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Abstract

Progress in aging research is now rapid, and surprisingly, studies in a
single-celled eukaryote are a driving force. The genetic modulators of
replicative life span in yeast are being identified, the molecular events
that accompany aging are being discovered, and the extent to which
longevity pathways are conserved between yeast and multicellular eu-
karyotes is being tested. In this review, we provide a brief retrospective
view on the development of yeast as a model for aging and then turn
to recent discoveries that have pushed aging research into novel direc-
tions and also linked aging in yeast to well-developed hypotheses in
mammals. Although the question of what causes aging still cannot be
answered definitively, that day may be rapidly approaching.
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INTRODUCTION

Aging is paradoxical. On the one hand, it is
universal in mammals, and therefore, unlike
specific diseases, it seems to be a natural pro-
cess. On the other hand, the deterioration in
health and ultimate mortality associated with
aging have caused humans for millennia to look
for ways of impeding its seemingly inevitable
progress.

Molecular and genetic studies of aging have
gained pace over the last century to the extent
that aging research is a thriving field of en-
deavor. Studies of aging in mammals are lim-
ited by the long life span of common model
organisms. Mice and rats live 3-5 years and
primates up to 40. Nevertheless, aging stud-
ies, particularly in rodents, have been highly
informative, framing much of our understand-
ing of the genetic factors and environmen-
tal conditions modulating longevity. One so-
lution to speed up studies of aging has been
to study primary human or mouse cells in
culture. These cells (usually fibroblasts are
chosen for study) have a limited proliferative
capacity before they undergo terminal cell-
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cycle arrest (Hayflick 1965). Senescence in cul-
ture has been immensely informative, provid-
ing insights into cell-cycle control, differen-
tiation, and cancer. However, its relevance to
organismal aging remains a highly debated
topic (Campisi & d’Adda di Fagagna 2007).

A second approach that has dramatically ac-
celerated aging research is the use of inverte-
brate organisms, which age more rapidly and
are readily amenable to genetic and environ-
mental manipulation. Although a variety of or-
ganisms have been studied, a majority of studies
have utilized fruit flies (Drosophila melanogaster)
(Helfand & Rogina 2003), worms (Caenorbab-
ditis elegans) (Houthoofd & Vanfleteren 2007,
Olsen et al. 2006), or yeast (Saccharomyces cere-
visine) (Kaeberlein et al. 2007, Piper 2006).
Worms live approximately 2-3 weeks and flies
2-3 months. Among the genetic interventions
that result in life span extension in both organ-
isms are mutations in the insulin/IGF-1 signal-
ing pathway (Gami & Wolkow 2006). Because
some mutations reducing insulin/IGF-1 signal-
ing in mice also result in enhanced longevity
(Bartke 2005), at least some lessons learned in
worms and flies are likely to translate to mam-
mal and, perhaps, humans.

As a single-celled eukaryote, S. cerevisiae
seems an unlikely candidate for aging studies.
Yet at least two aging assays have been de-
veloped and more than 100 studies have been
published for this organism. In this review, we
discuss genetic studies aimed at defining the
pathways modulating yeast aging, and bio-
chemical studies attempting to identify the root
causes of one of the models: replicative ag-
ing. Readers are directed to other papers for
a discussion of chronological aging in yeast
(Fabrizio & Longo 2003, Laun etal. 2006). Fur-
thermore, we address the likelihood that the
aging process is conserved between yeast and
multicellular eukaryotes.

REPLICATIVE AGING IN YEAST

S. cerevisine divide by budding and therefore
undergo asymmetrical cell division, with the
mother cell retaining more volume than the
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daughter (Hartwell & Unger 1977). Taking
advantage of this asymmetry, Robert Mortimer
& John Johnston (1959) were the first scientists
to perform a yeast life span experiment. A

Replicative life span =
number of mitotic divisions

Chronological life span =
days viable in
postreplicative state
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pioneer in the field of yeast genetics and re-
cently deceased, Mortimer was best known for
developing techniques to monitor yeast meiosis
and using them to generate invaluable genetic
maps  (http://mcb.berkeley.edu/news-and-
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events/research-news/robert-mortimer/).
In this study, a small needle was used to mi-
crodissect daughter cells away from mothers,
and the number of divisions a mother could
undergo [later defined as replicative life span
(RLS)] (Figure 1) was tabulated (Mortimer
& Johnston 1959). However, this pioneering
study made no attempt to link the limited
proliferative potential of individual yeast cells
to aging in multicellular organisms.

The result of each division of a mother cell
can also be detected by the appearance of a
circular bud scar composed of chitin on the
cell surface (Bacon et al. 1966, Barton 1950,
Seichertova et al. 1973). Because bud scars
do not normally overlap, the Mortimer study
addressed the hypothesis that available sites for
the formation of new bud scars on the cell sur-
face would become limiting as yeast mother
cells continue to divide, a mechanism likely re-
stricted to yeast. This model was discounted,
however, by the observation that cell surface
area expands dramatically as mother cells age,
more than compensating for the loss of avail-
able surface area (Mortimer & Johnston 1959).
Instead, Mortimer & Johnston speculated that
reduced surface-to-volume ratios in old mother
cells may limit metabolic processes. Although
the bud scar and surface-to-volume hypothe-
ses are now largely disfavored (Egilmez &
Jazwinski 1989, Kennedy etal. 1994), this origi-
nal study set the stage for exploration into yeast
replicative aging.

After the initial foray by Mortimer &
Johnston (1959), two decades passed before
a second group restored interest in yeast ag-
ing. This latter group (Miiller et al. 1980) ad-
dressed an important question that remained
unresolved: Is the life span of a yeast cell limited

X

Figure 1

Replicative and chronological life span assays in yeast. (Left) In a replicative life
span (RLS) assay, one mother cell is allowed to divide, and the smaller daughter
cells are removed by microdissection. The number of daughter produced s tallied
as the RLS. (Right) In a chronological life span (CLS) assay, cells are maintained
in an undividing state. At given time (¢) intervals, a subset of the population is
placed onto media to allow cell division to resume. The life span is determined
as the time point at which those cells are unable to reenter the cell cycle.

by the number of mitotic cycles or calendar life
span? A series of experiments led to the conclu-
sion that the number of replicative cycles, and
not the length of time since budding, was the
primary determinant of life span (Miiller et al.
1980). This is also supported by the observa-
tion by many groups that cells do not lyse im-
mediately after reaching permanent cell-cycle
arrest (Mortimer & Johnston 1959). Although
lysis may be the final result, many cells can of-
ten remain metabolically active for days, sim-
ilar to what is reported for senescent fibrob-
lasts in cell culture. The chronological time a
cell can remain viable in a postreplicative state
[chronological life span (CLS)] has been estab-
lished and extensively studied as a second model
of aging in yeast (Fabrizio & Longo 2003,
Longo et al. 1996). Which of these two assays
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Replicative life span
(RLS): the cumulative
number of mitotic
divisions a cell can
undergo

Chronological life
span (CLS): the
amount of time a cell
can remain viable
while in a nondividing
state
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better models aging in other eukaryotes re-
mains unanswered. In fact, there may be an in-
teresting interplay between the replicative and
the chronological aging of yeast; passage of a
cell through a postreplicative stage reduces its
RLS once it reenters the cell cycle (Ashrafi
et al. 1999). Therefore, postmitotic aging of a
cell can delimit its RLS.

ASYMMETRY AND YEAST AGING

To survive in the wild, S. cerevisiaze has adapted
to undergo rapid mitotic expansion in nutrient-
rich conditions. It must accomplish this feat

a Wild type (young)

O ERCs
Oxidatively damaged proteins

Q Nucleus \
X

Protein aggregates

Figure 2

b wild type (old)

while simultaneously maintaining the vitality
of the population, and it accomplishes this in
part through asymmetric division (Figure 2).
Whereas the larger mother cell ages and ul-
timately loses replicative capacity, daughters
produced by the aging mother generally are
renewed in their capacity; this ensures that
the colony survives even though aging moth-
ers within the colony might perish. Asymmetric
division may cause mother cells to retain an ag-
ing factor, thus sacrificing individual replicative
potential while retaining full potential in result-
ing daughter cells (Egilmez & Jazwinski 1989,
Kennedy et al. 1994).

C sir2A (young)

The asymmetry of division is lost in old mother cells and si72A cells. The three aging factors diagrammed
here are extrachromosomal ribosomal DNA circles (ERCs), oxidatively damaged proteins, and protein
aggregates. (2) In young wild-type cells, levels of all three factors are low, and the factors are preferentially
sequestered in the mother cell. Note the size differential between the mother cell and the budding daughter
cell. Both mother and daughter will go on to further budding. (#) In old wild-type cells, the three factors
accumulate to high levels. The budding daughter cell is similar in size to the mother cell and inherits all
three of the aging factors. The old mother cell can no longer divide at the end of its replicative life span
(RLS). The daughter cell, although the product of asymmetrical division, will proceed to normal asymmetric
division. (¢) sir2A cells accumulate abnormally high levels of ERCs and protein aggregates. Division is
partially symmetric in that, although the daughter cell is much smaller than the mother, these aging factors
are not preferentially sequestered away from the daughter. The precocious accumulation of aging factors
limits the RLS of the mother, although the daughter can go on to divide.

Steinkraus o Kaeberlein o Kennedy



Annu. Rev. Cell Dev. Biol. 2008.24. Downloaded from arjournals.annualreviews.org

by UNIVERSITY OF WASHINGTON - HEALTH SCIENCES LIBRARIES on 08/18/08. For personal use only.

ANRV356-CB24-02 ARI

14 June 2008 14:11

A molecular confirmation of this hypothe-
sis was provided by the identification of extra-
chromosomal ribosomal DNA circles (ERCs)
as one cause of aging in yeast (Sinclair &
Guarente 1997). The yeast ribosomal DNA
(rDNA) consists of approximately 100 to 150
tandemly arrayed copies of a 9.1-kb repeat con-
taining all the information necessary to code for
the rRNA (Petes & Botstein 1977, Philippsen
et al. 1978, Rustchenko & Sherman 1994).
ERCs are formed by homologous recom-
bination between rDNA repeats; are self-
replicating, owing to the presence of an origin
of replication within the rDNA repeat; and, be-
cause they lack a CEN element, display biased
segregation to mother cells (Murray & Szostak
1983). This combination of asymmetric inher-
itance and self-replication leads to a mother
cell-specificincrease in ERC copy number with
age. Itis believed that, once a threshold level of
ERCs accumulates in the mother cell, senes-
cence occurs, perhaps owing to titration of es-
sential cellular factors by the abundant rDNA
sequence present as ERCs.

Interestingly, asymmetry breaks down in the
oldest mothers, resulting in an increased fre-
quency of symmetric divisions (Jazwinski et al.
1989, Johnston 1966, Kennedy et al. 1994).
In these aberrant mitotic events, the mother
cell and daughter cell are indistinguishable in
size, and the daughter has a reduced life span
that is comparable to the remaining life span
of the mother cell. Progeny from symmetrical
daughters recover full life span potential follow-
ing asymmetric division (Kennedy et al. 1994),
however, indicating that the damage that accu-
mulates to limit mother cell life span is not per-
manent. For instance, if nuclear DNA damage
to the mother cell accumulated during old age,
it would be inherited in the daughter cells and
would not be diluted out in the daughter lin-
eage, and full life span would not be restored.

More recently, a screen has been performed
to identify yeast mutants that fail to maintain
age asymmetry with respect to divisions (Lai
etal. 2002). These conditional mutants clonally
senesce at the restrictive temperature. Accord-
ing to one proposal, normally functional mito-

chondria are specifically segregated to daughter
cells, and this process is disrupted in symmetry
mutants (Jazwinski 2005, Lai et al. 2002). More
recently, Seo et al. (2007) reported that the ab-
normal segregation of mitochondria in one of
these symmetry mutants (a point mutation in
ATP2) could be suppressed by the overexpres-
sion of a peroxin protein (Pex6). They propose
that Pex6, atleast when overexpressed, can con-
tribute to mitochondrial biogenesis in addition
to its known peroxisomal roles. A second fruit-
ful source of information regarding asymmetry
may come from mathematical modeling, and
studies have attempted to model yeast aging pa-
rameters in this fashion (Gillespie et al. 2004,
Hirsch 1993, Jazwinski & Wawryn 2001).

At the molecular level, exciting data from
Nystrom and colleagues have shown that, af-
ter cytokinesis, levels of protein carbonyls and
other forms of oxidatively damaged proteins
are much higher in the mother cell than in
the daughter (Aguilaniu et al. 2003, Erjavec &
Nystrom 2007). Protein aggregates containing
heavily carbonylated proteins are also retained
in mother cells (Erjavec et al. 2007). Given that
the accumulation of damage caused by reactive
oxygen species (ROS) may be one cause of aging
(discussed below), these findings suggest that
minimizing the segregation of preexisting dam-
age to the newly formed daughter cell is one
method of ensuring a full life span (Nystrém
2005).

The mechanism(s) by which asymmetry is
achieved with respect to oxidized and aggre-
gated proteins is beginning to be delineated.
For instance, asymmetry must require a func-
tional actin cytoskeleton because transient dis-
ruption of the cytoskeleton with Latrunculin-
A disrupts the asymmetry of oxidized proteins
and aggregates (Aguilaniu et al. 2003, Erjavec
et al. 2007). The actin cytoskeleton has also
been linked directly to life span in yeast;
deletion of the actin bundling protein Scpl
results in increased actin dynamics, reduced
ROS, and extended life span (Gourlay et al.
2004). However, protection of daughter cells
during division seems to be accomplished not
only by restricting access of damaged proteins
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to daughters but also by increasing the ability
of daughter cells to combat damage. This lat-
ter process occurs in part through a daughter-
specific enhancement of catalase activity
(Erjavec & Nystrom 2007). During aberrant
symmetric divisions initiated by old mothers,
one or more of these processes presumably
break down, allowing both leakage of ERCs
and higher levels of oxidized or aggregated
proteins to migrate to daughters. Finally, the
Sir2 histone deacetylase, a conserved longevity-
promoting factor in yeast, worms, and flies,
is also required for mother-daughter asymme-
try with respect to oxidized aggregated pro-
teins (Aguilaniu et al. 2003, Erjavec & Nystrom
2007, Erjavec et al. 2007). We discuss the role
of Sir2 in this process in more detail in the
subsection on sirtuins (below).

Other proteins (e.g., cell wall components)
are segregated asymmetrically between moth-
ers and daughters. However, old components
are not always left in mother cells because
the old spindle pole body always segregates to
the daughter (Pereira et al. 2001). Studying the
molecular asymmetry associated with mitotic
division in yeast and how it relates to aging
will no doubt continue to provide further novel
insights into the aging process.

GENETIC MODULATION
OF YEAST REPLICATIVE
LIFE SPAN

Fundamentally, studies of the basic mechanisms
of aging can be approached from two direc-
tions, and both have been exploited in yeast.
Either one can study the genetic (or environ-
mental) interventions that alter the rate of ag-
ing, or one can determine the phenotypic and
molecular changes that are associated with ag-
ing (e.g., yeast cell volume increases with age).
In this and the next section, we address both ap-
proaches in yeast replicative aging, beginning
here with genetic approaches.

As with other model organisms, ge-
netic changes can dramatically influence the
longevity of yeast. This was first demonstrated
by the finding that expression of an oncogenic
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retroviral derivative of human RAS, v-Ha-RAS,
inyeastcells resulted in extension of RLS (Chen
et al. 1990). Because expression of this onco-
gene was known to contribute to immortaliza-
tion of mammalian fibroblasts, it was a rea-
sonable starting point in yeast. Senescence in
fibroblasts has long been studied in an attempt
to gain an understanding of the mammalian ag-
ing process and has yielded extensive informa-
tion about the control of cell proliferation and
its links to cancer. The relationship between fi-
broblast senescence and organismal aging is still
debated (Campisi & d’Adda di Fagagna 2007).
Because yeast is a single-celled organism, it was
also argued whether the RLS assay would be a
better model for organismal aging or cellular
senescence. Although this debate is not com-
pletely resolved, the genetic factors controlling
yeast aging seem to align better with those con-
trolling organismal aging in multicellular eu-
karyotes than with those controlling senescence
(see below). However, many of the known reg-
ulators of mammalian cell senescence are not
conserved in yeast, making a direct comparison
difficult.

Life span extension by expression of v-Ha-
RAS in yeast served as the motivation for test-
ing the possibility that the two yeast RAS or-
thologs might function to modulate replicative
aging. Paradoxically, deletion of RASI resulted
in life span extension, whereas deletion of RAS2
shortened life span (Sun et al. 1994). The rea-
sons for these divergent effects are not yet un-
derstood. Since these early studies, numerous
yeast aging genes have been identified and are
discussed in relevant places throughout this re-
view. In this section, we highlight efforts to per-
form unbiased screens to identify yeast aging
genes and the extent to which they have led to a
better understanding of yeast replicative aging.

Although there are many benefits to study-
ing aging in yeast, there are also limitations, in
particular, the difficulty associated with procur-
ing large populations of truly old cells. In a
rapidly growing culture of yeast, ages of indi-
vidual cells will distribute geometrically, with
half of the population virgins, 1/4 one-division-
old mothers, 1/8 two-division-old mothers, etc.
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Old mother cells represent a fraction of an experimental population. The schematic shows the distribution of
ages of cells in a dividing population. The number of divisions each mother cell has undergone is indicated in
the subtext. Virgin daughters ( purple) represent half of the population at each division. Among the remaining
population are the younger mothers (b/ue) and the original mother (green).

(Figure 3). Therefore, the fraction of truly old
cells (>20 generations) is negligible. This fact
raises questions about whether the life span of
individual yeast cells is relevant from the per-
spective of natural selection (discussed below),
and also makes obtaining enough old cells for
biochemical studies difficult. Several schemes
have been employed to enrich for old cells,
and populations of reasonably old cells can be
obtained (Chen & Contreras 2007, Egilmez
etal. 1989, Park et al. 2002, Smeal et al. 1996).
Nevertheless, and in spite of attempts to au-
tomate life span analysis (Jarolim et al. 2004),
the only truly accurate method for measuring
RLS to date is micromanipulation of daughter
cells away from mother cells while counting the
number of daughters produced by each individ-
ual mother cell. The brute-force nature of this
assay is not conducive to large-scale screens.
The first attempt around this problem by
Jazwinski and colleagues involved purification
of old (and young) cells, followed by RNA col-
lection and differential hybridization to iden-

tify transcripts up- or downregulated with age
(Egilmez et al. 1989). This led to the identifi-
cation of a gene whose expression is dramat-
ically downregulated with age and that later
was named LAGI (D’Mello et al. 1994). LAG1
encodes a ceramide synthase (Dickson et al.
2006, Guillas et al. 2001, Schorling et al. 2001,
Spassieva et al. 2006). This is quite intriguing,
given proposed roles for ceramides in stress
response pathways, apoptosis, and cell senes-
cence (Obeid & Hannun 2003). The relation-
ship of LAG]I to yeast life span is complex, as
either deletion or mild overexpression results
in life span extension (D’Mello et al. 1994). In
contrast, deletion of another ceramide synthase
gene (LACI) does not alter RLS (Guillas et al.
2001, Jiang et al. 1998, Schorling et al. 2001).
In another attempt to study yeast aging, the
Guarante lab’s primary goal was to perform un-
biased screens to identify aging genes. An ini-
tial screen was made possible by the finding that
stress resistance and the maintenance of viabil-

ity at 4°C correlated with longevity. Although
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this correlation later proved to be strain specific,
it was grounds for screening stress-resistant
mutants for enhanced longevity (Kennedy
etal. 1995). The first mutant characterized was
a complex mutation in the gene encoding Sir4,
which, along with Sir2 and Sir3, forms a com-
plex that mediates transcriptional repression
at telomeres and silent mating-type loci HML
and HMR (Ivy et al. 1986, Rine & Herskowitz
1987). SIR2 encodes a histone/protein deacety-
lase, and this enzymatic activity is required for
its silencing functions (Imai et al. 2000, Landry
et al. 2000, Smith et al. 2000).

The long-lived SIR4-42 allele was loss of
function for telomere and HM silencing; how-
ever, it behaved as a dominant allele for
longevity (Kennedy et al. 1995). This find-
ing, although dampening interest in direct links
between telomeres and yeast aging, proved
highly valuable in the establishment of a model
whereby the SIR4-42 mutation directed the
SIR complex away from telomeres and HM loci
to an undefined AGE locus (Kennedy et al.
1995), which was later proposed to be the
rDNA (Kennedy etal. 1997). Consistently, mu-
tations that reduce recruitmentsites for the SIR
complex at telomeres lead to life span extension
(Austriaco & Guarente 1997). For a more de-
tailed discussion of SIR2 and yeast aging, see
the subsection on sirtuins, below.

Two other genes were linked to yeast ag-
ing in this initial screen. Recessive muta-
tions in (or deletion of) UTHI were found
to cause a modest increase in life span
(Austriaco 1996, Kennedy et al. 1995). UTHI
expression is induced by oxidative stress, and
uthl A strains have altered sensitivities to dif-
ferent sources of oxidative stress (Bandara et al.
1998, Camougrand et al. 2004). Reported to
be an outer mitochondrial membrane protein
(Velours et al. 2002), UTH1 is also required for
induction of apoptosis in yeast by expression of
mammalian Bax and for autophagy-mediated
degradation of mitochondria (Camougrand
et al. 2003, Kissova et al. 2004). Which, if any,
of these activities are causally involved in the
longevity-modulating role of Uthl remains to
be determined. The link to autophagy is partic-

Steinkraus o Kaeberlein o Kennedy

ularly intriguing, however, given that reduced
Tor signaling, a process known to induce au-
tophagy (Martin & Hall 2005), leads to RLS
extension (Kaeberlein et al. 2005¢). In addition,
autophagy has been implicated in life span—
extending mutations in C. elegans (Melendez
etal. 2003).

The final gene identified in this screen was
UTH#4 (Kennedy et al. 1997), also referred to as
MPTS. Identification of MPTS was fortuitous
because the parental strain for this screen
contained a C-terminal truncation allele, and
the life span—extending UTH4 mutation was
a reversion that restored the wild-type open
reading frame (ORF) and allowed production
of the full-length protein. Overexpression of
MPTS increases life span in two other strain
backgrounds, and deletion of MPTS short-
ens life span (Kaeberlein & Guarente 2002,
Kaeberlein et al. 2005b, Kennedy et al. 1997).
It remains unclear how increased Mpt5 activity
affects yeast aging. MptS function leads to
altered SIR-dependent silencing (Kennedy
etal. 1997) butalso regulates the integrity of the
cell wall (Kaeberlein & Guarente 2002, Stewart
etal. 2007) and a MAP kinase pathway linked to
pseudohyphal growth (Prinz et al. 2007). Mpt5
also interacts genetically with Ssdl, a protein
that promotes longevity via a Sir2-independent
pathway (Kaeberlein & Guarente 2002,
Kaeberlein et al. 2004). Structurally, Uth4
is one member of a family of yeast proteins
that resemble Drosophila pumilio, an RNA
binding protein that regulates the translation
of specific messages (Wharton & Aggarwal
2006). Mpt5 controls the translation and/or
degradation of a few mRNAs (Goldstrohm
et al. 2006, 2007; Hook et al. 2007; Prinz et al.
2007; Stewart et al. 2007). Whether these
transcripts (or as-yet-unidentified ones) are
linked to longevity regulation by Mpt5 remains
to be determined.

To date, only one unbiased screen for
mutations that increase RLS has been re-
ported; in this screen, longevity was used as the
primary phenotype (Kaeberlein et al. 2005c¢).
This work involved screening 564 single-gene
deletion strains as part of an ongoing effort to
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quantify replicative aging properties across the
haploid yeast ORF deletion collection
(Kaeberlein et al. 2005¢), a set of ~4800 iso-
genic single-gene deletion strains (Brachmann
et al. 1998, Winzeler et al. 1999). Generally,
to get a reliable estimate of the mean RLS of a
given strain, it is desirable to measure the life
span of at least 40-50 mother cells in repeated
assays. Given that the average life span of the
deletion set parental strain (BY4742) is ~26
generations, this would require microdissec-
tion of approximately 19.5 million daughter
cells. Thus, it was necessary to take an alterna-
tive approach. Accordingly, Kaeberlein et al.
(2005¢) developed an iterative strategy that
provides semiquantitative life span data for
each deletion strain and allows for classification
of each strain as potentially (or unlikely to be)
long-lived. Potentially long-lived deletions are
then subjected to rigorous validation in strains
from both haploid mating types.

From the initial analysis of 564 gene dele-
tions, 13 (2.3%) were verified to be long-lived
(Kaeberlein et al. 2005¢). Among the yeast ag-
ing genes identified was TORI, providing the
first link in yeast between Tor signaling and ag-
ing (see below subsection, Translational Reg-
ulation and Dietary Restriction). Also of note,
approximately 20% of deletions were statisti-
cally short-lived. Although a very small number
of cells were analyzed for most short-lived dele-
tions, this high approximate frequency points
to the challenge of mechanistically interpret-
ing shortened life span. It is currently not pos-
sible to determine whether the normal aging
process is accelerated in short-lived cells or
whether cells are dying owing to defects un-
related to normal aging. We have now gener-
ated preliminary data on all nonessential yeast
deletion strains, and the estimate of 2.3% for
the percentage of long-lived deletions appears
accurate, leading us to predict that, upon com-
pletion of verification, approximately 100-120
yeastaging genes will be identified. These num-
bers are in keeping with estimates from RNAi-
based screens in C. elegans (Hamilton et al.
2005, Hansen et al. 2005, Lee et al. 2003).

MOLECULAR PHENOTYPES
ASSOCIATED WITH
REPLICATIVE AGING

Through micromanipulation, Mortimer &
Johnston (1959) were the first to determine
that aging mother cells take increasingly longer
times to progress through the cell cycle and
produce daughters. Accumulation of the pro-
posed aging factor and/or cellular damage likely
makes it progressively harder for aging moth-
ers to continue mitotic division. Two such fac-
tors have been identified: ERCs (Sinclair &
Guarente 1997) and oxidatively damaged pro-
teins (Aguilaniu et al. 2003). Interestingly, both
are regulated by the activity of the protein
deacetylase Sir2 (discussed below) (Aguilaniu
et al. 2003, Kaeberlein et al. 1999).

Several lines of evidence indicate that ERCs
can cause the senescence of mother cells, at
least under some conditions. The most ele-
gant of these derives from a study by Sinclair
& Guarente (1997), in which a plasmid con-
taining an ERC- and LoxP-flanked ARS-CEN
element was introduced into yeast cells. Af-
ter Cre-mediated excision of the ARS-CEN,
the plasmid accumulated in mother cells and
dramatically shortened RLS. Interestingly, this
toxicity does not seem to be related to the
rDNA sequence present in the ERC be-
cause the presence of an asymmetrically in-
herited, self-replicating plasmid without an
rDNA sequence is sufficient to cause a simi-
lar premature senescence phenotype (Sinclair &
Guarente 1997). The rDNA locus may be the
source of the ill-fated episome simply because
of the increased likelihood of ERC forma-
tion by homologous recombination, owing to
the highly repetitive nature of the rDNA lo-
cus. There remains no compelling evidence
that ERCs or episomes of any kind are a
contributing factor to aging in other eukaryotic
organisms.

Unlike mammalian cells, which often have
multiple nucleoli dispersed throughout the nu-
cleus, yeast cells contain only one nucleolus,
which is separated from the rest of the nu-
cleoplasm. Dispersion of this nucleolus into
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USING YEAST TO STUDY AGE-RELATED
DISEASES

S. cerevisiae is increasingly used to model age-related diseases.
Two examples of diseases currently being modeled in yeast are
cancer and neurodegenerative disorders.

Yeast and Cancer

One trait commonly seen during carcinogenesis is genomic in-
stability. By studying inheritance patterns of genes from aging
mother cells to daughter cells, investigators have demonstrated
that yeast display age-associated genomic instability (MacMurray
& Gottschling 2003). Work is currently under way to understand
the mechanism of this instability.

Yeast and Neurodegeneration

Yeast models of two common neurodegenerative diseases,
Huntingtons and Parkinson’s diseases, have been made.
Huntington’s disease is a polyglutamine disorder caused by an
expansion of the polyglutamine tract in the huntingtin protein.
Parkinson’s disease can be caused by mutations in a-synuclein.
In both cases, the mutant protein is associated with cellular tox-
icity. Both proteins aggregate into large inclusions in affected
cells; however, whether these aggregates cause the cellular toxic-
ity remains unclear. Work from the Lindquist lab has generated
yeast strains expressing either mutant huntingtin or «-synuclein.
These strains are being used to characterize the genetic factors
leading to the aggregation and/or toxicity of the mutated proteins
(Duennwald et al. 2006a,b; Ehrnhoefer et al. 2006; Willingham
etal. 2003).

Superoxide

dismutases (SODs):

protect against
oxidative damage by
catalyzing the
dismutation of
superoxide into
hydrogen peroxide

38

multiple fragments has been observed in ag-
ing mother cells (Sinclair et al. 1997). This
is likely linked to the accumulation of ERCs;
high-copy plasmids containing the rDNA lo-
cus cause similar fragmentation (Nierras et al.
1997). Fragmentation is unlikely to be required
for yeast aging because ARS elements with-
out rDNA repeats can also shorten life span
(Sinclair & Guarente 1997). It is unlikely that
these plasmids also cause nucleolar fragmenta-
tion, though this has not been formally tested.

Recessive mutations in the WRN locus, en-
coding a DNA helicase, cause Werner syn-
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drome in humans (Yu et al. 1996). In this
progeroid syndrome, affected individuals pre-
maturely display many but not all of the phe-
notypes associated with normal aging (Epstein
et al. 1966). The molecular basis of this dis-
ease remains unresolved, but increased DNA
damage or defective repair in the absence of
WRN remains a prominent candidate mecha-
nism (Bohr 2005, Kudlow et al. 2007, Ozgenc
& Loeb 2005). The yeast DNA helicase most
similar to WRN is SGS1 (Watt et al. 1996).
Interestingly, sgs1 A strains are short-lived ow-
ing to elevated rDNA recombination leading to
ERC formation and elevated, age-independent
arrest in mitosis that likely results from de-
fective resolution of recombination intermedi-
ates (McVey et al. 2001, Sinclair & Guarente
1997).

ERC:s are not the only factor that accumu-
lates in aging mother cells; oxidiative damage
appears to do the same (Aguilaniu et al. 2003,
Launetal. 2001, Reverter-Branchat etal. 2004),
as do protein aggregates (Erjavec et al. 2007).
"This observation is of particular interest, given
the long-standing free-radical theory of aging,
which posits that aging is caused by the accu-
mulation of macromolecular damage caused by
free radicals (Harman 1956). Whether ROS are
a primary determining factor in aging in yeast
or any other organism, however, remains to be
conclusively established (Muller et al. 2007).

One indication that oxygen radicals may
have an important role in yeast replicative ag-
ing comes from the observation that deletion
of superoxide dismutases (SODs) can shorten
life span (Kaeberlein et al. 2005b, Unlu &
Koc 2007, Wawryn et al. 1999). Increased ex-
posure to oxygen can also shorten life span
(Nestelbacher et al. 2000). However, as dis-
cussed above, whether a short life span equates
to accelerated aging is difficult to determine
(Kaeberlein et al. 2005c¢).

Opverexpressing SODs, in contrast, can con-
fer a small extension of RLS. This exten-
sion is mild at best and sometimes results in
a shorter life span, depending on the carbon
source used for the aging assay (Harris et al.
2003, 2005). These overexpression assays were
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performed on media containing glycerol as a
carbon source. Most life span assays have been
performed on media containing 2% glucose.
Yeast, being facultative anaerobes, generate
energy primarily from fermentation when glu-
cose is available and switch to a primarily res-
piratory growth state either when glucose is
depleted or when they are grown on a non-
fermentable carbon source such as glycerol
(Gancedo & Serrano 1989). Kirchman & Botta
(2007) have argued that yeast aging assays test-
ing the importance of mitochondrial function
should be performed on a glycerol medium be-
cause this pushes metabolic pathways generat-
ing energy into a mode more similar to that of
mammalian cells. Under these conditions, cop-
per supplementation is associated with life span
extension, possibly through the upregulation of
oxygen-radical defense mechanisms.

Mitochondria are one major source of ROS.
Inefficient respiration and/or defective mito-
chondria may be major contributors to the en-
hanced generation of ROS found in aging or-
ganisms. However, the role of mitochondrial
function in yeast replicative aging is enigmatic.
For instance, yeast lacking mitochondrial DNA
have varying RLSs depending on the strain
background (Kaeberlein etal. 2005b, Kirchman
et al. 1999). Whether life span extension by
dietary restriction (DR) also requires enhanced
respiration is also highly debated (discussed
below) (Easlon et al. 2007, Kaeberlein et al.
2005a, Lin & Guarente 2006, Lin et al. 2002).
Two groups have tested the effects of mito-
chondrial uncouplers on yeast replicative ag-
ing (Figure 4). Partial uncoupling by CCCP
(carbonyl cyanide 3-chlorophenylhydrazone), a
widely used uncoupler of oxidative phospho-
rylation, leads to enhanced ROS and short-
ened life span (Stockl et al. 2007), whereas
dinitrophenol-mediated uncoupling results in
reduced ROS and increased life span (Barros
etal. 2004).

The end of the road for replicatively aging
mother cells may be apoptosis, as initially sug-
gested by findings that old mother cells are of-
ten TUNEL and annexin V positive (Laun etal.
2001). Apoptosis seems paradoxical for a single-

L

Glucose Glycerol
Fermentation Respiration
DNP ccee
Low ROS High ROS

Low oxidative

Figure 4

High oxidative
damage

Mitochondria, reactive oxygen species (ROS) production, oxidative damage,
and aging. Yeast cells produce energy via different pathways, depending on the
carbon source. Pathways that promote aging are diagrammed in red; pathways
that do not promote aging are diagrammed in blue. When in the presence of
glucose, fermentation results in low levels of ROS production. However, in the
presence of glycerol, respiration results in higher levels of ROS production.
Elevated levels of ROS may lead to increased oxidative damage, which in turn
may promote aging. The effects of two different mitochondrial uncouplers are
also diagrammed: Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) leads
to increased ROS production and a shortened life span, whereas dinitrophenol
(DNP) treatment results in decreased levels of ROS and enhanced life span.

celled organism butis induced under a variety of
conditions (Buttner et al. 2006), including both
chronological and replicative aging (Fabrizio
et al. 2004a, Herker et al. 2004). Under these
conditions, it is possible that a subset of cells
dies for the benefit of the others, although this
has not been formally demonstrated. Replica-
tively aged cells are likely to be a relatively small
fraction of any growing colony of cells, so it is
difficult to imagine apoptosis providing a ben-
efit to other young cells. More likely, the cellu-
lar defects that accompany aging may tap into
an apoptotic program that is beneficial in other
settings where similar defects occur.

An early aging study by Miiller et al. (1985)
noted that aging yeast cells have a reduced
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mating capacity. This phenotype is now well
understood and involves an age-dependent re-
localization of the SIR complex (Sir2, -3, and
-4) (Kennedy et al. 1997, Smeal et al. 1996).
In young cells, this protein complex transcrip-
tionally represses two silent mating-type (HHM)
loci that serve as templates for mating-type
switching in homothallic yeast strains (Hicks &
Herskowitz 1977, Ivy et al. 1986, Rine &
Herskowitz 1987). Unlike HM loci, the mating-
specific genes at the MAT locus are expressed
and dictate whether heterothallic haploid yeast
strains are MAT« or MATa. In cells that have
lost silencing at the HM loci, genes for both
mating types are expressed, and cells enter a
pseudodiploid state accompanied by sterility.
Loss of SIR-dependent HM silencing occurs
during replicative aging (Smeal et al. 1996), in
addition to loss of telomere silencing at some
chromosome ends (Kennedy et al. 1997, Kim
et al. 1996). Expression of the HM loci in a
haploid throughout the life span (e.g., in sir3A
or sir4A strains) results in a slight decrease in
mean RLS independently of ERCs (Kaeberlein
et al. 1999). That expression of HM loci limits
the life span of wild-type strains seems unlikely,
given that increased expression would only oc-
cur approximately midway through the life span
of a mother cell and that deletion fails to in-
crease life span significantly (Kaeberlein et al.
1999).

Not all things change with aging. For in-
stance, telomere length remains relatively con-
stant throughout replicative aging, seemingly
eliminating telomere shortening as a determi-
nant of yeast aging (D’Mello & Jazwinski 1991).
Nevertheless, it is clear that many more molec-
ular changes occur and that a subset of these
likely contributes to limiting the life span of
mother cells.

A handful of attempts have been made to
characterize the cellular changes that accom-
pany aging in yeast by the use of microarrays
to examine the global gene expression profiles
of young and old cells. In one study, microar-
ray analysis was carried out on “young” (0-1-
generation-old) or “old” (7-8-generation-old)
wild-type cells, which were obtained by mag-
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netic sorting (Lin et al. 2001). From this analy-
sis, it was concluded that gluconeogenesis and
glucose storage increase as cells age, suggesting
a metabolic shift away from glycolysis and to-
ward gluconeogenesis. In a second study of this
type, elutriation was used to obtain an aged pop-
ulation in which 75% of the cells were at least
15 generations old and 90% of the cells were
more than 8 generations old (Lesur & Campbell
2004). Microarray analysis of aged cells relative
to young cells suggested an increase in expres-
sion of enzymes associated with glucose storage
and gluconeogenesis, consistent with the pre-
vious study (Lin et al. 2001). In addition, cer-
tain stress- and damage-responsive genes were
also elevated in aged cells (Lesur & Campbell
2004).

Several hurdles associated with this type of
approach have limited the utility of microar-
ray studies of yeast aging. First, all these stud-
ies have faced the same technical difficulty—
how to obtain sufficiently large numbers of
relatively pure populations of aging cells (see
section, Genetic Modulation of Yeast Replica-
tive Life Span, above). Although enrichment
of aged cells is feasible, there is always a de-
tectable percentage of daughter cells present in
any “old” population, and the resulting con-
tamination in gene expression profile is hard
to gauge. In addition, all the aging-related mi-
croarray experiments reported to date have
been performed in liquid growth media—an
environment quite different from that experi-
enced by cells in the standard RLS assay. Fi-
nally, the “aged” populations used in studies
published to date have generally been rela-
tively young: between 8 and 15 generations.
Because the median life span of most labo-
ratory strains is between 21 and 25 genera-
tions, the “old” cells in these studies are not
even middle-aged. In one case, an attempt was
made to examine the gene expression profile
of senescent cells obtained by elutriation (Laun
et al. 2005). Approximately 30% of the result-
ing population were senescentand showed gene
expression profiles consistent with cells under-
going an apoptosis-like response (Madeo et al.
1997).
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DIETARY RESTRICTION AND DR
YEAST REPLICATIVE AGING J_
Much of recent research on yeast replicative

aging has focused on trying to determine the PKA Tor

mechanism by which DR (also called calorie re- Scho

striction) enhances longevity. The reasons for

this obsession are obvious: DR is the only in- J_
tervention that extends life span in all com-

mon model organisms for aging research. The Respiration
mechanisms proposed to explain the effects of : 1
DR in yeast remain highly controversial. In this *1

section, we discuss what is known about DR ; ',.'
in yeast, including the generally agreed upon v k,«":«

immediate signal transduction pathways down-

stream of DR and two nonexclusive possible
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targets of these pathways (Figure 5).
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and Signal Transduction
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In yeast, DR is generally invoked by reduc- A
ing levels of glucose in the media during the ging

life span experiment (Lin et al. 2000). A re-

duction of amino acid levels has also been re-  1189re S

Model for the mechanism of dietary restriction (DR). In this proposed model,
DR inhibits the three protein kinases Tor, protein kinase A (PKA), and Sch9.
This inhibition results in increased levels of respiration and activation of the
stress response proteins Msn2/4. Inhibition of Msn2/4 results in loss of activity
of Pncl, a nicotinamide deaminase. Both events lead to the activation of Sir2,
which then affects aging by inhibiting ERC formation and by an unknown
pathway. Inhibition of the three kinases may also result in altered translation
levels as well as higher levels of autophagy. The cumulative effect of all events is
the extension of life span. The asterisks indicate that the relevance of these
branches of the pathway is in question among different research groups. The
pound sign indicates where a role for autophagy in regulating yeast replicative
life span is possible but not formally demonstrated. ERCs, extrachromosomal
ribosomal DNA circles.

ported to extend life span, but this form of
DR has not been extensively studied (Jiang
et al. 2000). Normal yeast growth media con-
tains 2% glucose. This is well in excess of what
is needed for rapid growth and has generally
been employed to ensure that yeast reach high
densities in liquid media for biochemical ex-
perimentation. Different labs favor different
levels of glucose reduction for DR experiments,
with glucose concentrations ranging from 0.5 %
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to 0.005% (Kaeberlein et al. 2004, Lin et al.
2000). Ideally, a yeast strain should be analyzed
at a series of reduced glucose concentrations
to determine where the maximum increase in
life span can be achieved. In fact, one com-
monly used strain (W303) may be totally unre-
sponsive to DR, although this is controversial
(Kaeberlein et al. 2006, Lamming et al. 2005).
For the yeast ORF deletion strain background,
maximum life span extension is achieved at
0.05% glucose (Kaeberlein et al. 2004). Al-
though this seems to represent a drastic reduc-
tion of glucose levels (40-fold), yeast cells do not

divide at dramatically lower rates under these
conditions as long as glucose levels are held con-
stant, which is the case for individual mother
cells growing on solid media in the absense of
neighboring cells during life span analysis (in
contrast to liquid cultures, in which glucose is
rapidly depleted by an increasing number of di-
viding cells, resulting in a drop in cell division
rate upon glucose depletion) (V.L. MacKay,
K. Steffen, M. Kaeberlein & B.K. Kennedy, un-
published). The reduction of growth rate that
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does exist is largely attributable to the slow first
cell cycle of daughter cells; they must achieve a
certain size before DNA replication ensues and
the rate of cell growth is reduced (Hartwell &
Unger 1977).

Several genetic mimetics of DR also lead to
RLS extension. For instance, deletion of HXK?2,
which encodes the glycolytic enzyme hexoki-
nase IT (Hxk2) (Walsh et al. 1983), leads to life
span extension (Lin et al. 2000). When glucose
is abundant, Hxk?2 is the major kinase that con-
verts glucose to glucose-6-phosphate, leading
to the entry of glucose into the glycolytic path-
way. Two other glucose kinase genes, HXKI and
GLK1, are not expressed at high levels in these
conditions; however, they are induced in strains
lacking HXK?2, and it remains unclear to what
extent glucose phosphorylation is reduced in
this background (Rodriguez et al. 2001, Walsh
et al. 1991). Hxk2 also acts in a signaling path-
way important for maintaining glucose repres-
sion, and this activity may also be linked to
longevity control (Ahuatzi et al. 2004).

Mutations leading to reduced activity of
partially redundant nutrient-responsive signal
transduction pathways [TOR and protein ki-
nase A (PKA)] also lead to RLS extension
(Fabrizio et al. 2004b, Kaeberlein et al. 2005c,
Lin etal. 2000). The life spans of these mutants
are not further extended by reducing the glu-
cose levels in the media, consistent with a model
in which these pathways directly mediate the
longevity effects of DR. Yeast contain three dif-
ferent PKA catalytic subunits, which together
are essential for cell viability. Two sensing path-
ways upstream of PKA mediate the induction
of cAMP in yeast cells exposed to glucose, al-
though the mechanisms by which these sensors
are activated are unknown (Santangelo 2006).
One sensing pathway leads to RAS activation,
and the other is a G protein—coupled receptor
system consisting of GPA2 and GPRI. Deletion
of either GPA2 or GPRI leads to life span exten-
sion, and these mutants are often used to reduce
PKA activity in life span experiments (Lin et al.
2000).

TOR signaling is regulated in an unknown
fashion by glutamine levels, which in turn are
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determined by nitrogen availability (Carvalho
& Zheng 2003, Crespo et al. 2002). Two TOR
proteins, Torl and Tor2, exist in two Torc
complexes (Dann & Thomas 2006). Torc2 is
rapamycin insensitive and dynamically con-
trols the actin cytoskeleton. Tor2 preferentially
exists in Torc2 and is essential for viability,
whereas Torc1 can contain either Tor1 or Tor2.
Reduced TOR signaling, either in a zor] A strain
or in the presence of the Tor inhibitors ra-
pamycin or methionine sulfoximide, leads to
life span extension in yeast (Kaeberlein et al.
2005¢). DR of the torrI A mutant does not fur-
ther increase life span, consistent with TOR
signaling acting through a similar pathway as
DR. Reduced TOR activity leads to life span
extension in worms and flies as well (Jia et al.
2004, Kapahi et al. 2004, Vellai et al. 2003),
indicating that links between this pathway and
longevity are likely conserved in divergent eu-
karyotic species (see below).

Sch9 is a third nutrient-responsive kinase
linked to yeast RLS. Deletion of SCHY leads
to robust extension of both mean and maximum
life span (Fabrizio et al. 2004b, Kaeberlein et al.
2005¢). By sequence homology, SCHY is most
similar to Akt, a central component in insulin
signaling pathways (Burgering & Coffer 1995,
Paradis & Ruvkun 1998). A formal insulin sig-
naling pathway does not exist in yeast, however,
and recent evidence suggests that Sch9 may be
the functional ortholog of S6 kinase (Powers
2007, Urban et al. 2007), a substrate of TOR
in multicellular eukaryotes and a central regu-
lator of translation (Hay & Sonenberg 2004,
Jorgensen et al. 2004). Whether yeast Sch9
playsroles carried out by both Akt and S6 kinase
in multicellular eukaryotes remains to be deter-
mined. Interestingly, deletion of either Akt ho-
mologs or S6 kinase is sufficient to increase life
span in worms (Hansen et al. 2007, Pan et al.
2007, Paradis & Ruvkun 1998).

Thereis general agreement that PKA, TOR,
and Sch9 are responsive to nutrient depriva-
tion, modulate longevity in evolutionarily di-
vergent organisms, and mediate at least some
of the health and longevity benefits associated
with DR (Kennedy et al. 2007). An important
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unresolved question, however, is which down-
stream targets of these kinases are most im-
portant for the regulation of life span in yeast
and other organisms. This question is not
easily answered because these kinases have
overlapping roles in regulating a number of
cellular responses to nutrient exposure. In
nutrient-replete conditions, high activity of
these kinases drives ribosome biogenesis and
cell growth while limiting stress response path-
ways and autophagy. As nutrients levels be-
come limiting, reduced activity of these kinases
leads to a reversal of these phenotypes, with
emphasis placed on stress response pathways,
including free-radical-scavenging enzymes and
autophagy. Any of these cellular events could
modulate longevity.

Two nonexclusive models have been pro-
posed for how reduced TOR signaling could
increase RLS in response to DR: activation
of sirtuins and altered translational regulation
(Kaeberlein et al. 2005¢, Medvedik et al. 2007,
Steffen et al. 2008). Both of these pathways are
linked to longevity regulation in worms and
flies, and therefore they may represent con-
served pathways mediating DR. In the follow-
ing subsections, we examine the evidence for
and against both models, noting in advance that
all evidence is not yet in and that further clari-
tying experiments are in high demand.

Sirtuins

In addition to Sir2, yeast have four other re-
lated class III deacetylases, Hstl-4. The dis-
tinguishing feature of class III deacetylases is
their substrate requirement for NAD, which
is metabolized during the deacetylation reac-
tion to nicotinamide and O-acetyl-ADP-ribose
(Imai et al. 2000, Landry et al. 2000, Smith
et al. 2000). Recent reviews discuss the com-
plex mechanisms by which this reaction oc-
curs. Some Hsts have overlapping roles with
Sir2 that both have and have not been re-
ported to be relevant for RLS, and we discuss
these Hsts in that context. The primary sub-
strate of Sir2 in yeast appears to be acetylly-
sine residues in the N-terminal tails of histones

H3 and H4 (Imai et al. 2000, Tanny & Moazed
2001, Xu et al. 2007), although the targets of
Sir2 orthologs in worms, flies, and mammals
are largely reported to be other transcription
factors.

Sir2, when in complex with Sir3 and Sir4,
is required for the establishment of silenced re-
gions of chromatin in regions near telomeres
and silent mating-type loci (Aparicio etal. 1991,
Rine & Herskowitz 1987), and its deacetylase
activity is required for silencing (Rusche et al.
2003). In addition, Sir2 can function indepen-
dently of Sir3 and Sir4; it both silences Polll
genes experimentally inserted in rDNA and
suppresses TDNA recombination, thus inhibit-
ing the formation of ERCs (Bryk et al. 1997,
Defossez et al. 1999, Gottlieb & Esposito 1989,
Smith & Boeke 1997). The Sir2/3/4 complex
also localizes to rDNA in replicatively aged
cells, reflective of a potential role for the com-
plex at this locus as well (Kennedy et al. 1997).
One possible mechanism for the effect of Sir2
on replicative aging is its repression of rDNA
recombination (Sinclair & Guarente 1997); evi-
dence for this comes from multiple experimen-
tal approaches, including the aforementioned
decreased longevity that results from the gen-
eration of ERCs in young cells. Additional sup-
port for this model comes from analysis of fob 1 A
strains. Fob1 isareplication fork barrier protein
with activity specific for rDNA repeats, which
leads to elevated recombination at that locus.
Mutants lacking Fobl have reduced rDNA re-
combination and thus low ERC levels; more-
over, they are long-lived (Defossez et al. 1999).
Fob1 also participates in a protein complex that
recruits Sir2 to rDNA loci (Huang & Moazed
2003), raising the possibility that one effect of
fobl A on longevity is caused by the relocaliza-
tion of Sir2 to other loci. However, this has not
been formally demonstrated.

There are likely other aging-specific func-
tions of Sir2 that remain to be discovered. For
example, fobI A mutants and fobI A sir2 A dou-
ble mutants behave differently for life span
and ERC levels (Kaeberlein et al. 1999). The
sir2 A strain is short-lived and has elevated ERC
levels, whereas the fobI1A strain is long-lived
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and has reduced ERC levels. Loss of FOBI is
epistatic to SIR2 for rDNA recombination be-
cause the fobIA and fobIA sir2A strains both
have very low ERC levels. However, the life
span of the fobIA sir2A strain is shorter than
that of the fobIA strain, a finding incongru-
ous with ERC production being the sole down-
stream effect of Sir2 activity relevant to aging.
One interpretation of this is that Sir2 has a sec-
ond function important for mediating longevity
that is not compensated for by loss of FOBI.
Sequestration of oxidized and aggregated
proteins to mother cells may also relate to the
life span functions of Sir2. However, the mech-
anism(s) by which Sir2 performs this function
remains unknown. Moreover, this function may
have contrasting effects on life span. With Sir2
allowing for the retention of damaged proteins
in mother cells, the daughter cells are young
and have full life span potential. However, this
may simultaneously cause mother cells to ac-
cumulate damage more rapidly with age. The
process is linked to RLS by the recent strik-
ing finding that overexpression of HSP104, a
stress tolerance factor that acts along with chap-
erones on aggregated proteins, suppresses the
short life span of sir2 A (Erjavec et al. 2007). In-
creased Hsp104 activity also partially restores
asymmetric distribution of damaged and aggre-
gated proteins to mother cells in the si72A mu-
tant. This finding suggests thatsi72 A strains are
not short-lived solely because of ERC accumu-
lation, but possibly also because of missegrega-
tion of damaged proteins to daughters. An al-
ternate possibility, that increased Hsp104 levels
mitigate ERC toxicity, has not been examined.
Opinions over the importance of Sir2 and
other sirtuins in the DR from many of the pro-
tagonists (including M.K. and B.K.K.) are al-
ready abundant in the literature, and the reader
is referred to several papers (Chen & Guarente
2007, Kennedy et al. 2005, Longo & Kennedy
2006, Sinclair 2005). The goal in this section is
to address the strengths and weaknesses of this
model, with particular attention to recent find-
ings. One issue still not fully resolved is whether
DR enhances the activation of Sir2 in yeast.
Paradoxically, this is more clearly established
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in mice, for which several groups have reported
that DR activates the SIR2 ortholog, Sirtl
(Cohen et al. 2004, Nemoto et al. 2004,
Picard et al. 2004). Whether Sirtl is required
for life span extension by DR in mice remains
to be determined, a question complicated by
the severe phenotype of Sirtl~/~ mice. In yeast,
however, DR enhances rDNA silencing in a
Sir2-dependent manner and lowers rates of
rDNA recombination (Lamming et al. 2005),
although we have not observed any effect on
telomere silencing (Kaeberlein et al. 2005a).

The mechanism by which DR may acti-
vate Sir2 in yeast is also a matter of debate.
Two nonexclusive models are possible. First,
DR in yeast may lead to enhanced respira-
tion, which may increase NAD levels and lead
to Sir2 activation (Lin et al. 2002). Consistent
with this model, overexpression of HAP4 leads
to increased transcription of respiratory genes
and extends RLS (Lin et al. 2004). However,
we have found that DR extends life span in
respiratory-deficient RhoO strains, which lack
mitochondrial DNA (Kaeberlein et al. 2005a).
A recent study from Lin and colleagues has
carefully studied respiration and replicative ag-
ing, finding that deletion of LATI, a compo-
nent of mitochondrial pyruvate dehydrogenase,
blocks life span extension by DR and that over-
expression of this gene extends life span (Easlon
et al. 2007). Interestingly, life span extension
by LATI overexpression is independent of yeast
sirtuins.

A second model by which DR may activate
Sir2 is through increased Msn2/4-dependent
transcription of PNCI, which encodes an en-
zyme that deaminates nicotinamide, a product
of sirtuin catalysis that, if not catabolized, in-
hibits sirtuins. Deletion of PNCT either blocks
(Anderson et al. 2003) or partially blocks life
span extension by DR (Lin et al. 2004); fur-
thermore, overexpression of PNC1 extends life
span (Anderson et al. 2003). Although we have
found no evidence that sirtuins mediate life span
extension by DR, our studies indicate that in-
creased nicotinamide can block much of the
life span extension by DR without inhibiting
sirtuin activity, indicating that this metabolite
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may have other, undefined roles in the
regulation of RLS (Tsuchiya et al. 2006). Msn2
and -4 are maintained in the cytoplasm dur-
ing optimal growth conditions but translocate
to the nucleus when either glucose levels or
Tor signaling are reduced (Beck & Hall 1999,
Gorner et al. 1998, Mayordomo et al. 2002). A
recent study indicates that the life span exten-
sion conferred by rapamycin requires nuclear
localization of Msn2/4 and increased transcrip-
tion of PNCI (Medvedik et al. 2007). However,
life span extension in the forIA strain is in-
dependent of SIR2 (Kaeberlein et al. 2005c¢).
Whether Hst2 can also compensate for loss
of SIR2 under these conditions remains to be
determined (see below).

It is agreed that genetic mimetics of DR do
notextend life span in a sir2 A strain (Kaeberlein
et al. 2004, Lin et al. 2000) and that DR does
extend life span in the s#72A fobIA strains
(Kaeberlein et al. 2004, Lamming et al. 2005).
These findings have led to two different inter-
pretations, which hinge on an experiment in
which different labs have reached discordant
results. It has been suggested that DR works
in the si72A fobl A strain because other sirtuins
(primarily Hst2) become activated by DR and
inhibit rDNA recombination (Lamming et al.
2005, 2006). This finding has not been success-
tully repeated (Kaeberlein et al. 2004, Tsuchiya
et al. 2006). Why Hst2 is apparently unable to
compensate for the loss of SIR? in strains with
functional Fobl has also not been experimen-
tally addressed.

In summary, the model proposed by
Sinclair and colleagues (Sinclair 2005) posits
that life span extension by DR results mainly
from reduced rDNA recombination and ERC
generation through the activation of sirtuins.
One weakness of this model is that ERC-
dependent aging appears to be specific to
yeast. Thus, conserved longevity regulators
(DR and/or increased SIR2 expression) regu-
late yeast aging through a nonconserved mech-
anism. One possible resolution of this puzzle
is the proposal that mammalian sirtuins extend
life span through chromatin regulation, reduc-
ing DNA damage at other, more vulnerable

sites in the mammalian genome. This would
be consistent with the model discussed above.

On the basis of our data (Kaeberlein et al.
2004, 2006; Tsuchiya et al. 2006), we favor
a model in which life span extension by in-
creased SIR2 expression is through a non-DR
pathway. In this model, there are at least two
pathways that enhance replicative aging in wild-
type yeast. DR would fail to extend the short-
lived sir2A because ERC levels are elevated;
thus, all mother cells would die at an early
age through an ERC-dependent mechanism.
In the sir2A fob1A double mutant, however,
ERC levels are low, and DR confers robust life
span extension through the second pathway,
which is more prominent when the influence
of ERCs is muted. Data from our nonbiased
genome screen have led us to favor a model
whereby life span extension by DR is con-
ferred through mechanisms leading to altered
translational regulation in reduced nutrient
environments.

Translational Regulation
and Dietary Restriction

In addition to several deletions that are pre-
dicted to result in reduced TOR signaling,
screening of the ORF deletion collection iden-
tified two 7p/A strains (rp/31aA and rpl6bA)
as long-lived (Kaeberlein et al. 2005¢). Muta-
tions of four other RP genes (three in haploid
cells, one in heterozygous diploid cells) have
since been reported to have enhanced longevity
(Chiocchetti etal. 2007), although not every RP
deletion has this effect (Kaeberlein etal. 2005c¢).
Although most ribosomal subunits are required
for viability, yeast differs from other eukary-
otes in that its ribosomal protein genes have
been duplicated. This means that yeast strains
lacking a gene encoding a ribosomal subunit
are generally viable owing to the presence of
the duplicated highly similar gene. This per-
mits replicative analysis of most 7pA strains,
which resultin reduction but not elimination of
their respective subunit. Recently, we have re-
ported the existence of 14 more 7pAs that con-
fer long life span, and surprisingly all the genes
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identified encode components of the ribosomal
large subunit (Steffen et al. 2008). This speci-
ficity occurs at least in part because reduced 60S
(and not 40S) subunit biogenesis leads paradox-
ically to enhanced translation of GCN4 (Foiani
et al. 1991, Steffen et al. 2008), a transcription
factor induced in nutrient-deprived conditions
(Yang etal. 2000). The transcriptional targets of
Gen4 that are important for longevity remain
to be identified.

There is a well-established connection
between the protein kinase Tor and ribosome
biogenesis; decreased Tor signaling results in
decreased levels of ribosomes (Jorgensen et al.
2004, Powers et al. 2004). Thus, altered trans-
lation may lie directly downstream of TOR and
DR in longevity modulation.

Interestingly, this effect of loss of ribosomal
proteins on life span does not seem to be re-
stricted to yeast. RNAI screens for longevity
genes in C. elegans have revealed both 7p/ and
rps genes to be long-lived as well (Chen &
Contreras 2007, Curran & Ruvkun 2007,
Hansen et al. 2007, Pan et al. 2007). Unlike
yeast, worm RP genes are not duplicated, and
RNAi initiated in the embryo results in de-
velopmental lethality. Accordingly, in these
screens, worms were not exposed to the RINAi
bacteria until early adulthood. As such, it is
not clear as to how much expression of the RP
genes is knocked down, or why reduced expres-
sion of worm 7p genes in adulthood allows for
enhanced longevity. However, these results do
suggest thatlife span extension by reduced ribo-
some biogenesis or function may be conserved
in the eukaryotic lineage.

The mechanism for the effect of translation
on extended life span is not yet known. One
possibility is that reduced translation rates re-
sultin decreased accumulation of damaged pro-
teins. Altered protein homeostasis may be one
causal factor in aging and age-related disease,
a theory supported by the finding that aggre-
gated proteins accumulate aging yeast cells and
in several mammalian neurodegenerative dis-
orders. Reducing ribosomal protein expression
in worms and yeast leads to decreased levels of
translation, which may reduce the rate of accu-
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mulation of damaged proteins. This may allow
better degradation or repair of existing dam-
age with age. Alternatively (or in addition), we
have recently shown that 7p/A strains may lead
to changes in the translation of specific mes-
sages linked to life span modulation. Whether
this latter mechanism is conserved is unknown.
Future research will be necessary to determine
why reduced ribosome biogenesis can equate to
long life.

CONCLUSIONS

Aging is not thought to be a programmed event
but, rather, the inevitable consequence of an
age-dependent decline in the forces of selec-
tion (Austad 2004, Kirkwood 2005). If this is
the case, why should longevity pathways be con-
served among disparate eukaryotic species with
dramatically different reproductive strategies,
life histories, and life spans? Now that genome-
wide genetic approaches to longevity are feasi-
ble in more than one aging model organism,
it has become possible to determine the lev-
els of conservation that exist and to identify
the specific genes and pathways with conserved
effects. We have recently performed a genome-
wide comparison between the genetic determi-
nants of longevity in yeast and worms, find-
ing that yeast orthologs of known worm aging
genes are significantly more likely to modulate
yeast aging than are genes chosen at random
(Smith et al. 2008). In addition, these studies
indicate that translational regulatory pathways
are highly conserved for their effects on life
span. It is our view that these pathways should
be given specific attention in invertebrate stud-
ies because they have a higher likelihood of
teaching us about processes that affect human
life span and that the mammalian orthologs of
conserved worm-yeast ortholog pairs may be of
particular interest with regard to aging.

The state of yeast aging research is strong.
In the past 15 years, the number of researchers
in the field has grown exponentially, leading
to unexpected discoveries and exciting new av-
enues of research. Although there is substan-
tial controversy regarding key questions that
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need to be resolved, this is more a reflection
of rapid progress than a cause for serious con-
cern. Despite the identification in yeast and
other organisms of numerous genetic modula-
tors of aging and several molecular phenotypes
accompanying aging, the key question remains
unanswered: What are the fundamental causes

of aging? Given the rate of recent progress, it
does not seem overly optimistic to forecast that
the puzzle pieces will fit together at some point
in the near future. With this knowledge, oppor-
tunities to intervene pharmacologically in the
aging process as a therapeutic avenue to age-
related diseases will increase dramatically.
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