to genes that alter the activity of p53 (Ungewitter, in press). We now propose
that the divergent effects of the insulin/IGF axis on growth and proliferation on the one hand
and longevity on the other can be explained by the ability of p53 control insulin/IGF activity.
In tumor cells, p53 suppresses growth and proliferation by blocking IGF-1 action, which has
the desirable outcome of prolonging life. This same activity in normal stem cells, however,
can lead to tissue deterioration and aging, reduced viability, and shortened lifespan.
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An outline of the insulin/IGF signaling pathway in mammals is presented in Fig. 1B (reviewed
in (Denley et al., 2005)). IGF-1, and to a lesser extent IGF-I1, bind the extracellular portion of
the IGF-1-receptor (IGF-IR) and initiate a phosphorylation cascade that acts through P13 kinase
and AKT to phosphorylate mTOR and FOXO. Phosphorylation of mTOR results in growth,
while phosphorylation of FOXO results in reactivation of the cell cycle by removing the block
to proliferation by the FOXO target p27. Signaling through insulin via the insulin receptor is
very similar. In addition, both insulin and the IGFs can utilize hybrid receptors consisting of
INS-R/IGF-1R heterodimers. A third receptor, the IGF-2 receptor, binds ligand but does not
transmit the signal intracellularly and thus acts to turn off signaling from all three ligands.

INS/IGF signaling is regulated at several steps, both before and after receptor activation, and
is controlled primarily by the quantity of available ligand and the level of the receptor(s). In
mammals, IGF signaling is also controlled by six IGF-binding proteins (IGFBPs), which
interact with the IGF ligands to increase their stability during circulation (Guler et al., 1989),
facilitate the delivery of IGFs to tissues (Stewart et al., 1993), and control accessibility of IGFs
for binding the IGF-1R (Angervo et al., 1991; Rutanen et al., 1988). Following receptor
activation, INS/IGF signaling is subject to control by phosphatases, such as PTEN, which block
phosphorylation of downstream targets and halt the phosphorylation cascade necessary for
INS/IGF signal transduction (Maehama and Dixon, 1998).

The INS/IGF signaling proteins are well conserved between invertebrates and mammals, but
have a few notable differences. Both C. elegans and Drosophila have asingle INS/IGF-receptor
but have multiple INS/IGF ligand varieties, 39 insulin-like (ins) genes identified so far in C.
elegans (Braeckman and Vanfleteren, 2007) and 7 insulin-like peptides (dILPs) identified in
Drosophila (Broeck, 2001; Brogiolo etal., 2001; Cao and Brown, 2001). By contrast, mammals
have just three INS/IGF ligands (IGF-I, IGF-11, and insulin) but have four known INS/IGF
receptors and multiple IRS isoforms (Navarro et al., 1999).

In humans and mice, the IGF-1 gene consists of 6 exons, separated by 5 introns (Fig. 2) (Adamo
et al., 1993). Transcription is controlled by alternate use of two upstream promoters and starts
at several transcription start sites located in exons 1 and 2 (Mittanck et al., 1997). Together,
alternate promoter usage and alternative splicing at the 5" and 3' ends of the gene generate
several distinct mMRNAs depending on their exon sequences, which code for three isoforms of
precursor IGF-1 (Fig. 2) (Daughaday and Rotwein, 1989;Shavlakadze et al., 2005;Stewart and
Rotwein, 1996). These isoforms have characteristic N-terminal signal peptide sequences and
C-terminal extension (E) peptide domains. Exons 1 and 2 and part of exon 3 encode the signal
peptides. The remainder of exon 3 and exon 4 encode the mature IGF-1 peptide and the
proximal part of the E peptide, which are shared by all isoforms. Splicing of exon 4 to exon 6
generates the predominant transcript IGF-1Ea. Splicing of exon 4 to exon 5 generates IGF-1Eb,
which encodes an isoform with 47 distinct amino acids in the E domain. When part of exon 5
is spliced to exon 6, the IGF-1Ec (IGF-1Eb in mouse) variant is generated. In this case, a frame-
shift occurs in exon 5 followed by premature transcription stop in exon 6 that results in a stretch
of 25 amino acids unique to this variant (reviewed in (Winn et al., 2002)). All three variants
generate the mature 7.6-kDa IGF-1 bioactive peptide upon release of the E peptide domain,
but their individual functions are not entirely known.

The IGF-1Ec/Eb prepeptide is known as mechano growth factor, or MGF. MGF is a non-
secreted form of IGF-1 that can be also found in the nucleus of cells in culture (Tan et al., 2002)
or perinuclear in hippocampal cells after ischemia (Dluzniewska et al., 2005). Together with
IGF-1, MGF functions to regenerate muscle (Hill and Goldspink, 2003) in response to
activation of mechano receptors by trauma, stress, or strenuous exercise (McKoy et al.,
1999; Yang et al., 1996). MGF stimulates muscle stem cells (satellite cells) to reenter the cell
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cycle and proliferate (Adams, 1998; Yang and Goldspink, 2002), whereas IGF-1 is necessary
for the differentiation of newly generated muscle precursor cells into myoblasts and myofibers..

Although the main source of IGF-1 is the liver, where growth hormone (GH) and its associated
signaling pathway induce transcription of the IGF-1 gene, the mechanism by which MGF is
preferentially made is less clear. From studies in mice and humans, it is clear that GH induces
expression of both the endocrine form of IGF-1 and MGF (Hameed et al., 2004; lida et al.,
2004). However, mice deficient in GH (lit/lit mice) respond to administration of GH with an
acute increase in MGF, but not IGF-1, in skeletal muscle, but an increase in both MGF and
IGF-1 in liver (lida et al., 2004). The mechanism by which GH has a differential effect on
IGF-1 and MGF expression is completely unknown.

IGF-1 isoforms differ in the signaling pathways they activate. By over-expressing IGF-1Ea
and MGF in muscle, it has been shown that both isoforms can activate IGF-1R and Akt
phosphorylation (Barton, 2006), although the biological relevance of this for MGF, which is
not normally secreted, is unclear. In addition, MGF was shown to induce phosphorylation of
ERK, a property not shared with IGF-1Ea (Barton, 2006). The potential importance of this
distinction in terms of stem cell proliferation will be described in a following section.

The beneficial effects of reduced p53 activity in neurons

The tumor suppressor p53 exerts control over INS/IGF signaling at several key points. First
and foremost, p53 controls the level of the IGF-1 receptor (Werner et al., 1996). p53 suppresses
Igf-1R transcription by sequestering TBP, the TATA-box binding subunit of the general
initiation factor TFIID. The interaction of p53 with TBP blocks the formation of transcription
factor complexes on the Igf-1R promoter, thus repressing IGF-1R transcription (Werner et al.,
1996). In the absence of p53, TBP is free to initiate IGF-1R expression. p53 also suppresses
IGF-1R activity by reducing endogenous levels of IGF-1R mRNA (Werner et al., 1996) and
by stimulating the transcription of IGFBP-3, which inhibits ligand-induced activation of the
IGF-1R (Buckbinder et al., 1995). Finally, p53 can regulate INS/IGF activity by controlling
downstream members of the INS/IGF signaling cascade. p53 controls the level and activity of
the dual lipid-protein-phosphatase, PTEN (Stambolic et al., 2001). This is important because
PTEN suppresses transduction of the IGF signal to Akt by antagonizing the generation of
phosphatidyl-inositol triphosphate (PIP3; indicated as P-PIP2 in Fig. 1B). PIP3 activates
P13kinase, which in turn phosphorylates and activates Akt (P-Akt, Fig. 1B). p53 also
counteracts INS/IGF signaling by regulating the level of the GTPase TSC2 (Feng et al.,
2007; Feng et al., 2005), a negative regulator of mTOR activity (Inoki et al., 2002). p53
transactivates the tsc2 promoter, resulting in increased TSC2 production and reduced mTOR
activity. From the preceding, itis clear that p53 is a critical regulator of insulin/IGF-1 signaling.

We have been examining mice in which the function of p53 is altered in such a way that the
IGF-1 signaling pathway is hyperactivated (p44Tg mice) (Maier et al., 2004). In these p44Tg
mice, the level of the IGF-1 receptor is increased and downstream effectors such as AKT,
FOXO, and mTOR are constitutively phosphorylated. p44Tg mice have a lifespan that is
significantly shorter than normal mice. This is consistent with experiments demonstrating that
loss-of-function mutations in genes that code for INS/IGF signaling proteins in C. elegans,
such as the INS/IGF-receptor (daf-2), PI3K (age-1), and Akt/PKB (akt) (reviewed in
(Guarente, 2000)), significantly prolong life-span. Hypomorphic mutations in the INS/IGF-
receptor gene (inr) and its substrate (chico) in Drosophila (Clancy et al., 2001; Tatar et al.,
2001) resulted in similar extension of lifespan. In mice, two different GH-deficient models
(Ames and Snell) mice have been found to have significantly longer life-spans compared to
wild-type mice (Flurkey et al., 2001), and reduced levels of the Igf-1 and Ins-receptor genes
significantly increase life-span (Bluher et al., 2003; Holzenberger et al., 2003). How does
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lifespan extension by decreased insulin/IGF signaling relate to the activity of p53? We think
that experiments in C. elegans and Drosophila provide the clearest explanation.

The orthologue of p53 in C. elegans is encoded by the cep-1 gene (Derry et al., 2001). To date,
two mutant alleles of cep-1 have been described. The gk138 allele is a null allele of cep-1. Loss
of Cep-1 function in gk138 homozygotes or in worms fed cep-1 RNAI confers increased
longevity (Arum and Johnson, 2007). The w40 allele is a mutant allele that codes for a truncated
Cep-1 protein missing the N-terminal region up to and including the DNA binding domain
(Derry etal., 2001). Worms with an ectopic copy of cep-1(w40) have a wild-type lifespan under
normal growing conditions (Derry et al., 2001). We will return to this difference in lifespan in
worms with two different cep-1 alleles in a later section.

In Drosophila, global loss of p53 results in decreased rather than increased lifespan (Bauer et
al., 2005). However, targeted reduction of p53 in neurons, results in mean lifespan extension
of 20% (Bauer et al., 2005). Flies expressing identical dominant negative forms of p53 in the
muscle or fat body had a normal lifespan. To identify the neurons responsible for lifespan
extension, p53 reductions were targeted to specific subsets of neurons. Lifespan was extended
only by targeted reduction of p53 in the group of 14 insulin-producing neurons (Bauer et al.,
2007). These neurons are responsible for secreting three insulin-like peptides (dILPs), dILP2,
3, and 5 19, that hormonally regulate energy utilization by communicating with metabolic
tissues such as fat bodies. The mMRNA level of one of these, dILP2, was reduced by about 60%
in neurons deficient in p53 (Bauer et al., 2007). Targeting p53 deficiency to insulin producing
neurons was found to lower insulin/IGF signaling in the fat bodies of larval and adult flies and
resulted in nuclear localization of FOXO (Bauer et al., 2007). The lifespan enhancing effects
of p53 deficiencies required FOXO, as did lifespan extension by p53 in C. elegans (Arum and
Johnson, 2007). Thus, the global effects of p53 loss masked an underlying beneficial effect of
reduced p53 in neurons and this in turn has a beneficial effect on longevity. Reduced expression
of p53 in neurons resulted in both reduced production of an insulin-like ligand and reduced
signaling in the major insulin-responsive organ in the fly (Fig. 3A). These results verify the
findings of experiments in C. elegans showing that neurons mediate the lifespan extension
effects of reduced INS/IGF signaling. In C. elegans, tissue-specific replacement of the wild-
type daf-2 gene in neurons of daf-2 mutant worms restores normal lifespan, whereas
replacement of daf-2 in intestine and muscle had no effect on lifespan (Wolkow et al., 2000).
Identical results were also reported for tissue-specific replacement of the age-1 gene in C.
elegans. In Drosophila, ablation of the insulin-producing neurons (mNSC) was found to extend
lifespan (Broughton et al., 2005), and in mice, brain-specific deletion of the IGF-IR adaptor
molecule (IRS-2) also significantly increased mean lifespan (Taguchi etal., 2007). The lifespan
extending effects of neuronal p53 deficiency in Drosophila, therefore, can be attributed directly
to the common pathway that modulates longevity in organisms as diverse as flies, worms, and
mammals.

From worms and flies to mice

In mammals, of course, insulin is not produced by neurons but by the pancreatic islet cells;
and, the insulin-like growth factors are produced mainly in extra-neural sources as well, such
as the liver. The production of these hormones, furthermore, is not known to be under p53
control in mammals. What then is the relevance of the model represented in Fig. 3A to
organisms that have neural mechanisms for controlling insulin/IGF production, secretion, and
activity, which act at a higher level than that of the cells in which these hormones are made?
In this regard, it is pertinent to recall that earlier experiments suggest that there is a rudimentary
neural axis regulating insulin/IGF control of longevity even in lower organisms such as C.
elegans. Laser ablation of specific sensory neurons has revealed that a pair of neurons regulates
daf-2 activity in the periphery through a signal transduction pathway that requires daf-16
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(Alcedo and Kenyon, 2004). One neuron (ASI or ASG) suppresses a second neuron (ASJ or
ASK) that controls the level of DAF-2 activity. Loss of the suppressor neuron increases DAF-2
signaling and decreases lifespan. On the other hand, loss of the sensory neuron that activates
DAF-2 results in decreased DAF-2 activity and increased lifespan. These simple systems, in
which relatively few neurons communicate with and control the activity of visceral organs by
electrically or hormonally transmitted signals, foreshadow the more complex mammalian
systems that have evolved to maintain homeostasis and regulate longevity in larger organisms
with longer life-spans. For example, the sensory neuron that activates DAF-2 activity could be
analogous to the dILP-producing neurons in Drosophila or to the non-neuronal insulin or IGF
producing cells in mammals that produce and secrete insulin-like hormones (Apfeld and
Kenyon, 1999). The suppressor neuron, then, would be analogous to neurons that control
hormone release, such as those in the hypothalamus of the mammalian brain.

These experiments in C. elegans demonstrate that neural circuits that involve certain sensory
neurons can control longevity by altering signaling through the insulin/IGF receptor in
peripheral (non-neural) sites. Loss of neurons impairs these circuits and alters lifespan. In
mammals, where neurons are maintained throughout life by ongoing neurogenesis, factors that
impair adult neurogenesis could alter longevity. We have recently demonstrated that
neurogenesis is under the control of p53, which is responsible for maintaining the regenerative
potential of stem cells that supply the adult brain with replacement neurons that subserve at
least two known functions, olfaction and cognition (Medrano et al., 2007). We propose that
this hierarchy of control over the insulin/IGF axis in mice is structurally analogous to direct
control of insulin production by p53 in Drosophila neurons. In both cases, loss of p53 alters
endocrine control of metabolic pathways that enhance or impair longevity.

p53 is expressed postnatally in neurogenic areas of the mammalian brain (van Lookeren
Campagne and Gill, 1998). In mammals, neurogenesis continues throughout life in the
subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the
hippocampus (Altman and Bayer, 1990; Corotto et al., 1993). The integration of newly
generated neurons into existing circuits in the olfactory bulb and the dentate gyrus is important
for odor discrimination (Gheusi et al., 2000), and for learning and memory (Brown, 2003;
Gould et al., 1999; Shors et al., 2001; Shors et al., 2002), respectively. Recently, the
hypothalamus has been shown to support adult neurogenesis in mice. Upon growth factor
stimulation, stem/progenitor cells in the periventricular region generate new hypothalamic
neurons necessary to maintain energy balance function (Kokoeva et al., 2005).

Mice deficient in p53 exhibit increased proliferation and self-renewal of neural stem cells
(Gil-Perotin et al., 2006; Meletis et al., 2006). In contrast, mice with increased p53 (p44Tg
mice) exhibit decreased proliferation resulting in fewer new neurons in the olfactory bulb, the
target of SVZ neurogenesis, and impaired olfactory acuity (Medrano, 2007). Reduced
neurogenesis in the SVZ of p44Tg mice was due to factors intrinsic to the stem/progenitor
cells. Studies in isolated SVZ cells grown in culture were indicative of reduced stem/progenitor
cell number and proliferation. The self-renewal and amplification capacities were limited, and
the cells were more likely to remain in GO compared to cells from normal mice. These results
demonstrate that p53 plays a crucial role in maintaining brain function by regulating the cell
cycle in stem cells and that increased p53 activity limits stem cell proliferation.

The mechanism by which increased activity of p53 impairs stem cell proliferation and
neurogenesis in the adult brain can be explained on the basis of increased activity of the insulin/
IGF axis, as described above. In mice in which this axis is less active, for example in Ames
dwarf mice, the capacity for adult neurogenesis is preserved even in very old animals (Sun and
Bartke, 2007; Sun et al., 2005). These mice have a loss-of-function mutation in the prop-1
gene, resulting in the complete lack of growth hormone (GH)-producing cells in the pituitary
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(reviewed in (Bartke et al., 2003)). As a result, systemic levels of IGF-1 are very low and the
animals have a significantly longer lifespan and appear to age more slowly than normal mice
(Brown-Borg et al., 1996). Compared to their normal siblings, Ames dwarfs can generate
hippocampal neurons at a significantly higher level, even when they are old (Sun and Bartke,
2007; Sun et al., 2005). In mice in which the IGF axis is hyperactivated, such as p44Tg mice,
the capacity for adult neurogenesis is impaired and replacement neurons are generated at a
lower level than in age-matched normal controls (Medrano et al., 2007).

These effects of altered IGF signaling appear to conflict with evidence that IGF-1 plays a role
in ameliorating the effects of age on adult neurogenesis in the mouse. IGF-1 increases the
number of neural cells (neurons, astrocytes, and oligodendrocytes) in vivo and in vitro by
increasing the proliferation of precursors (see references in (Ye and D’Ercole, 2006)) and the
differentiation of proliferating cells into neurons and glia (reviewed in (D’Ercole et al., 1996;
Mason et al., 2003; Otaegi et al., 2006). Addition of IGF-1 to SVZ NSCs cultures enhanced
the number of neuron-containing clones and the number of neurons per clone, an effect that
could be blocked by anti-IGF-1 antibodies (Brooker et al., 2000). Mice with a deficiency in
the IGF-1 gene have smaller than normal brains (Liu et al., 1993) with reductions in
oligodendrocytes (Otaegi et al., 2006), white matter regions, and hippocampal pyramidal cells
and granule cells of the dentate gyrus and striatum (Beck et al., 1995).

The differential effects of IGF signaling and IGF-1 on neurogenesis clearly demonstrate that
while altered IGF-1 activity has a major impact on the ability of neurogenic cells to proliferate,
IGF-1 signaling cannot explain all of this IGF effect. The idea that there is an IGF-1 receptor-
independent activity of IGF-1 in neurons is supported by the recent report that the
neuroprotective effect of a synthetic bioactive MGF peptide on cultured hippocampal neurons
subjected to oxidative or excitotoxic stress was not blocked by inactivation of the IGF-1
receptor (Dluzniewska et al., 2005). In vivo, furthermore, injection of this peptide into the
carotid artery protected hippocampal neurons from global ischemic damage and induced
endogenous MGF expression (Dluzniewska et al., 2005). MGF was also more effective than
IGF-1 at protecting motor neurons after crush injury (Aperghis et al., 2004). Furthermore,
Ames dwarf mice have demonstrable levels of IGF-1 that is not affected by the loss of
prop-1function, including in the brain (Sun etal., 2005). This IGF-1, which presumably derives
from an autocrine or paracrine mechanism, is most likely MGF. In addition to a potential role
in ongoing neurogenesis in the adult, we think that MGF may play a critical role under
circumstances that put brain function at risk, as described in the next section. In times of severe
nutrient stress, cells that express MGF would be exempt from regulatory mechanisms that
would prevent them from proliferating, thus allowing preservation of function in brain regions
that control energy usage, health, and lifespan.

The detrimental effects of reduced p53 in metabolic tissues: a model

As mentioned previously, cep-1(w40) has no effect on longevity in the worm. This mutant
form of C. elegans p53 codes for a truncated protein missing the N-terminal domain (Derry et
al., 2001), which is known to interact with other transcription factors and the basal transcription
machinery to control gene expression. A similar mutation in the murine p53 gene (p53™),
however, causes accelerated aging and decreased lifespan in a mammalian species (Tyner et
al., 2002). In contrast, a null allele of cep-1 (gk138) actually extends lifespan in the worm. Why
the differences in phenotype?

“p53” is a family of protein isoforms, currently nine in number, that include full-length p53
and eight variants with different N- and C-terminal regions that control transactivation and
tetramerization (Bourdon et al., 2005). At least one of these isoforms, an N-terminally truncated
variant designated as A40p53, is capable of binding to and altering the activity of full-length
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p53 (Courtois et al., 2002; Yin et al., 2002). Conservation of gene structure in Drosophila has
demonstrated the existence of at least two p53 isoforms in the fly (Bourdon et al., 2005). In
C. elegans, the Cep-1 tetramerization domain shows poor homology with vertebrate forms of
p53, yet structural analysis and gel filtration studies reveal that Cep-1 is capable of forming
dimers (Ou et al., 2007). The cep-1(w40) mutation utilized by Derry and colleagues (Derry et
al., 2001) codes for a form of p53 that resembles the naturally occurring A133 isoform of
mammalian p53, but not the full length protein. The phenotype of cep-1(w40) worms, therefore,
reflects p53 activity that is altered due to an imbalance in the normal ratio of isoforms rather
than simply lost, as it is the case in cep-1(gk138) worms. This could help account for the
phenotypic differences between the two cep-1 mutant strains. However, it leaves unresolved
the issue of why a similar imbalance in isoforms in both p53*/™ and p44Tg mice decreases
longevity.

Worms with an ectopic cep-1(w40) gene (in addition to the normal cep-1 gene) have a wild-
type lifespan under normal growing conditions, but show increased mortality (decreased
lifespan) following a period of severe nutrient deprivation during development (Derry et al.,
2001). This suggests that survival under starvation conditions requires p53. Recent experiments
in Drosophila have revealed how the fly can survive under conditions of severe nutrient
deprivation (Marr et al., 2007), reviewed in (Lasko and Sonenberg, 2007). Low insulin or
nutrient levels activate a coupled program of transcription and translation that results in
increased insulin sensitivity and reduced energy consumption (Fig. 3B). The mechanism is
based on enhanced translation of the insulin receptor (dINR) and 4E-BP, which are transcribed
by FOXO (Marr et al., 2007). The dINR has a complicated secondary structure in the 5 UTR
of its transcript that might function as an internal ribosome entry sequence, or IRES (Marr et
al., 2007; these sequences are sometimes referred to as “internal regulatory expression
sequences” instead to account for their disputed roles as true ribosome entry sequences; see
Kozak, 2003). When insulin levels are low and insulin signaling is inactive, both FOXO and
4E-BP would be unphosphorylated. As a result, FOXO would be in the nucleus and active and
4E-BP would bind to elF4E and block cap-dependent translation. Blocking cap-dependent
translation would lower metabolic activity and increasing the level of the insulin receptor would
increase insulin sensitivity, both of which are associated with the lifespan extending effects of
calorie restriction. The cell cycle inhibitor p27 can also be translated from a putative IRES
element in itsMRNA (Kullmann et al., 2002) and increased p27 in times of nutrient deprivation
would keep cells from proliferating.

In addition to its DNA binding capabilities, p53 is an RNA binding protein that binds to stem-
loop elements in MRNA leader sequences and can activate or suppress their translation
(Gonzalez-Herrera et al., 2006; Scrable et al., 2005). One consequence of reducing p53,
therefore, could be changes in IRES-mediated translation and response to nutrient stress, which
would make the flies more sensitive to nutrient restriction. In flies in which p53 deficiency was
restricted to neurons, for example, lifespan extension was improved when the animals were
fed a high calorie diet compared to a standard diet (Bauer et al., 2007). This indicates that p53
may play an important role in the nutrient stress response mediated by FOXO-dependent
transcription and IRES-mediated translation.

One of the mammalian genes potentially regulated by p53 in this manner is the IGF-1 receptor
(Meng et al., 2005). As Tjian has pointed out, small increases in transcription are amplified by
large increases in translation when IRES-dependent mechanisms are activated (Marr et al.,
2007), as would occur when cap-dependent translation is blocked. In fact, we have observed
much greater differences in IGF-1R protein levels than RNA levels in cells from p44Tg mice
(Maier et al., 2004), suggesting that one consequence of isoform imbalance in mammals is loss
of p53 suppression of IRES-dependent translation. If we assume that w40 acts like A133p53
or p44 in mice, then increased sensitivity to metabolic stress could reflect the ability of w40 to
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interfere with p53-mediated suppression of IRES-dependent translation. As described above,
when nutrients are low in Drosophila, FOXO transcribes genes whose transcripts include IRES
elements, such as the insulin/IGF receptor, and 4E-BP. This increases insulin sensitivity and
blocks cap-dependent translation allowing cells to conserve energy. In p44Tg mice, growth is
impaired despite having higher than normal levels of the IGF-1 receptor (Maier et al., 2004).
Loss of p53 suppression of 4E-BP translation could account for this. This in turn would

compromise viability under conditions of severe nutrient deprivation such as starvation.

In the cep-1(gk138) mutant strain in which p53 activity is lost, lifespan extension was
dramatically enhanced when the worms were fed heat-killed rather than live bacteria. Because
wild-type worms fed bacteria that are dead, UV-irradiated, or grown in the presence of
bacteriostatic drugs such as carbenicillin (Garigan et al., 2002) also live longer than worms
grown on living bacteria, the mechanism underlying this phenomenon cannot be cep-1
dependent. Kenyon proposed that the difference in lifespan was due to a propensity for live
bacteria to buildup in the posterior intestine (“constipation”) and suggested that increased
pathogen load contributed to mortality (Garigan et al., 2002). If this is true, then long-lived
cep-1(gk138) worms have decreased resistance to bacterial pathogens. However, worms with
hypomorphic alleles of daf-2, which are also long-lived, demonstrate increased resistance to
bacterial pathogens (Bolm et al., 2004). These results collectively indicate that resistance to
bacterial pathogens is not necessary for lifespan extension. An alternative explanation for the
difference in lifespan is that lifespan improves when the food supply is limited (dead bacteria)
and decreases when it is overly abundant (proliferating bacteria), and that this is true for cep-1
(gk138) as well as wild type worms. In worms in which daf-2 is expressed at very low levels,
reduced signaling, in addition to enhancing nuclear daf-16 activity, would downregulate TOR
and lower metabolic activity, thus ameliorating the effects of overfeeding, including its
negative effects on lifespan. Would reduced p53 lead to similar effects? Loss of p53 would
result in increased levels of proteins translated by an IRES-dependent mechanism, which
includes both the insulin and IGF-1 receptors (Giraud et al., 2007; Marr et al., 2007). As
described for the w40 allele, this would result in increased insulin sensitivity and energy
conservation due to 4E-BP blockage of cap-dependent translation downstream of TOR. Thus,
in the case of over-nutrition, loss of p53 would be beneficial, while in the case of under-
nutrition, it would be detrimental, exactly what was observed with the two cep-1 mutant strains.

In higher organisms in which adult stem cells repair age- or injury-damaged tissue, a response
to nutrient deprivation that could include a block to cell proliferation, such as that illustrated
in Fig. 3B, would limit regeneration and presumably also lifespan. Stem cells, therefore, should
have a way to escape this damage response. One possibility is that MGF, the proliferation-
inducing form of IGF-1, can block this pathway upstream of FOXO. MGF was shown to be
induced in muscle stem cells after muscle damage (Adams, 1998;Yang and Goldspink,
2002), and we know from preliminary results from our lab that it is expressed in neurogenic
regions of the adult brain. Expression of MGF results in ERK phosphorylation and activation
(Barton, 2006), which blocks FOXO activity in the nucleus (Asada et al., 2007). Because MGF
is not secreted and does not act through the IGF-1 receptor, its activity would be insensitive to
the suppressive effects of nutrient deprivation that drives gene expression into cap-independent
translation. Furthermore, in those cells that express MGF, such as stem cells, selective
inactivation of the coupled program of FOXO-mediated transcription and IRES-mediated
translation that shuts down energy consuming processes in other cells would permit these cells
to proliferate even when others are inhibited. Regeneration of neurons that control the insulin/
IGF axis by proliferation of neural stem cells utilizing MGF would facilitate recovery and
improve chances for continued survival when the nutritional state improves.
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In good times, when nutrients are plentiful, reduced p53 can be beneficial by limiting the supply
of INS/IGF ligands and reducing the activity of INS/IGF signaling pathways. In times of
nutrient stress, however, when these signaling pathways are inactive, p53 could be beneficial
by facilitating alternate modes of protein translation that increase insulin sensitivity and
maximize energy conservation. Thus, p53 plays a dual role in homeostatic mechanisms that
maintain longevity, first by regulating cell proliferation and the replacement of worn-out, dead,
or damaged cells, and second by supporting cell survival during fluxes in nutrient availability.
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Fig. 1. IGF-1 signaling cascade

A. The paradox of INS/IGF activity: high activity promotes growth but limits longevity.

B. Signaling is regulated by phosphorylation (yellow symbols) through a highly conserved
pathway, which is shown here for mammalian IGF-1. Receptor activation by ligand binding
generates PIP3 and can be blocked by PTEN. AKT phosphorylation turns on a growth pathway
that acts through mTOR and is blocked by 4E-BP (not shown) and turns off FOXO activity in
the nucleus, which otherwise causes cell cycle arrest.
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Fig. 2. Mammalian IGF-1 gene and its products

The IGF-1 gene in humans and mice has 6 exons (boxes) and 5 introns and utilizes several
promoters (bent arrows) and alternative splicing (connectors) to generate 3 proteins (IGF-1 Ea,
Eb, and Ec). Mechano growth factor (MGF) is the name for IGF-1Ec (IGF-1EB in mouse).
The mature peptide (IGF-1; hatched area) is generated by cleavage of the signal peptide (gray
area) and E peptide (green areas). See text for a description of the IGF-1 isoforms and their
individual activities.
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Fig. 3. Control of INS/IGF activity by p53

A. In Drosophila, p53 controls the level of dILP2, one of 5 insulin-like peptides produced and
secreted by 14 insulin-producing neurons in the fly brain. dILPs activate INS/IGF signaling in
peripheral tissues, such as fat bodies.

B. Under conditions of severe nutrient deprivation, FOXO transcribes genes such as the insulin
receptor (dINR), p27, and 4E-BP, which increase insulin sensitivity and decrease energy
consumption and allow cells to survive. We postulate that p53 binds to complex structures in
the 5" UTRs of these FOXO targets and facilitates their translation.
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