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The Ras and Sch9 pathways regulate stress resistance and longevity
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Abstract

Depending on the availability of extracellular nutrients, yeast can enter either high or low metabolism survival phases. We have identified
two pathways that regulate longevity and stress resistance in both the low and high metabolism phases. The deletion of SCHY, which encodes
for a serine threonine kinase, triples the mean life span and increases resistance to oxidative and thermal stress. Mutations that decrease the
activity of the Ras/Cyr1/PKA pathway also extend longevity and increase stress resistance by activating transcription factors Msn2/Msn4 and
the mitochondrial antioxidant enzyme superoxide dismutase (Sod2). Although only one intracellular pathway that includes genes
homologous to SCH9 and SOD2 has been identified in worms, our studies in yeast suggest that longevity in higher eukaryotes may also be

negatively regulated by the Ras pathway.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Yeast and other microorganisms have evolved to
survive under starvation and other adverse conditions that
are commonly encountered in natural environments. In
fact, most microorganisms are estimated to survive in a
low-metabolism stationary phase under nutrient-depleted
conditions (Werner-Washburne et al., 1996). Depending
on the type and level of available nutrients yeast can
enter distinct non-dividing phases: a high-metabolism
post-diauxic phase and a low metabolism stationary
phase. We perform most of our experiments in a medium
containing a limited amount of nutrients [synthetic
dextrose complete (SDC)]. In this medium, yeast
organisms grow rapidly and then survive at high
metabolic rates for approximately six days. When yeast
grown in SDC are switched to water between day |1
and 5, metabolic rates decrease and survival is extended
by 2-3 fold (Longo et al., 1997). However, analogous
pathways and mechanisms appear to regulate survival
in both paradigms since long-lived mutants isolated
by incubation in SDC also live longer when incubated
in water. Therefore, incubation in water may represent
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a form of caloric restriction in which a major reduction
of metabolic rates causes a several fold survival
extension. Most of our studies are performed in either
SDC or water to model the ‘low’ or ‘no’ nutrients
conditions encountered by microorganisms in their
natural environment.

Although the chronological life span paradigm may
appear to be a starvation phase that does not resemble
the life span of higher eukaryotes, non-dividing yeast are
not starving but are slowly utilizing the nutrients stored
intracellularly at the end of the growth phase (Lillie and
Pringle, 1980). An environment that lacks nutrients is
very common for microorganisms but is also often
encountered by higher eukaryotes. For example, black
bears and turkish hamsters alternate between a high and
a low metabolism hibernation phase, in which stored
nutrients are utilized to survive. The longer the period
turkish hamsters spend under hibernation the longer the
life span (Lyman, 1981). In addition to the high
metabolism post-diauxic life span (SDC), and the low
metabolism stationary phase, under particularly severe
starvation conditions, diploid S. cerevisiae can form
haploid spores that can survive for years in a dormant
state. Yeast spores may be the equivalent of the worm
daver larva, which also live much longer than adult
worms (Riddle, 1988). The food supply determines
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whether worms grow and become metabolically active
adults or exit development at the L2 larva stage to enter
the low-respiration dauer larva stage.

2. Pathways that regulate stress resistance and longevity

The deletion of RAS2 increases stress resistance and
doubles the chronological life span of yeast (Fig. 1)
(Fabrizio et al., 2003; Longo et al., 1997). The identification
of Ras mutations and their role in increasing SOD activity
and longevity provided the description of the first eukaryotic
aging pathway (Longo, 1997; Longo et al., 1996). These
results and the concurrent identification of genes that
regulate longevity in worms led to the hypothesis that in
organisms ranging from yeast to mice longevity can be
regulated by a similar signal transduction pathway that
modulates SOD activity through the activation of stress
resistance transcription factors (Longo, 1997, 1999). The
role of ras2 mutations in extending longevity by activating
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stress resistance transcription factors Msn2/Msn4 and SODs
was recently conclusively demonstrated by showing that
Msn2/Msn4 and SOD2 are required for longevity extension
in ras2 and cyrl mutants (Fabrizio et al., 2003, 2001).

To identify additional genes that regulate longevity we
combined the selection of stress resistant mutants with
transposon mutagenesis. Because of the link between stress
resistance and survival in yeast and higher eukaryotes, after
generating a population of transposon-mutagenized yeast,
we performed a pre-selection for mutants that were
thermotolerant or resistant to oxidative stress. From the
thousands of mutants isolated, the ones that carried
transposon insertions in the CYRI gene and in the promoter
region of the SCHY gene were the two longest lived (Fabrizio
et al., 2001). These two genes encode for adenylate cyclase
and for the Sch9 serine/threonine protein-kinase, respect-
ively. The cyrl and sch9 transposon mutants were also the
only two mutants isolated independently in the thermotoler-
ance and oxidative stress selection. Cyr1 and Sch9 function
in parallel signaling pathways (Ras/adenylate cyclase and

—@-WT (SP1)
I sch9A4

| W T S Y |

0 9 17 25 33
Days
—@- WT (DBY746)
=T sch9A
0 9 17 25 33 41
Days

Fig. 1. Chronological survival of long lived ras2A and sch9A mutants originated in the (A) SP1 and (B) DBY746 background.
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Sch9 pathways) both involved in mediating the glucose/
nutrients-dependent response including the stimulation of
growth and glycolysis and the down-regulation of stress
resistance, glycogen accumulation, and gluconeogenesis.

3. Stress resistance, superoxide dismutases and longevity

Several studies support a major role for multiple stress
resistance in the regulation of longevity in yeast: (a) pre-
selection for heat/oxidative stress resistant yeast resulted in
the isolation of mutants that are highly resistant to both heat
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and oxidative damage and that live up to 3 times longer than
wild type, (b) the deletion of RAS2 increase longevity as
well as thermotolerance and resistance to oxidative stress,
(c) the life span extension of the ras2 and cyr/ mutants was
shown to be mediated by stress resistance transcription
factors (Fabrizio et al., 2001), (d) the deletion of the SOD2
gene, encoding for the mitochondrial superoxide dismutase
reduced or abolished the life span extension of the ras2,
cyrl and sch9 mutants (Fabrizio et al., 2003).

Superoxide resistance seems to be particularly important
to extend the chronological life span. In fact, mutants
lacking either SODI (cytoplasmic superoxide dismutase) or
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Fig. 2. Model for the regulation of stress-resistance and aging in yeast. Glucose activates the Cyrl/cAMP/PKA pathway, in part, via the G-protein coupled
receptor Gprl and activates Sch9 by an unknown mechanism. Cyr1/cAMP/PKA inactivates stress-resistance transcription factors Msn2/Msn4, which regulate
the expression of many stress resistance genes including heat shock proteins, catalase, and SOD2. Activation of Sch9 results in a major decrease in stress-
resistance either via Rim15/Gis1 and/or Hsp90 or via and unidentified effector. Mutations that decrease the activity of Ras2 (ras2A), Sch9 (sch9::mTn and
sch9A) or Cyrl (cyrl::mTn) extend the chronological life span by activating stress resistance proteins Msn2, Msn4, and Rim15, decreasing the levels of
mitochondrial superoxide, delaying aconitase inactivation and by other unknown mechanisms.



810 V.D. Longo / Experimental Gerontology 38 (2003) 807-811

SOD?2 or both are short-lived compared to wild type (Longo
et al., 1996). Furthermore, our studies on the activity of the
mitochondrial enzyme aconitase in post-diauxic yeast
strongly suggest a role for superoxide toxicity in aging
(Longo et al., 1999). Aconitase is a citric acid cycle enzyme,
which contains a 4Fe—4S cluster that is particularly
sensitive to superoxide. This enzyme is inactivated very
rapidly in an age-dependent manner in mutants lacking
SOD2, but it is also inactivated in aging wild type yeast
(Fabrizio et al., 2003, 2001; Longo et al., 1999). This
inactivation appears to contribute to the mitochondrial
damage that precedes cellular death. Interestingly, both cyr/
and sch9 mutants showed a delay in the aconitase
inactivation confirming the role played by superoxide in
aging (Fabrizio et al., 2003, 2001).

The overexpression of CuZnSOD has been convincingly
shown to increase the life span of fruit flies (Orr and Sohal,
1994; Sun and Tower, 1999). The overexpression of SODI
and SOD?2 together increases yeast chronological survival
by 30% whereas the overexpression of each SOD alone had
a significant but more modest effect (Fabrizio et al., 2003).
These results are in agreement with the age- and superoxide-
dependent reversible inactivation of the mitochondrial
enzyme aconitase (Fabrizio et al., 2001).

The age-dependent inactivation of mitochondrial aconi-
tase and the role of superoxide dismutases in extending the
chronological life span in yeast indicate that superoxide and
other toxic oxygen species play a major role in aging. In
1956 Harman proposed that oxygen species with one
unpaired electron (free radicals) may cause aging. The
free radical theory of aging became one of the most widely
accepted theories after the overexpression of antioxidant
enzymes was shown to extend longevity and after most
long-lived model organisms were shown to be resistant to
oxidative stress (Finkel and Holbrook, 2000; Longo, 1999).
Although superoxide toxicity contributes to aging and death
in model organisms, mutations in the yeast Sch9 and Ras
pathways and in the worm and fly insulin/IGF-I-like
pathways appear to extend longevity by regulating the
expression of many genes. In fact, the overexpression of
SOD1, SOD2, and catalase in yeast and flies can extend
longevity by up to 30%, whereas mutation in signal
transduction genes can extend longevity by up to three-
fold. Therefore, increasing antioxidant protection appears to
be important but not sufficient for the major longevity
extension caused by mutations in glucose or insulin/IGF-I
signaling pathways.

4. From yeast to mammals

Thanks to studies by several laboratories, a significant
portion of the genes that function in longevity pathways in
yeast and worms has been characterized. In yeast,the down-
regulation of glucose signaling by ras2, cyrl and sch9
mutations increases longevity and stress resistance by

activating stress resistance transcription factors, which induce
the expression of genes encoding for several heat shock
proteins, catalase (CTT1), the DNA damage inducible gene
DDR2, and SOD2 (Fig. 2) (Longo and Fabrizio, 2002).
Analogously, in worms, the inactivation of the insulin/IGF-I-
like/daf-2 pathway extends survival and increases thermo-
tolerance and antioxidant defenses, by activating stress
resistance transcription factor DAF-16 (Kenyon, 2001). In
yeast, chronological life span extension is associated with
decreased superoxide generation and aconitaseinactivationin
the mitochondria (Fabrizio et al., 2001) and requires
mitochondrial MnSOD (Fabrizio et al., 2003). In worms,
among the genes regulated by the daf-2 pathway are
mitochondrial MnSOD and several heat shock protein
(Hondaand Honda, 1999). The yeast Ras/Cyr1/PKA pathway
down-regulates glycogen storage and genes involved in the
switch to the hypometabolic stationary phase and to the
dormant spore state. The worm daf-2 pathway also down-
regulates the storage of reserve nutrients (fat and glycogen)
and the switch to the hypometabolic dauer larvae state. Thus,
in addition to the high sequence similarities between the yeast
SCHY and the worm AKT-1/AKT-2 genes, these distantly
related organisms appear to regulate stress resistance and
longevity by modulating the activity of similar proteins and
pathways (Longo and Fabrizio, 2002). Remarkably, life span
regulation of more complex organisms such as Drosophila
and mice appears to depend on the activity of insulin/IGF-I-
stimulated pathways similar to those identified in yeast and
worms. These pathways include serine/threonine kinases
(Akt/PKB) and regulate the activity of several stress
resistance proteins including SODs, catalase and Hsps
(Longo and Fabrizio, 2002). Although, the Ras pathway has
not been implicated in longevity regulation in higher
eukaryotes our results raise the possibility that Ras, which
function downstream of the insulin and IGF-I receptors in
mammals, may promote aging.

The analogous role of glucose or hormone/growth factor
signaling in stress resistance and aging in the major genetics
model systems suggests that longevity can be extended by
similar mechanisms in many organisms. Life span extension
appears to be caused by a shift from a reproductive phase to
a non-reproductive maintenance phase, accompanied by
changes in the expression of many genes normally induced
by starvation. Yeast and other simple model systems should
continue to serve as valuable model systems to understand
the fundamental mechanisms of aging.
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