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Abstract

The two paradigms to study aging in Saccharomyces cerevisiae are the chronological life span

(CLS) and the replicative life span (RLS). The chronological life span is a measure of the mean

and maximum survival time of non-dividing yeast populations while the replicative life span is

based on the mean and maximum number of daughter cells generated by an individual mother cell

before cell division stops irreversibly. Here we review the principal discoveries associated with

yeast chronological aging and how they are contributing to the understanding of the aging process

and of the molecular mechanisms that may lead to healthy aging in mammals. We will focus on

the mechanisms of life span regulation by the Tor/Sch9 and the Ras/adenylate cyclase/PKA

pathways with particular emphasis on those implicating age-dependent oxidative stress and DNA

damage/repair.
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Yeast as a Model for Aging Research: Two Aging Paradigms

Together with the roundworm Caenorhabditis elegans, yeast represents one of the simplest

and most widely adopted model organisms to study aging. Although S. cerevisiae is by far

the yeast most commonly used by gerontologists, the fission yeast Schizosaccharomyces

pombe has recently joined the group of the simple model systems for aging research (Roux

et al. 2006, 2009). While the life span of S. cerevisiae is measured either by monitoring the

replicative potential of individual mother cells (replicative life span, RLS) or by determining

the mean and maximum survival time of populations of non-dividing cells (chronological

life span, CLS), the life span of S. pombe is mostly measured chronologically (Roux et al.

2006, 2009). This is due to the fact that, although subtle visual differences can be observed

between two cells generated by fission, it is challenging to base a survival assay on them
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(Barker and Walmsley 1999). Conversely, the obvious size difference between mother and

daughter cells in the budding yeast S. cerevisiae allows the counting of the total number of

daughter cells generated by individual mother cells before cell division halts (RLS)

(Steinkraus et al. 2008).

Replicative Life Span

A method to measure RLS was originally set up by R Mortimer and JR Johnston 50 years

ago (Mortimer 1959) but it was not until 30 years later that the RLS became widely studied

for aging research (Egilmez and Jazwinski 1989; Kennedy et al. 1994). Among the principal

outcomes associated with the RLS is the identification of the extrachromosomal ribosomal

DNA circles (ERCs) as toxic species, whose accumulation causes yeast replicative

senescence (Sinclair and Guarente 1997) and of several genes implicated in life span

regulation such as RTG2, LAG1, and SIR2 (Steinkraus et al. 2008; D’Mello et al. 1994;

Borghouts et al. 2004). The latter, SIR2, which encodes for a NAD-dependent histone

deacetylase highly conserved in higher eukaryotes, has become one of the most studied

gerontogenes (Kaeberlein et al. 1999; Longo and Kennedy 2006; Longo 2009). In yeast, the

activity of Sir2 is known to prevent replicative senescence by reducing recombination

between rDNA repeats and consequently the formation of ERCs (Kaeberlein et al. 1999).

However, recent evidence has demonstrated that Sir2 functions to extend the RLS also

independently of ERCs formation by maintaining low levels of histone 4 lysine 16

acetylation and consequently inducing silencing at the telomeres and subtelomeric regions

(Dang et al. 2009). The activity of the closest Sir2 homologues has been shown to promote

life span extension in both C. elegans and Drosophila melanogaster (Tissenbaum and

Guarente 2001; Rogina and Helfand 2004). Since ERCs accumulation occurs only in S.

cerevisiae, it will be of interest to establish whether the link between Sir2, telomeric and

subtelomeric DNA silencing, and life span is also found in higher eukaryotes.

Chronological Life Span

As an alternative to the replicative life span measurement, a method to monitor the

chronological life span was developed in the nineties and is currently used by several

laboratories worldwide (Fabrizio and Longo 2003; Longo et al. 1996). One of the

advantages of the chronological life span is that it measures survival of non-dividing cells,

and it can serve as both a system to model aging in post-mitotic mammalian cells but also as

a very simple model for organismal aging. From a technical point of view, monitoring the

CLS is extremely simple, does not require micromanipulation, and is generally based on the

use of cultures of millions of yeast, which facilitates the screen of longevity mutants and

allows the performance of a wide range of genetics, genomics, and biochemistry assays

(Fabrizio and Longo 2007; Fabrizio et al. 2005b). In a standard CLS experiment yeast are

grown in synthetic complete medium (SDC) until nutrient depletion promotes cell cycle

arrest. The majority of cells stops dividing within 2–3 days from the starting of the culture

and viability is usually assayed by colony forming units (CFUs) measurement beginning on

day 3 until survival reaches 1–5% of the day 3 CFUs (Fabrizio and Longo 2007). In analogy

with post-diauxic phase cultures (see section “The TOR/Sch9 Pathway”), chronologically

aging populations are characterized by the constant presence of a small fraction of budded

cells (~3–8% depending on the genetic backgrounds). Several lines of evidence suggest that
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these budded cells may be improperly arrested in S/G2 (starvation normally induces G1-

arrest) (Weinberger et al. 2007; Allen et al. 2006). However, it is possible that a very small

percentage of them may be dividing although, under the standard conditions described

above, the low pH (3.5) would cause a very slow growth (Fabrizio et al. 2004a). Therefore,

under these conditions, cell division is very unlikely to affect the CLS measurements. By

contrast, cell division can occur and it is easily detected (population size raises up to 100

times) in chronologically aging cultures after the majority of the cells has died (Fabrizio et

al. 2004a). This growth of the population, defined as “adaptive regrowth”, appears to be due

to mutations or possibly epigenetic changes that allow yeast to reenter the cell cycle by

consuming the nutrients released by dead cells and it shares some similarities with the

bacterial Growth Advantage in Stationary Phase (GASP) phenotype (Zinser and Kolter

2004; Zambrano et al. 1993; Zambrano and Kolter 1996). The latter was originally described

in stationary phase cultures of Escherichia coli grown in rich medium (LB), whose viability,

after a rapid decline, remains stable for extended periods of time, reflecting cycles of death

and regrowth in the populations rather than extended survival (Zambrano et al. 1993). In

analogy with adaptive regrowth, the GASP phenotype also arises after the acquisition of

mutations that trigger cell division by promoting the catabolism of nutrients released by

dead microorganisms (Zinser and Kolter 2004).

For aging studies the period in which no cell division occurs represents the life span. In

yeast this phase is characterized by a gradual increase of mortality rates and it can last up to

a few weeks depending on the yeast strain (Fabrizio and Longo 2003). On the contrary, in E.

coli ~99% of the culture loses viability within 2–3 days, thus providing a more limited time

window to observe age-related changes.

Links Between Replicative and Chronological Life Span

The degree of overlap between the mechanisms that control CLS and RLS is only partially

understood. We have known for several years that certain genes that increase CLS can

actually reduce RLS, possibly by affecting growth and not aging (Fabrizio et al. 2004b) but

we have also known that chronological aging can reduce the RLS of mother cells (Ashrafi et

al. 1999), indicating that distinct but overlapping mechanisms are regulating the two aging

paradigms. In fact, the two major yeast pro-aging pathways, TOR/Sch9 and Ras/adenylate

cyclase/PKA (see next section), promote aging and early cell death in both CLS and RLS

paradigms. CLS extension induced by lowering the activity of either of the two pro-aging

pathways requires the activity of protein kinase Rim15 and stress resistance transcription

factors Msn2/4 and Gis1 (Fabrizio et al. 2001, 2003; Wei et al. 2008). Msn2/4 and Rim15,

however, limit the RLS extension of a mutant with reduced Ras/PKA activity and

overexpression of Msn2 shortens the RLS of wild type yeast (Fabrizio et al. 2004b).

Analogously, while mitochondrial superoxide dismutase (Sod2) is required for CLS

extension, its overexpression shortens RLS (Fabrizio et al. 2003, 2004b). Intriguingly,

Msn2/4 were shown to mediate the RLS extension associated with decreased TOR signaling

(Medvedik et al. 2007). The key players in prolonging the RLS in TOR-deficient yeast were

reported to be members of the Sir2 family (sirtuins) (Medvedik et al. 2007). Consistently, an

additional copy of SIR2 prolongs RLS in wild type yeast (Kaeberlein et al. 1999; Medvedik

et al. 2007). The activity of Sir2, nevertheless, reduces significantly the CLS of yeast
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lacking the serine/threonine kinase Sch9, which live 3-fold longer than wild type but 5-fold

longer in a sir2Δ context (Fabrizio et al. 2005a). Taken together, our current knowledge

suggests that the relationship between CLS and RLS is complex and that several life span

determinants such as Sir2 and Msn2/4 may play opposite roles in controlling the two life

span paradigms. The most likely possibility is that the pro-aging TOR/Sch9 and Ras/

adenylate cyclase/PKA pathways and the downstream stress resistance transcription factors

affect aging by similar mechanisms in both the RLS and CLS. However, because RLS is

based on cell division and since protective enzymes and stress-resistance transcription

factors can negatively affect cell division, replicatively aging cells in which protective

systems are activated can stop dividing before they are severely damaged or dead (Fabrizio

et al. 2004b). A comprehensive analysis of the genes regulating either CLS, RLS, or both

based on a comparison between partial genome-wide datasets relative to screens for CLS-

and RLS-regulatory genes has been published by Laun et al. According to this study, only a

handful of genes prolongs both RLS and CLS (Laun et al. 2006). These results may depend

in part on the negative role of anti-chronological aging genes on cells division discussed

above but also on the threshold selected to determine whether a mutant is long-lived or not.

Notably, genome-wide life span studies often yield false positive/negative results (Hansen et

al. 2005; Powers et al. 2006) and the long/short-lived phenotype of mutants identified by

genome-wide screen must be confirmed by measuring the life span of each mutant

individually. Thus, the results of the analyses based on genome-wide data might change

substantially once all the individual validation experiments are performed. Nevertheless,

these analyses can be informative. For example, the consistent reduction of both life spans

caused by the deletion of numerous mitochondrial genes reported by Laun et al underscores

the importance of functional mitochondria for normal life span (Laun et al. 2006).

Hereafter we will review the major findings associated with yeast chronological aging with

particular emphasis on those that contributed to discover the evolutionary conserved

longevity pathways. We will describe the similarities between these pathways in different

species. We will also discuss how CLS is contributing not only to the understanding of the

genetics of aging but also to elucidate the key modifications occurring in senescent cells that

might be relevant to the onset of age-related diseases such as cancer.

Conserved Life Span-Regulatory Pathways

Simple model organisms and S. cerevisiae in particular have been instrumental to the study

of fundamental cellular processes, e.g. cell cycle regulation and DNA transcription, which

have not diverged dramatically throughout evolution. Aging appears to be the new process

that this unicellular eukaryote helps us understand. In fact, several conserved proteins/

pathways were found to mediate longevity in phylogenetically distant organisms and work

done in the last 15 years supports the theory that life span regulation emerged early in

evolution, most likely in ancestral microorganisms to overcome periods of starvation (see

section “The TOR/Sch9 Pathway”) (Longo et al. 2005; Kenyon 2005). The CLS of S.

cerevisiae seems to be particularly well suited to identify conserved life span mediators

because life span measurements are performed in conditions similar to those under which

the longevity regulatory pathways have evolved (Longo et al. 2005). In fact, in the wild,

microorganisms alternate rare periods in which they grow rapidly on glucose and other
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nutrients (e.g. on grapes) to others, usually lengthy ones, in which they survive under

starvation conditions (Fabrizio and Longo 2003). To mimic this natural environment, CLS is

monitored in populations of yeast grown in SDC medium containing a limited amount of

nutrients (section “Chronological Life Span”). Once glucose and other nutrients are

exhausted, cell division stops and yeast can survive for extended periods of time in different

metabolic states (Fabrizio and Longo 2003).

The TOR/Sch9 Pathway

Conclusive evidence for the conservation of life span regulation throughout evolution was

obtained in 2001. Prior to then, the insulin/insulin-like growth factor-like signaling (IIS)

pathway had been demonstrated to control life span in C. elegans. In fact, lowering the

activity of DAF-2, homolog of both human insulin and IGF-I receptors, was known to

double worm life span and numerous downstream mediators activated or inhibited by

DAF-2 activity had been identified as part of the IIS cascade (Kimura et al. 1997). Among

these, the phosphoinositide-3-kinase AGE-1, the serine/threonine kinases AKT-1/2, PDK-1,

SGK-1, and the fork-head transcription factor DAF-16 (Friedman and Johnson 1988; Morris

et al. 1996; Paradis and Ruvkun 1998; Paradis et al. 1999; Hertweck et al. 2004). The latter

had been shown to play a key role in antagonizing DAF-2 activity and mediating the

longevity extension observed in the daf-2 mutants (Ogg et al. 1997; Lin et al. 1997) (Fig.

5.1).

In 2001 three articles demonstrated that the role of IIS in life span regulation was

evolutionary conserved. In fact, on the one hand, it was found that lowering the activity of

Sch9, a protein kinase involved in cell growth and cell cycle regulation in response to

nutrients, extended CLS up to 3-fold (Fabrizio et al. 2001) and, on the other hand, it was

shown how reduced IIS promoted longevity in Drosophila (Clancy et al. 2001; Tatar et al.

2001). Sch9 shares a high degree of homology with Akt and S6 kinase (S6K) in higher

eukaryotes and numerous proteins activated in Sch9-deficient yeast are also activated in the

daf-2 mutants and in long-lived flies, e.g. superoxide dismutase and heat-shock proteins

(Longo and Finch 2003) (Fig. 5.1). Taken together, the novel results obtained in yeast

combined with those from worms and flies, indicated that life span extension can be

obtained through the inactivation of nutrient signaling and pro-growth pathways and the

consequent activation of a “survival program” characterized by increased cellular protection

(Longo and Finch 2003).

In most long-lived mutants, longevity is also associated with the accumulation of either

reserve carbohydrate (glycogen), fat, or both (Longo and Fabrizio 2002) (Fig. 5.1). Some of

the phenotypes observed in the long-lived mutants, e.g. fat accumulation, are shared by both

worms in a state of developmental arrest (dauer larva) and flies in adult reproductive

diapauses (McElwee et al. 2006; Tatar and Yin 2001). Both the dauer larva stage and the

Drosophila diapause are characterized by prolonged life span and triggered by nutrient

shortage or temperature shifts. Entry into dauer larva or diapause depends on IIS suggesting

a significant overlap between the molecular mechanisms that promote longevity in adult

worms and flies and those regulating life span in developmentally arrested worms and

diapause flies (Larsen et al. 1995; Williams et al. 2006). S. cerevisiae has also evolved to
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enter “resting states” to prolong its life span when nutrients are limited. Depending on its

ploidy yeast can enter stationary phase (haploid or diploid) or undergo spore-formation

(diploid) both characterized by extended life span. Several of the phenotypes of the

chronologically long-lived mutants are shared by stationary phase yeast, e.g. high resistance

to cellular stress, and the same pathways can control both CLS and entry into stationary

phase (Fabrizio and Longo 2003; Werner-Washburne et al. 1993). Taken together, the

similarities between the life span regulatory pathways in model organisms and their link to

alternative developmental programs/resting states that allow long-term survival in hostile

environments has led to the hypothesis that the molecular mechanisms underlying longevity

extension have evolved in ancestral microorganisms in order to overcome periods of

starvation by arresting growth and allocating energy into cell maintenance and stress

resistance (Longo et al. 2005).

Is life span regulation conserved in mammals? At the time when yeast, worms, and flies

were shown to “grow old together” (Strauss 2001), there was no conclusive evidence for a

role of IIS in mammalian life span regulation. However, it was known that dwarf mice

carrying mutations affecting the development of their pituitary gland (Prop-1 and Pit-1) had

low levels of plasma growth hormone (GH), insulin, and IGF-I as well as thyroid hormones

and prolactin (Longo and Finch 2003). Notably, these mice live 25–65% longer than wild

type (Brown-Borg et al. 1996; Flurkey et al. 2002) and, as the long-lived worms and flies,

accumulate fat. Successive work showed that lowering IGF-I signaling is important for

extending the life span of mice (Fig. 5.1). In fact, mice carrying only one IGF-I receptor

(IGF-IR) functional allele were shown to be long-lived (26% mean life span extension) and

resistant to oxidative stress as the IIS mutants of other species (Holzenberger et al. 2003).

Interestingly, this effect was not confirmed in a different genetic background (Ladiges et al.

2009), suggesting that part of the phenotypes caused by GH deficiency are independent of

IGF-I signaling or that it is difficult to reach a level of IGF-I signaling that is sufficient for

normal function but also for life span extension. Further evidence that IIS signaling

modulate mice life span came from the discovery that overexpressing Klotho, a hormone

that represses the intracellular response triggered by both insulin and IGF-I, leads to

longevity extension (Kurosu et al. 2005). Notably, Klotho transgenic mice were reported to

have higher levels of mitochondrial superoxide dismutase activity and to be more resistant to

oxidative stress at both the cellular and organismal levels (Yamamoto et al. 2005). These

effects were shown to depend on the activation and nuclear translocation of the FoxO fork-

head transcription factors, which is triggered by lowering IIS but may also depend on the

activity of other signaling pathways (Yamamoto et al. 2005) (Fig. 5.1).

The yeast model system has been remarkably successful and perhaps the most successful at

identifying genes later shown to regulate life span in mammals. In fact, mice lacking the

Sch9 homologue S6 kinase 1 (S6K1), are long-lived and are protected against several age-

dependent defects (Selman et al. 2009). Furthermore, mice lacking adenylate cyclase 5

(AC5) or with a reduced activity of PKA, AC5 and PKA being orthologues of the yeast pro-

aging adenylate cyclase and PKA, are long-lived and display protection against age-

dependent diseases or damage/loss of function (Yan et al. 2007; Enns et al. 2009) (see

section “The Ras/Adenylate Cyclase/PKA Pathway”). The additional major gene implicated
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in yeast life span regulation is TOR, which is believed to function upstream of Sch9 to

control growth in response to nutrients (Polak and Hall 2009). TOR is a serine-threonine

protein kinase conserved in organisms ranging from yeast to humans originally implicated in

the regulation of life span in worms and flies. In fact, knocking down CeTOR from the first

day of adulthood approximately doubles the life span of C. elegans and a similar effect is

obtained by reducing the activity of Daf-15, the worm ortholog of the mammalian TOR-

interacting protein raptor (Vellai et al. 2003; Jia et al. 2004). Analogously, in Drosophila the

overexpression of either dominant-negative dTOR or of TOR-inhibiting dTsc1/2 prolongs

life span (Kapahi et al. 2004). Recently the TOR inhibitor rapamycin has been shown to

extend longevity in mice (Harrison et al. 2009). In all organisms so far investigated except

yeast there is one TOR iso-form that functions in two different multiprotein complexes,

TORC1 and TORC2. In yeast two TOR kinases are present, Tor1 and Tor2. Either one of

them can be found in the yeast TORC1 complex but only Tor2 is found in association with

the TORC2 complex (Rohde et al. 2008). Down-regulation of TORC1 activity extends both

yeast life spans (Wei et al. 2008; Powers et al. 2006; Kaeberlein et al. 2005). With respect to

the CLS, genetic data suggest that TORC1 and Sch9 function in the same molecular

pathway to control longevity (Wei et al. 2009; Pan and Shadel 2009 and P. Fabrizio,

unpublished results) in agreement with the recently demonstrated role of TORC1 in the

direct activation of Sch9 via the phosphorylation of several of its C-terminal amino acid

residues (Urban et al. 2007). Notably, in higher eukaryotes the IIS cascade can activate

TORC1, which in turn activates S6K, known to negatively affect longevity not only in mice

(see above) but also in worms and flies (Kapahi et al. 2004; Hansen et al. 2007).

Interestingly, both S6K and Sch9 play important roles in the activation of translation in

response to nutrients and longevity regulation and are both dependent on the TORC1

complex for their activation. Mammalian S6K shares the same degree of homology with

Sch9 as Akt. Since no closer homologue to S6K or Akt has been identified on the yeast

genome, it is plausible that Sch9 originated from an ancestral protein that underwent

duplication throughout evolution leading to the presence of S6K and Akt in metazoans.

Importantly, both of them have maintained roles in controlling life span.

The Ras/Adenylate Cyclase/PKA Pathway

The first chronological long-lived mutant identified was the ras2Δ mutant (Longo 1997).

RAS2 codes for one of two highly conserved G-proteins known to activate PKA via

adenylate cyclase (Cyr1). Its deletion double CLS and promotes a marked increased of heat

and oxidative stress resistance (Fabrizio et al. 2003). Ras proteins directly activate Cyr1 and

a mutation causing a partial loss of Cyr1 function was shown to extend CLS as well

(Fabrizio et al. 2001). In presence of glucose the Ras/PKA pathway mediates the activation

of a pro-growth transcriptional program which depends in part on the inhibition of the stress

resistance transcription factors Msn2/4 (Zaman et al. 2009). The function of these factors is

key for the CLS extension of both ras2 and cyr1 mutants (Fabrizio et al. 2001, 2003)

although another transcription factor, Gis1, has been recently shown to contribute to the

effect of lowering the activity of the Ras/PKA pathway on CLS and resistance to stress (Wei

et al. 2008).
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For a long time the role of the Ras/Cyr1/PKA pathway in the control of life span appeared to

be limited to yeast, although mice lacking p66Shc, a signal transducer that might trigger

mitosis via Ras activation, were shown to be resistant to oxidants and live 30% longer than

wild type littermates (Migliaccio et al. 1999). However, more recently mammalian aging has

been shown to depend on the adenylate cyclase/PKA signaling. In fact, Yan et al. reported

the implication of one of the mammalian adenylate cyclase isoforms, AC5, in the regulation

of mice longevity (Yan et al. 2007). According to these authors, AC5 knock-out mice’s

median life span is approximately 30% longer than that of control littermates. AC5 is

expressed mostly in brain and heart and is activated by the β-adrenergic receptor signaling

(Fig. 5.1). AC5 KO mice are protected against age-dependent cardiomyopathy. Notably, in

agreement with results in yeast (Fabrizio et al. 2001, 2003), both myocytes and fibroblasts

isolated from AC5 KO mice are more resistant to oxidative stress than control cells.

Accordingly, MnSOD levels in heart, brain, and kidney were higher in AC5 KO mice than in

controls confirming the association between protection against superoxide and life span

extension (Yan et al. 2007). Further evidence to support a role for the adenylate

cyclase/PKA cascade in mice aging has been provided by Enns et al. who have reported that

the disruption of RIIβ, which codes for one of the mammalian PKA regulatory subunits,

promotes median and maximum life span extension in male mice (Enns et al. 2009).

Molecular Mechanisms Responsible for Life Span Extension

While the field of the genetics of aging is progressing rapidly, we are still lacking a

comprehensive view of how aging occurs at the cellular and organismal level and how it can

be delayed. The yeast CLS is providing an important tool to address this issue.

Oxidative Stress Response

With few exceptions, life span extension is associated with an increased ability to withstand

different types of stress (Longo and Fabrizio 2002). Oxidative stress resistance in particular

has been the object of intensive study in the context of aging since the “Free radical theory

of aging” was first proposed (Harman 1956). According to this theory aging is caused by the

cellular damage produced by highly reactive oxygen species with unpaired electrons, which

are generated mostly in the mitochondrion at complexes I and III of the electron transport

chain (Longo 1997). As mentioned in the previous sections, mutations that prolong life span

in different model organisms are associated with high levels of antioxidant enzymes. All the

yeast mutants with prolonged CLS are highly resistant to the superoxide-generating agents

menadione and paraquat and to hydrogen peroxide and mitochondrial superoxide dismutase

(MnSOD) activity is required for long term survival and for the longevity extension

promoted by lack of Sch9 or Ras2 (Longo et al. 1996; Fabrizio et al. 2003; Longo and

Fabrizio 2002). However, the overexpression of individual antioxidant enzymes or

combination of them leads to a maximum of 30% mean CLS extension, which is relatively

modest when compared to the 3-fold life span extension obtained by deleting SCH9

(Fabrizio et al. 2001, 2003). Similar results were obtained in Drosophila and mice (Sun et al.

2002; Orr and Sohal 1994; Hu et al. 2007; Schriner et al. 2005) suggesting that, while

MnSOD activity provides a fundamental anti-oxidant defense to mitochondria, its role in

longevity extension is significant but limited. Nevertheless, work done using the yeast CLS
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paradigm strongly supports a causative role for oxidative-damage in aging. In fact, firstly,

exploiting the ability of yeast to grow on glucose as a carbon source in absence of functional

mitochondria (fermentative growth), it was possible to show that loss of mitochondrial

function precedes death in both mutants lacking MnSOD activity and wild type (Longo et al.

1999). Secondly, it was reported that the mitochondrial enzymes aconitase and succinate

dehydrogenase, which contain iron-sulfur clusters particularly sensitive to superoxide-

dependent oxidation, are primary targets of age-dependent mitochondrial damage in yeast

(Fabrizio et al. 2001, 2003; Longo et al. 1999). Thirdly, an age-dependent accumulation of

oxidation-induced DNA damage/mutations has been shown in chronologically aging yeast

(Madia et al. 2009) (see section “Age-Dependent Genomic Instability in Yeast”).

Metabolic Switches

In order to further understand the mechanisms that lead to life span extension, we have

recently obtained the gene expression profiles of chronologically aging wild type and long-

lived mutants (Wei et al. 2009). In our analysis we compared the transcriptomes of the

sch9Δ, ras2Δ, and tor1Δ mutants to those of wild type yeast at day 2.5. This age was chosen

to avoid both the noise that could originate from residual cell growth at younger ages and

the transcriptional changes associated with reduction of metabolic rates that normally occurs

at day 4–5 (Fabrizio and Longo 2003; Fabrizio et al. 2003). Our results have shown a

significant degree of overlap between the genes either up- or down-regulated in the different

mutants in comparison to the wild type underlying how the different life span regulatory

pathways may impinge on a set of common downstream effectors controlled by the same

transcriptional activators to modulate longevity (Wei et al. 2008, 2009). Importantly, yeast

long-lived mutants exhibit transcriptional changes consistent with a wide range of metabolic

changes. In fact, glycolytic/fermentative genes are up-regulated in all the mutants, while a

vast set of mitochondrial genes, which include those coding for electron transport proteins,

TCA cycle enzymes, and mitochondrial ribosomal proteins among others, are down-

regulated (Wei et al. 2009). Our data also suggest that a part of dihydroxy-acetone-

phosphate (DHAP), a glycolysis intermediate, is metabolized to produce glycerol. In fact, all

the long-lived mutants showed a general activation of glycerol biosynthetic genes, above all

GPD1 and GPD2, which code for the key enzymes required for glycerol biosynthesis from

DHAP. Consistently, our in depth analysis of the chronologically aging sch9Δ mutant

revealed a significant accumulation of glycerol both intracellularly and extracellularly,

which was not observed in the wild type (Wei et al. 2009). The role of GPD1/2 and other

glycerol biosynthetic genes in CLS extension in a sch9Δ context was confirmed by epistatis

analysis, which underscored the importance of glycerol biosynthesis in promoting both life

span and resistance to stress (Wei et al. 2009). Notably, in aging sch9Δ mutants the

metabolic switch to glycerol biosynthesis is associated with ethanol catabolism (Wei et al.

2009). We have previously demonstrated that ethanol is accumulated in aging wild type

yeast and negatively affects their CLS in spite of being a carbon source that yeast can utilize

by mitochondrial respiration (Fabrizio et al. 2005a). Acetic acid is also accumulated in

chronologically aging cultures and it has been proposed to play a pro-aging role (Burtner et

al. 2009). However, it should be underlined that at the level generated during chronological

aging (approximately 6 mM) acetic acid is a carbon source that promotes acidification, cell

cycle arrest, and high respiratory rates (Fabrizio et al. 2003, 2004a, 2005a) and not a toxin,
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as it can be at high concentrations (Ludovico et al. 2001; Madeo et al. 2004). Thus, acetic

acid, may generate the appropriate conditions (no division, high metabolism, etc.) to obtain a

short and high metabolism life span that models cells from higher eukaryotes. The

remarkable number of genes later shown to promote aging in higher eukaryotes identified

using this CLS paradigm supports this notion. Under certain incubation conditions, the

ethanol generated during log phase appears to be converted to acetic acid. Mutants lacking

Sch9 but not wild type cells, appear to redirect acetic acid to glycerol production (V Longo

unpublished results). We now know that ethanol as glucose represents a pro-aging carbon

source. In fact, when yeast are exposed to a constant concentration of either of them under

experimental conditions that do not allow cell growth (lack of an essential amino acid), their

CLS is dramatically reduced when compared to that of yeast exposed to glycerol (Wei et al.

2009). In this respect, exposure to glycerol has the same CLS extending effect as carbon

source removal, which is a method to promote caloric restriction (CR) in yeast (Wei et al.

2009). This is remarkable because it suggests that the molecular anti-aging strategies

activated by CR, the only non genetic intervention known to prolong life span in all species

so far tested (Mair and Dillin 2008), are not repressed by glycerol. Thus, the CLS extension

of the sch9Δ mutant is due, in part, to key metabolic changes that mimic CR by triggering

ethanol consumption and glycerol accumulation (Wei et al. 2009). Very recent evidence has

implemented our data by showing that phosphoenolpyruvate carboxykinase (Pck1), a key

enzyme for gluconeogenesis, is required for ethanol consumption and for both normal life

span and CR-dependent CLS extension (Lin et al. 2009). Pck1 was shown to be dependent

on the histone acetylase complex NuA4 for activation and on Sir2 for inactivation (Lin et al.

2009), which is consistent with our findings demonstrating that Sir2 activity limits the

longevity extension promoted by CR (Fabrizio et al. 2005a). Intriguingly, our gene

expression profile data did not show transcriptional activation of genes involved in

gluconeogenesis in the early phase of chronological aging. By contrast, as mentioned above,

they pointed to an activation of the glycolytic function in long-lived yeast (Wei et al. 2009).

Further studies are needed to clarify this point and establish whether glycolysis or

gluconeogenesis is predominant in yeast under CR and which enzymatic activities are key

for glycerol accumulation and ethanol catabolism.

How do the metabolic switches observed in long-lived yeast translate to other long-lived

organisms? Do they represent a conserved anti-aging strategy? We do not have an answer

yet. However, gene expression data suggest that both glyceroneogenesis and

gluconeogenesis are up-regulated in calorie restricted C. elegans (Castelein et al. 2008).

Furthermore, an anti-aging role for a metabolic switch to gluconeogenesis was originally

hypothesized based on gene expression profile data obtained from calorie restricted mice

(Lee et al. 1999) and is supported by preliminary results showing that transgenic mice

overexpressing the cytosolic form of phosphoenolpyruvate carboxykinase in the skeletal

muscle are long-lived (Hakimi et al. 2007).
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Conserved Pro-aging Genes, Genomic Instability, and Cancer

Age-Dependent Genomic Instability in Yeast

Yeast CLS extension is associated with a reduction in genomic instability (Fabrizio et al.

2004a; Madia et al. 2008, 2009). By performing simple mutation assays on chronologically

aging yeast, it is possible to monitor the age-dependent accumulation of different types of

DNA mutations including base substitutions, small DNA insertions/deletions, and gross

chromosomal rearrangements (GCRs) (Madia et al. 2007). The frequency of all these

mutations increases in an age-dependent manner (Fabrizio et al. 2004a; Madia et al. 2009).

A reduction of this effect is observed in mutants lacking Sch9 (Fabrizio et al. 2004a; Madia

et al. 2009) and it was shown to depend on their reduced sensitivity to the superoxide-

dependent DNA damage and the inactivation of the error-prone Rev1-Polζ DNA polymerase

complex, which is involved in DNA-repair by translesion synthesis (TLS) (Madia et al.

2009). As discussed in the section “Oxidative Stress Response”, oxidative damage is

believed to play a key role in aging and high levels of protection against oxidants are

detected in yeast long-lived mutants (Longo and Fabrizio 2002). In a sch9− context both

SOD2 transcription and Sod2 activity are up-regulated during chronological aging (Fabrizio

et al. 2003, 2004a) and the levels of 8-hydroxy-2′-deoxiguanidine (8-OHdG), one of the

most frequent oxidative DNA lesions, are reduced in comparison with wild type (Madia et

al. 2009). Importantly, the overexpression of either cytosolic or mitochondrial Sod reduces

the age-dependent accumulation of mutations suggesting that superoxide is a principal

mediator of DNA-damage and mutagenesis observed in aging yeast or that superoxide or

Sods are regulating other poorly understood processes that lead to hypermutability states

(Madia et al. 2009). By studying the mutational spectra obtained by sequencing CAN1, a

gene coding for an arginine permease, in wild type and sch9− clones originated from 7-day

old cells previously screened for the presence of can1 mutations, the deoxycytidyl-

transferase Rev1 was identified as key for age-dependent mutagenesis (Madia et al. 2009).

Rev1 is found in a complex with polymerase zeta (Polζ) and it is implicated in the repair of

abasic sites in damaged DNA by TLS. The activity of Rev1-Polζ is error-prone and

compatible with the mutational spectra observed in old wild type cells. Furthermore, Sch9

activity and oxidative stress were shown to promote Rev1 function, which, although crucial

to prevent DNA double strand breaks, causes the generation of point mutations when aging

non-dividing cells undergo the first round of replication (Madia et al. 2009). Interestingly, in

sch9− mutants TLS is completely abolished suggesting that lack of Sch9 not only represses

REV1 expression, which is not absolutely required for TLS in yeast (Pages et al. 2008), but

it may also reduce the activity of further components of this error-prone repair system

(Madia et al. 2009).

In addition to its role in regulating TLS, Sch9 was shown to contribute to the regulation of

mitotic recombination, which is also important for age-dependent genomic instability

(Madia et al. 2008). In fact, in yeast lacking Sgs1, the homolog of the human BLM and

WRN RecQ helicases, which are mutated in the human progeroid Werner and Bloom

syndromes (see next section), a dramatic increase of the age-dependent point mutations and

GCRs is dampened by the deletion of SCH9. This effect is due mostly to the down-

regulation of the error-prone recombination between sister chromatids (Madia et al. 2008).

Longo and Fabrizio Page 11

Subcell Biochem. Author manuscript; available in PMC 2014 June 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In summary, our current knowledge suggests that Sch9 controls genomic instability in aging

yeast by: (1) down-regulating the expression of anti-oxidant genes such as Sod2, which

limits DNA oxidation, (2) activating error-prone repair systems such as Rev1-Polζ, which

generates mutations to repair oxidative DNA lesions when old cells resume growth, and

error-prone mitotic recombination and, (3) regulating the production and catabolism of

ethanol and acetic acid and the generation of carbon sources that reduce the aging rate. The

discovery of the mechanisms behind the enhanced genomic stability of the long-lived sch9Δ

mutant is important not only because of its possible conservation and implication in the

regulation of aging in mammals but also because, if conserved, these mechanisms might be

central for tumorigenesis (see next sections).

Oxidative DNA-Damage and Cancer

Besides yeast, an age-dependent accumulation of DNA mutations has been observed in other

model organisms and in human cells and tissues (Vijg 2007; Longo et al. 2008). A causative

role for DNA damage/mutations in aging is supported by a number of human segmental

progeroid syndromes characterized each by the premature appearance of a few aging

features. Notably, many of these syndromes are caused by mutations affecting the activity of

either DNA-repair or DNA-damage sensing genes and promote cancer (Hasty et al. 2003).

Although to what extent genomic instability contributes to aging is still uncertain, its role in

tumorigenesis is well established and several lines of evidence suggest that oxidative DNA

damage plays a pivotal role in causing an age-dependent accumulation of DNA mutations

and cancer. In fact, (1) a vast group of mutations detected in the anti-oncogene p53, which is

mutated in ~50% of the human cancers, is generated in an attempt to repair the damage

caused by reactive oxygen species (ROS) (Pfeifer 2000), (2) high levels of DNA damage/

mutations and cancer have been found in mice with reduced activity of either cytosolic or

mitochondrial SOD (Busuttil et al. 2005; Van Remmen et al. 2003), (3) in S. cerevisiae the

lack of cytosolic Sod causes an increase of mutations and a high frequency of adaptive

regrowth, a phenotype described as “cancer-like” because, as discussed in the section

“Chronological Life Span”, it is characterized by the ability of aging cells to resume cell

division under conditions that normally do not promote growth (Fabrizio et al. 2004a; Longo

et al. 1999; Madia et al. 2007, 2009). Importantly, the adaptive regrowth phenotype is

extremely rare in cultures of the long-lived ras2Δ or sch9Δ mutants consistently with their

high degree of protection against superoxide (Fabrizio et al. 2004a) and the low mutation

frequency detected in aging sch9Δ discussed in the previous section.

Pro-aging Genes and Cancer in Higher Eukaryotes

As discussed broadly in the section “Conserved Life Span-Regulatory Pathways”, the

nutrient-sensing/insulin-IGF-like pathways promote aging in several model organisms. The

expression of conserved pro-aging genes such as Sch9 causes aging, genomic instability,

and a “cancer-like” phenotype in yeast. Is there a similar association between pro-aging

genes/pathways and cancer in other organisms? It certainly seems to be the case. In fact,

life-extending mutations that decrease IIS in worms block germ cells proliferation and

induce apoptosis in a C. elegans mutant that forms germ-line tumors (Pinkston et al. 2006).

Analogously, in flies reducing IIS not only extends life span but also delays the growth of

germline cysts (LaFever and Drummond-Barbosa 2005).

Longo and Fabrizio Page 12

Subcell Biochem. Author manuscript; available in PMC 2014 June 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Most interestingly, long-lived GH/IGF-I-deficient mice are long lived and show lower levels

of lifetime tumor incidence (Vergara et al. 2004; Ikeno et al. 2003). A similar reduction of

tumors is observed in Akt-deficient mice (Skeen et al. 2006). Human studies indicate that

dampening IGF-I signaling may reduce cancer incidence likely because of the pro-growth

activity of IGF-I (Longo et al. 2008). However, we hypothesize that the IIS-dependent

regulation of genomic instability is also important for tumorigenesis and cancer progression

(see next section).

The Role of Pro-aging Genes in Cancer

Yeast pro-aging Sch9 and Ras2 are homologues of mammalian proto-oncogenes Akt and

Ras, which are activated in many human cancers (Rodriguez-Viciana et al. 1994; Yoeli-

Lerner and Toker 2006). In both yeast and mammals Ras and Sch9/Akt signal through

pathways that regulate cell growth and promote aging (see section “Conserved Life Span-

Regulatory Pathways”). In humans oncogenic mutations that lead to the activation of Ras,

Akt, or in the up-stream IGF-I-receptor are commonly believed to promote cancer by

allowing the survival and growth of damaged cells, which are normally removed by

apoptosis. They have also been proposed to increase genomic instability because the high

proliferation rates they promote may increase the occurrence of errors during replication

across sites of unrepaired damage (Pollak et al. 2004). The accumulation of further

mutations in cells already hit by an initial oncogenic mutation is thought to be responsible

for tumor growth and metastasis.

Our opinion, based on studies on the conserved role of oncogene homologues in life span

regulation, is that the tumorigenesis scenario might be more complex. In fact, in analogy

with yeast, the activity of Ras and Akt might reduce cellular protection and in particular

oxidative stress resistance in human cells leading to increased mutational rates, which in

turn may cause oncogenic mutations activating Ras and Akt themselves and/or the

additional mutations required for cancer development. This hypothesis is supported by data

showing that cells isolated from long-lived mice are resistant to several different DNA-

damaging agents (Longo et al. 2008).

Conclusions and Perspectives

The study of the pathways and mechanisms regulating longevity has benefited greatly from

the use of S. cerevisiae. This simple unicellular organism has been instrumental in the

discovery of the conservation of the principal life span-regulatory pathways and, thanks to

the amenability of the CLS to genetic, genomic, and biochemistry assays, it is providing an

excellent system to gain further insights into the metabolic changes occurring in senescent

cells. Recently, yeast CLS has been used successfully to study the mechanisms behind age-

dependent genomic instability leading to the identification of oxidative DNA damage and

error-prone DNA repair systems as key for the mutation accumulation observed during

chronological aging. This is an important finding because of the possibility that these

molecular mechanisms may be conserved through evolution and involved in enhancing

genomic instability and promoting cancer in mammals.
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We expect that in the near future additional yeast genetic determinants of aging and novel

mechanisms to explain how life span can be prolonged will be discovered. These are

expected to contribute to further understand aging and diseases in a wide range of species

including humans.
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Appendix

While this book was in production we published two articles relevant to the topic of this

chapter. For the sake of completeness, we believe it is appropriate to discuss them briefly

here. The first article has reported the results of a screen of the yeast deletion collection

aimed at identifying novel life span determinants (Fabrizio et al. 2010). Besides confirming

the importance of the mitochondrial function and the autophagic process in long-term

survival, our screen has uncovered numerous novel genes involved in the process of

determining yeast longevity. Among others ACB1, CKA2, and TRM9. The deletion of each

of these three genes prolongs life span and increases heat resistance. ACB1 codes an acyl-

coA binding protein involved in lipid biosynthesis and vesicle formation. Cka2 is the

catalytic subunit of a serine-threonine kinase, CK2, which controls several cellular functions

including cell growth and proliferation. Trm9 is a tRNA methylase that targets the uridine

residues at the wobble position in tRNA(Glu) and tRNA(Arg3). Currently, the mechanisms

by which these proteins regulate longevity have not been described. It will be important to

elucidate them given the high degree of conservation of these novel life span determinants

and the possibility that their role in aging extends to other organisms.

The second article concerns the role of the conserved pro-aging pathways in the regulation

of genomic instability and cancer. In the section “Conserved Pro-aging Genes, Genomic

Instability, and Cancer” we have discussed how the activity of the Sch9 and GH/IGF-I

pathways promotes DNA damage in yeast and mice, respectively. We have also mentioned

that GH/IGF-I-deficient mice show decreased rates of cancer incidence. Recently this

observation has been extended to humans with growth hormone receptor deficiency who

display a major reduction in cancer and diabetes, which is associated with reduced levels of

several orthologs of the key yeast pro-aging genes (Guevara-Aguirre et al. 2011).

Importantly, serum from GH/IGF-I signaling-deficient individuals protects cells in culture

from H2O2-dependent DNA damage and down-regulates the expression of N-Ras, PKA, and

TOR while activating SOD2 transcription. This suggests that a reduction of GH/IGF-I

signaling may lead to cellular protection and reduced DNA damage in vivo via the

inactivation of the pro-aging Ras, PKA, and TOR pathways, which in turn may contribute to

lower incidence of cancer and other diseases. Thus, this new evidence from a human study
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further supports a causative link between the activity of the conserved pro-aging pathways,

genomic instability, and diseases.

Longo and Fabrizio Page 20

Subcell Biochem. Author manuscript; available in PMC 2014 June 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5.1.
Conserved regulation of the life span-regulatory pathways. In yeast, worms, and flies the

activation of the pro-growth nutrient-sensing/IIS pathways inhibits the activity of stress

resistance transcription factors (Gis1, Msn2/4, DAF-16, dFOXO), reduces cell protection

and accumulation of fat and/or glycogen, and promotes aging. Mutations that reduce the

activity of these pathways prolong life span. In yeast and worms this longevity extension

requires the activation of a stress response dependent on Gis1/Msn2/4 and Daf-16, which

lead to the activation of anti-oxidant enzymes and heat-shock proteins. In flies

overexpression of dFOXO extends lifespan most likely via the activation of stress response

analogous to that of yeast and worms. In mice, reduction on the IIS by mutation of the IGF-1

receptor gene or by lowering growth hormone (GH) synthesis promotes longevity and stress

resistance possibly by activating the transcription factors FoxOs. GH might also function to

promote aging in part independently of IGF-1 signaling. Dampening the beta-adrenergic

signaling by deleting the adenylate cyclase 5 gene (AC5) or reducing the activity of PKA

also extends mice life span
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