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Abstract
Recent advances have suggested the existence of phylogenetically conserved pathways regulating ageing in eukaryotes. At least two of

these ‘‘public’’ longevity-determining pathways appear to have been evolutionarily conserved from yeast through mammals. We have

developed a high-throughput, genome-wide approach to identify a large fraction of the non-essential, single-gene deletion mutations that

confer increased longevity in yeast. The identification and characterization of conserved genes that regulate the ageing process across

eukaryotic species is likely to result in an improved understanding of the causes of human ageing and provide potential therapeutic targets for

drug discovery.

# 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Conserved features of ageing among eukaryotes

Understanding the biology of ageing in mammals is a

daunting task. The study of ageing in simple eukaryotes,

such as yeast, worms, and flies has served as a useful method

for reducing the complexity of the problem. Nevertheless,

the extent to which ageing is conserved between mammals

and these simpler models remains unclear. Fortunately,

recent work has suggested a surprising overlap between the

genetic determinants of longevity across a variety of

eukaryotic species.

The Sir2 family of proteins, referred to collectively as

Sirtuins (Buck et al., 2004), defines one example of a

conserved regulatory factor controlling longevity. A role for

Sirtuins in ageing was first uncovered by the finding that

elevated dosage of Sir2 extends the replicative life span of

yeast cells (Kaeberlein et al., 1999). Following up on this

work, Tissenbaum and Guarente (2001) showed that

overexpression of the orthologous protein, Sir-2.1, increases

life span in Caenorhabditis elegans. This is particularly

surprising, given that the mechanism by which longevity is

enhanced through up-regulation of Sirtuins appears to be
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different between these two organisms (Tissenbaum and

Guarente, 2002). In yeast, Sir2 enhances longevity by

inhibiting the formation of toxic extrachromosomal rDNA

circles (Kaeberlein et al., 1999). In worms, there is no

evidence that rDNA circles cause ageing, or that rDNA

circles are even present in old animals. In contrast,

accumulating evidence suggests that Sir-2.1 exerts its

anti-ageing activity by regulating the activity of the Daf-

16 transcription factor, in a well-characterized insulin/IGF-

1-like pathway (Hekimi and Guarente, 2003). The evolu-

tionary mechanism by which Sir2 might have evolved to

maintain its role as a regulator of ageing in organisms that

appear to age in fundamentally different ways remains a

matter of much speculation.

A second conserved ageing gene is represented by yeast

SCH9, which codes for a protein with homology to C.

elegans SGK-1, AKT-2, and AKT-1. Deletion of SCH9

increases yeast replicative life span by 30–40% (Fabrizio et

al., 2004) and increases chronological life span by nearly

100% (Fabrizio et al., 2001). In worms, decreased

expression of SGK-1 by RNAi results in a 60% increase

in longevity (Hertweck et al., 2004). Intriguingly, SGK-1,

AKT-2, and AKT-1 are thought to function together in a

complex to regulate worm longevity by phosphorylation of

Daf-16. Thus, SGK-1 and Sir-2.1 may both act in a common
.
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pathway, upstream of Daf-16. In yeast, the genetic

relationship between Sch9 and Sir2 has not yet been

determined.

Perhaps, the best evidence suggesting that ageing processes

might be conserved among eukaryotes is the observation that

calorie restriction (CR) increases life span in a wide variety of

organisms, including yeast (Lin et al., 2000), worms

(Lakowski and Hekimi, 1998; Houthoofd et al., 2003), flies

(Clancy et al., 2002; Mair et al., 2003), and rodents, and a

number of others. Although, life span extension by CR in

mammals was first reported more than 70 years ago (McCay et

al., 1935), a mechanistic understanding of how CR slows

ageing remains elusive. Simple eukaryotic models for CR,

such as yeast, are likely to provide insight into this question.

It was initially reported that calorie restriction slows

ageing of yeast cells by activation of Sir2 (Lin et al., 2000).

This seemed an attractive model because it was already
Fig. 1. Conserved pathways regulating ageing in eukaryotes. Life span extension by

simple eukaryotes, such as yeast and worms, Sir2 and Sch9 proteins also regulate

both organisms, suggesting the possibility of multiple conserved pathways regul
known that overexpression of Sir2 is sufficient to increase

life span (Kaeberlein et al., 1999). Several reports suggested

possible mechanisms by which CR might activate Sir2,

including elevated NAD+, decreased NADH, and decreased

nicotinamide (Lin et al., 2002; Anderson et al., 2003a;

Anderson et al., 2003b; Lin et al., 2004). Recent work,

however, has demonstrated that Sir2 is not required for a

majority of the life span extension associated with CR, and

that combining CR with overexpression of SIR2 results in a

nearly two-fold increase in longevity (Kaeberlein et al.,

2004). Interestingly, however, these extremely long-lived

strains still display normal mortality curves, and the

pathways limiting longevity in these strains remain totally

unknown. Thus, yeast replicative life span is regulated by at

least two, and likely more, distinct pathways: one involving

the Sir2 protein deacetylase, another responsive to CR, and

the other(s) still undefined (Fig. 1).
calorie restriction is a nearly universal phenomenon amongst eukaryotes. In

longevity. Genetic analysis has placed Sir2 and CR in different pathways in

ating eukaryotic ageing.
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Interestingly, CR and Sir2 also appear to be genetically

distinct in C. elegans. In contrast to Sir-2.1, life span

extension by CR is independent of Daf-16 (Houthoofd et al.,

2003) and is additive with longevity enhancing mutations

in the insulin/IGF-1 receptor ortholog Daf-2 (Lakowski

and Hekimi, 1998). This is strikingly similar to the case in

yeast, where combining overexpression of Sir2 with CR

results in an additive life span increase (Kaeberlein et al.,

2004).

There is also accumulating evidence that both CR and

Sirtuins are likely to be conserved longevity factors in

mammals. The mammalian Sir2 ortholog, SirT1, has

recently been identified as a regulator of the Daf-16

ortholog, Foxo3a, a putative downstream target of insulin

and IGF-1 signaling (Brunet et al., 2004; Motta et al., 2004).

While CR alters insulin/IGF-1 levels in mammals, it is also

clear that a significant fraction of the longevity benefit

associated with CR is independent of the insulin/IGF-1

pathway (Bartke et al., 2001), consistent with a two-pathway

model in which CR and insulin/IGF-1 are at least partially

independent.

It should be noted, however, that SirT1 has also been

implicated in the regulation of a number of other proteins

that may influence ageing including p53, FOXO4, Ku70,

PPARg and NFKB (Luo et al., 2001; Vaziri et al., 2001;

Langley et al., 2002; Cohen et al., 2004; Picard et al., 2004;

van der Horst et al., 2004; Yeung et al., 2004). Which of

these activities, if any, link SirT1 to mammalian ageing

remains to be determined. Not surprisingly, the genetic

relationships between conserved longevity factors are likely

more complex in mammals than in simpler eukaryotes.
Fig. 2. A method for genome-wide analysis of replicative life span. (A)

Data sets were created that contained either 250 experimentally determined

wild-type mother cell life spans (not long-lived = NLL) or 250 long-lived

(fob1D, hxk2D, gpa2D, or gpa1D = LL) mother cell life spans. From each

set, 100,000 subsets were randomly selected and used to generate a

probability distribution of subset mean replicative life span (RLS) for

subsets of size n = 5, 10, and 20. In order to identify novel LL mutants

from the ORF deletion collection, appropriate lower threshold (LT) and

upper threshold (UT) subset mean RLS cutoffs were determined for n = 5,

such that the probabilities of false negative errors (misclassifying a LL strain

as NLL) are minimized while keeping the false positive (misclassifying a

NLL strain as LL) less than 0.01. (B) Replicative life span is determined

simultaneously for N = 5 mother cells each from approximately 100 dif-

ferent single-gene deletion mutants. Those strains that have a five-cell set

mean RLS less than the LT are classified as NLL; those strains that have a

five-cell set mean RLS greater than the LT but less than the UT are classified

as ambiguous and subjected to another round of five-cell RLS analysis;

strains that have a five-cell mean RLS greater than the UT are classified as

LL and verified.
2. The hunt for additional conserved ageing genes

Given that both CR and Sirtuins appear to have conserved

effects on longevity in multiple eukaryotic species (Fig. 1),

it seems likely that other conserved ageing factors exist.

We have recently completed a comprehensive analysis of

more than 40 genes reported to affect ageing in yeast

when deleted. This study was carried out in the genetic

background of the MATa yeast ORF deletion set (BY4742),

a strain with a mean life span 20–50% longer than most

reported lab strains. By using a long-lived strain, we feel

confident that mutations resulting in increased life span are

more likely to represent general ageing factors in yeast.

Consistent with this surmise, of the five mutations observed

to significantly increase life span in this study, three are

genetic models of CR (hxk2D, gpa2D, gpr1D), one is in the

Sir2 pathway (fob1D), and the fifth is deletion of SCH9

(Kaeberlein et al., 2004. In addition, we have determined

that overexpression of Sir2 increases life span in BY4742,

as does CR by growth on low glucose (Kaeberlein et al.,

2004). Thus, of the seven genetic and environmental inter-

ventions known to increase life span in this long-lived strain,

six can be linked to enhanced longevity in higher eukaryotes
and the seventh (fob1D) is linked to life span extension by

Sir2.

The discovery that a majority of the life span benefit from

CR is independent of Sir2 was unexpected. Several

questions still remain: (1) Is CR completely Sir2-indepen-

dent? (2) What is the molecular mechanism by which CR

increases life span? (3) Are there additional, undiscovered,

pathways regulating ageing? (4) How great is the con-

servation between ageing in simple eukaryotes and ageing in

humans?

In order to attempt to answer these questions, we have

initiated a project to determine the chronological and

replicative ageing properties for >4500 single-gene deletion
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strains obtained from the MATa ORF deletion collection

(Winzeler et al., 1999). We have recently developed a high-

throughput method for replicative life span analysis that will

facilitate this endeavor (Fig. 2). To date, approximately 10%

of the non-essential ORFs (�500 genes) have been assayed.

From this analysis, we have determined that roughly 20% of

non-essential single-gene mutations result in a significant

reduction of life span (p < .05). Many of these mutations

that shorten life span cause enhanced stochastic death and

are unlikely to be relevant to the normal ageing process of

yeast cells.

In contrast, mutations that increase life span, by

definition, alter the ageing properties of the population,

and are of fundamental interest. From our analysis, we have

identified several previously unknown single-gene deletion

mutations that significantly enhance mother cell life span.

We are currently placing these genes into (or out of) known

genetic pathways and characterizing the mechanism(s) by

which life span is enhanced. In this way, we hope to discover

novel pathways influencing longevity. We also expect many

of the identified mutations to behave as genetic mimics of

CR, perhaps giving insight into the molecular mechanisms

by which CR slows ageing. Approximately, half of the newly

identified yeast ageing genes have identifiable orthologs in

worms, flies, and mammals. It will be of interest to discover

which, if any, also have conserved roles as determinants of

longevity in other ageing model systems and ultimately,

humans.
3. Conclusion

The apparent conservation of two genetically distinct

ageing pathways from yeast to mammals suggests the

existence of, as yet undiscovered, orthologous gene families

that regulate longevity across eukaryotes. Identification of

these genes will lead to a better understanding of the mole-

cular processes that cause ageing as well as the mechanisms

by which some mutations and interventions, such as CR,

confer increased life span in mammals. We have developed a

method to rapidly identify a majority of the genes that

increase life span when deleted in yeast. This information,

combined with data generated in similar genome-wide

RNAi screens in C. elegans (Dillin et al., 2002; Lee et al.,

2003) is likely to lead to the identification of additional

genes that regulate ageing in both yeast and worms, and

possibly mammals.
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