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Recent findings suggest that evolutionarily distant have provided deep insights into mechanisms of cellular aging in

organisms share the key features of the aging process and
exhibit similar mechanisms of its modulation by certain
genetic, dietary and pharmacological interventions. The scope
of this review is to analyze mechanisms that in the yeast
Saccharomyces cerevisiae underlie: (1) the replicative and
chronological modes of aging; (2) the convergence of these 2
modes of aging into a single aging process; (3) a programmed
differentiation of aging cell communities in liquid media and
on solid surfaces; and (4) longevity-defining responses of cells
to some chemical compounds released to an ecosystem by
other organisms populating it. Based on such analysis, we
conclude that all these mechanisms are programs for
upholding the long-term survival of the entire yeast
population inhabiting an ecological niche; however, none of
these mechanisms is a "program of aging" - i.e., a program for
progressing through consecutive steps of the aging process.

Introduction

Studies of the budding yeast Saccharomyces cerevisiae, a unicel-
lular eukaryote amenable to comprehensive molecular analyses,
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multicellular eukaryotes.' These studies have been instrumental
in identifying genes, uncovering signaling pathways and discover-
ing chemical compounds shown to orchestrate a distinct set of
cellular processes that define organismal longevity in eukaryotes
across phyla.”*' These studies have revealed that the key features
of the aging process and the mechanisms of its deceleration by
certain longevity-extending genetic, dietary and pharmacological
interventions are evolutionarily conserved,'®8-10-15-19

Two different methods have been established to investigate
aging of budding yeast; each of them is designed to monitor a
distinct aspect of the aging process. One of these 2 methods
measures yeast replicative lifespan by assessing the number of
asymmetric mitotic divisions a mother cell can undergo prior
to cell cycle arrest.>”> Another method measures yeast chro-
nological lifespan by assessing the length of time a cell remains
viable following cell cycle arrest; a cell is considered to be via-
ble if it can re-enter the cell cycle in response to addition of
essential nutrients.”*'>' The use of these 2 methods has sig-
nificantly advanced our understanding of cell-autonomous
mechanisms that underlie the replicative and chronological
paradigms of cellular aging in yeast.”>'*'> However, these
alternative methods have been employed to investigate the rep-
licative and chronological modes of yeast aging separately from
each other and under controllable laboratory conditions; such
conditions may differ substantially from those existing within
various natural ecosystems inhabited by budding yeast.**
Moreover, recent studies have revealed several important
features of yeast physiology and morphology, cell cycle
multicellular

regulation, quiescence-related differentiation,
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organization, intercellular communications, ecology, and evo-
lution; many of these features are likely to play key roles in
defining longevity of budding yeast in Nature and/or under
field-like laboratory conditions. First, studies in yeast cultured
under controllable laboratory conditions have demonstrated
that the rates of a stepwise progression of certain cellular pro-
cesses through a series of “checkpoints” early in life of a yeast
cell, prior to entry into a non-proliferative state, define its rep-
licative and chronological lifespans; these processes include cell
metabolism, growth and division, stress response, organelle
dynamics, and macromolecular homeostasis (for a review, see
refs. 3-5). Second, it has been shown that the replicative and
chronological modes of yeast aging share some mechanisms
and, thus, may converge into a single aging process; this pro-
cess may progress through successive phases of quiescence and
proliferation in response to certain environmental changes.”?”"
3% Third, it has been revealed that yeast cells cultured in glu-
cose-based liquid media can exit the cell cycle from G; (or,
under certain circumstances, from a cell cycle phase other than
G) and enter a distinct differentiation program; this program
yields a population of reproductively competent quiescent cells
and several populations of non-quiescent cells that differ from
each other in their ability to reproduce and/or survive. 2>
Fourth, it has been demonstrated that yeast cells growing on
solid surfaces are spatially organized into multicellular com-
munities that exist as colonies or biofilms; individual cells
within these communities grow, divide, communicate with
each other, differentiate or commit programmed suicide in a
manner which depends on their location within the commu-
nity.**%% Fifth, it has been proposed that yeast cells within a
natural ecosystem may respond to certain chemical com-
pounds released to the ecosystem by other groups of prokary-
otic and eukaryotic organisms; such response of yeast cells
within the ecosystem may drive the evolution of yeast longev-
ity regulation mechanisms.®**”

In this review we analyze these recent advances in our
understanding of yeast aging within a logical framework of the
so-called “quasi-programmed” concept of aging.®®” This con-
cept: (1) considers aging not as a programmed (i.e., “active”)
process of functional decline or as a stochastic (i.e., “passive”)
process of molecular damage accumulation but as a late-life
aftermath of the early-life programmed processes of cellular
and organismal growth and reproduction; (2) posits that the
rates with which these early-life programmed processes progress
through late life define the rate of aging; and (3) postulates that
the high rates of progression of these early-life programmed
processes through late life cause so-called “hyperfunction” (or
“hypertrophy”), thus accelerating the development of various
age-related pathologies and ultimately causing aging-related
death.®®> Based on presented here analysis of the recent
advances in understanding of yeast aging, we propose that: (1)
aging of budding yeast in the wild and/or under field-like labo-
ratory conditions is a quasi-programmed process; and (2) the
lifespan of yeast cells within an ecosystem is defined by a trade-
off between programmed processes of cell proliferation, differ-
entiation, stress response, survival and death.
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Certain Early-Life Processes in a Mitotically
Competent Mother Yeast Cell Define
its Replicative Lifespan

Recent studies revealed that the rates and efficiencies of some
cellular processes occurring early in life of a mother yeast cell,
prior to loss of its ability to undergo asymmetric mitotic divi-
sions, define the maximal number of daughter cells it can pro-
duce — i.e., define longevity of replicatively aging yeast.*>2%*!78-
808586 These longevity-defining cellular processes within a repli-
catively aging mother cell: (1) are confined to various cellular
compartments; ' >*"8¢%7 (2) take place during one of the 3 con-
secutive stages of replicative aging - which are called “carly age”,
“intermediate age” and “late age”, 1'espective1y;5 (3) are coordi-
nated and co-regulated in space and time (and some of them are
inter-reliant on each other);”"1%221:86¢87 and (4) set up a rate of
an age-related progressive accumulation of so-called “aging
factors” (also known as “senescence factors”) within the mother
cell and, therefore, define its replicative lifespan.3’5’20’21’86’91
These longevity-defining cellular processes within a replicatively
aging mother cell include: (1) an increase in vacuolar pH during
the early-age stage of replicative aging, which is followed by a
gradual expansion of vacuoles during the intermediate-age stage
and then by a dramatic enlargement of these organelles during

the late-age stage;5’21’86

(2) an appearance of protein aggregates
due to a minor decline in proteostasis maintenance during the
early-age stage of replicative aging, which is followed by a pro-
gressive accumulation of oxidatively damaged and aggregated
proteins during the intermediate-age and late-age stages;”*>"?
(3) a reduction in mitochondrial membrane potential, rise in the
level of mitochondrial reactive oxygen species (ROS) and frag-
mentation of tubular mitochondria during the intermediate-age
stage of replicative aging; such changes in mitochondria are fol-
lowed by a massive aggregation of these organelles, further
buildup of mitochondrial ROS and loss of mitochondrial DNA
during the late-age stage;s’%’”'95 (4) a rise in histone acetylation
within subtelomeric chromatin regions of the nuclear DNA, the
resulting release of histones from these regions and their tran-
scriptional activation, and an accumulation of extrachromosomal
rDNA circles (ERCs) in the nucleus during the intermediate-age
stage of replicative aging; these changes are followed by a buildup
of ERCs in the nucleus and loss of heterozygosity at the rDNA
locus during the late-age stage;s’zl’%’%‘98 and (5) an age-related
gradual reduction in the efficiency of Pex5- and Pex7-driven pro-
tein import into the peroxisome, which causes a progressive
development of a pro-aging metabolic pattern in peroxisomes
and mitochondria (Fig. 1).21017

The rates and efficiencies of all these longevity-defining cellu-
lar processes are modulated via 2 groups of cell-autonomous
mechanisms operating within a mother yeast cell undergoing
replicative aging.

One group of such mechanisms is aimed at reducing the rate
of an age-related buildup of various aging factors within the
mother cell; these mechanisms include: (1) mechanisms responsi-
ble for maintaining growth rate of the mother cell at a level which
is (a) above a threshold level preventing a dilution of various
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aging factors within the mother cell via their transmission to the
daughter cell but (b) below a threshold level allowing such trans-
mitted aging factors to accumulate in the daughter cell in toxic
quantities;S‘78‘85 (2) the unfolded protein response signaling
pathway in the endoplasmic reticulum (UPR™®), which responds
to an age-related accumulation of misfolded proteins in the ER
by activating the expression of multiple genes implicated in stress
resistance and cell wall integrity maintenance;”’ (3) the mito-
chondrial retrograde (RTG), unfolded protein response
(UPR™), translation control (MTC) and back-signaling (MBS)
pathways; these signaling pathways respond to an age-related
decline in mitochondrial membrane potential, protein quality
control, translation or ribosome assembly by stimulating tran-
scription of many nuclear genes implicated in maintaining mito-
chondrial proteostasis, stabilizing nuclear and mitochondrial
genomes, stress response, and various routes of central metabo-
lism; 7100194 and (4) “secretophagy,” a distinct form of age-
related autophagy involved in the degradation of dysfunctional
and aggregated organelles and proteins via a mechanism which is
orchestrated by the Erg6 protein and executed by Atgl5, a lipase
whose re-location from the ER to vacuoles is mandatory for dis-
integrating membranes of autophagic bodies (Fig. 1).'"’

Another group of such mechanisms is aimed at increasing the
efficiencies with which the mother cell retains various aging fac-
tors, thereby preventing their transmission into the daughter cell;
these mechanisms include: (1) an Hsp104- and Sir2-dependent
association of insoluble aggregated proteins with the actin cyto-
skeleton, a process which obstructs a free diffusion of such aggre-
gates into the daughter cell (Fig. 2A);>20-21106.107 5y an
Hsp104-driven sequestration of soluble misfolded proteins in
nucleus-bound JUNQ (juxtanuclear quality control compart-
ment), a process which concomitantly prevents a transmission
of such misfolded proteins into the daughter cell and retains
them within the mother cell for proteasomal degradation
(Fig. 2B);>?*20108199 (3) 40 Hspl104- and Hsp42-dependent
protective buildup of insoluble aggregated proteins in vacuole-
bound IPOD (insoluble protein deposit); vacuoles containing
IPOD are transmitted into the daughter cell less efficiently than
vacuoles lacking it (Fig. 2B);>202 110810 (4) 5 Sir2- and Myo2-
driven movement of mitochondria from the mother cell to
the daughter cell, a process in which fully functional mitochon-
dria move on actin cables faster than dysfunctional ones
(Fig. 2C);21921L12 (5) an association of ERCs formed in the
mother cells with nuclear pore complexes (NPCs) whose lateral
movement from the mother-cell side of the nuclear envelope to

its daughter-cell side is prevented by a septin- and Bud6-depen-
dent barrier existing at the bud neck; in this mechanism, NPCs
are formed de novo in the daughter-cell side of the nuclear enve-
lope (Fig. 2D);*""11% (6) a distinct domain of the ER membrane
assembled at the bud neck in a septin-, Bud1- and sphingolipid-
dependent fashion; the formation of such domain in the mother-
cell side of the cortical ER creates a barrier which prevents a lat-
eral diffusion of misfolded (and, hence, toxic) transmembrane
proteins into the daughter-cell side of the cortical ER
(Fig. 2E);"'* and (7) an Inp2-dependent tagging of only fully
functional peroxisomes within the mother cell for their segrega-
tion to the daughter cell; because Inp2 is a peroxisomal receptor
for the class V myosin motor Myo2, such tagging contributes to
the maintenance of age asymmetry between the mother and
daughter cells by allowing only fully functional peroxisomes to
be transferred to the daughter cell as Myo2 cargo moving on
actin cables (Fig. 2F) 2 10:115.116

It needs to be emphasized that the interplay between the
aforementioned 2 groups of mechanisms operating within a
mother yeast cell undergoing replicative aging defines several vital
physiological traits. These traits play casual roles in yeast replica-
tive aging; they include the rates and efficiencies with which the
mother cell accumulates various aging factors, transmits these fac-
tors into the daughter cell, grows and undergoes asymmetric
mitotic divisions, increases its size prior to bud formation, sporu-
lates if deprived of nutrients, and responds to mild stresses and
other environmental perturbations.>?!%17-20-21.90.99-116 Ty
within a logical framework of the concept of quasi-programmed
aging,®”? all of the mechanisms modulating the rates and effi-
ciencies of accumulation and retention of various aging factors
within the mother cell are programs for sustaining the long-term
survival of the mother and daughter cells under various environ-
mental conditions. However, none of these mechanisms is a
“program of aging” - i.e., a program for a stepwise progression
through consecutive steps of the aging process taking place in the
mother or daughter cell.

Yeast Chronological Lifespan is Defined by Many
Cellular Processes that Progress through a Series of
Early-Life and Late-Life "Checkpoints"

We have recently reviewed in detail the cell-autonomous
mechanisms underlying chronological aging of the yeast S. cerevi-
siae.* Briefly, longevity of chronologically aging yeast cultured
under controllable laboratory conditions in liquid media is

" ouy

age,

Figure 1 (See previous page). Some processes in a mitotically competent mother yeast cell undergoing replicative aging define a rate with which it
accumulates “aging factors.” These longevity-defining cellular processes occur during one of the 3 consecutive stages of replicative aging called “early
intermediate age" and “late age.” The rate of an age-related buildup of aging factors in the replicatively aging mother cell is modulated via several
cell-autonomous mechanisms. Arrows next to the pro-aging cellular processes involved in the accumulation of aging factors in various cellular locations
denote those of them that are stimulated or inhibited during a particular stage of replicative aging. Inhibition bars denote anti-aging cell-autonomous
mechanisms that reduce the rates of the age-related buildup of certain aging factors in the replicatively aging mother cell. See text for additional details.
ERCs, extrachromosomal rDNA circles; LOH, loss of heterozygosity at the rDNA locus; MBS, the mitochondrial back-signaling pathway; MTC, the mito-
chondrial translation control signaling pathway; mtDNA, mitochondrial DNA; ROS, reactive oxygen species; RTG, the mitochondrial retrograde signaling
pathway; UPRE®, the unfolded protein response signaling pathway in the endoplasmic reticulum; UPR™, the mitochondrial unfolded protein response
signaling pathway; AW, electrochemical potential across the inner mitochondrial membrane.
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defined by a distinct set of cellular processes that occur through-
out lifespan, prior to an arrest of cell growth and division and fol-
lowing such arrest.” A9I0ISI7.1177133 Thege processes include cell
metabolism, growth, division, organelle biogenesis, interorganel-
lar communication, macromolecular homeostasis, stress response
and death.>%17:119:126-131 \ye have proposed that all these lon-
gevity-defining cellular processes are integrated into a "biomolec-
ular network".* Our concept of a biomolecular network
underlying chronological aging in yeast posits that: (1) the net-
work progresses through a series of lifespan checkpoints; the
early-life checkpoints occur in logarithmic, diauxic and post-dia-
uxic growth phases, whereas several late-life checkpoints occur in
stationary growth phase; (2) at each of these checkpoints, several
"master regulator” proteins monitor the intracellular concentra-
tions of certain intermediates and/or products of particular meta-
bolic pathways and assess the rates with which these key
metabolites move within an elaborate network of interorganellar
communications; (3) all these master regulator proteins have
been shown to regulate longevity of chronologically aging yeast;
(4) at each of the lifespan checkpoints, the checkpoint-specific
master regulator proteins respond to age-related changes in the
intracellular concentrations of the key metabolites and in the
intensity of their interorganellar flow by amending the rates and
efficiencies of cell metabolism, growth, division, organelle bio-
genesis, interorganellar communication, macromolecular homeo-
stasis, stress response or death; and (5) by modulating such vital
cellular processes throughout lifespan, these master regulator pro-
teins act synergistically to orchestrate the development and main-
tenance of a pro- or anti-aging cellular pattern, thereby
establishing the pace of cellular aging and defining yeast chrono-
logical lifespan (Fig. 3).4

It should be stressed that, as we recently discussed elsewhere,?
our concept of a biomolecular network underlying chronological
aging in yeast envisions that: (1) the inability of chronologically
"young", proliferating cells to uphold the rates and efficiencies of
the vital cellular processes integrated into the network above a
critical threshold can elicit the excessive buildup of molecular
and cellular damage in chronologically “old”, non-proliferating
cells; and (2) the extreme cellular stress caused by such damage
buildup in chronologically “old” cells can lead to their aging-
related demise by stimulating apoptotic, regulated necrotic, auto-
phagic and/or liponecrotic pathways known to be integrated into

an age-associated network of programmed cell death.>*¢18134137

Therefore, in terms of the concept of quasi-programmed
aging,°®*”? the processes of metabolism, growth, division,
organelle biogenesis, interorganellar communication, macro-
molecular homeostasis and stress response taking place within
a chronologically aging yeast cell are programs for maintaining
its long-term survival. Yet, none of these processes is a program
for progressing through consecutive steps of the aging process
and, hence, none of them is a “program of aging”.

The Replicative and Chronological Modes of Yeast
Aging May Converge into a Single Aging Process

Traditionally, the replicative and chronological paradigms of
yeast aging under controllable laboratory conditions are investi-
gated independently of each other by monitoring the aging pro-
cess in 2 different contexts.>! 12133141 However, several findings
support the notion that these 2 paradigms share some mecha-
nisms and, thus, are interconnected. Indeed, a caloric restriction
(CR) diet is known to extend both the replicative and chronolog-
ical lifespans of yeast." > Furthermore, genetic and pharmaco-
logical interventions attenuating signaling through the TOR/
Sch9 (target of rapamycin/serine-threonine protein kinase Sch9)
or Ras/cAMP/PKA (Ras family GTPase/cAMP/protein kinase A)
pathway have been shown to exhibit longevity-extending effects
in both paradigms of yeast aging;' >’ these signaling pathways
are known for their essential roles in modulating the rates and
efficiencies of yeast cell metabolism, growth and division in
response to changes in nutrient availability.'> Moreover, chrono-
logical aging of yeast cells cultured under non-CR conditions in
nutrient-rich or nutrient-limited liquid medium (or incubated at
an elevated temperature in water) is known to coincide with their
replicative aging; in fact, the longer a yeast cell is aged chronolog-
ically under such conditions the shorter its replicative lifespan
becomes upon return to conditions that promote cell prolifera-
tion.””?*3133 The extent of such chronological aging-associated
reduction in yeast replicative lifespan can be lowered if: (1) yeast
cells are aged chronologically under non-CR conditions that pre-
vent a longevity-shortening phenomenon of medium acidifica-
tion by these cells;®" or (2) yeast cells are aged chronologically
under longevity-extending CR  conditions.”® Thus, it is

Figure 2. (See previous page). Several cell-autonomous mechanisms modulate the efficiencies with which the mother cell retains various aging factors,
thereby preventing their transmission into the daughter cell. (A) An association of insoluble protein aggregates with the actin cytoskeleton in the mother
cell impedes a free diffusion of such aggregates into the daughter cell. (B) A sequestration of soluble misfolded proteins in nucleus-bound JUNQ (juxta-
nuclear quality control compartment) and a buildup of insoluble aggregated proteins in vacuole-bound IPOD (insoluble protein deposit) impede a trans-
mission of such proteins into the daughter cell and retain them within the mother cell. (C) A movement of fully functional mitochondria on actin cables
from the mother cell to the daughter cell is faster than that of dysfunctional mitochondria. (D) A septin- and Bud6-dependent barrier at the bud neck
prevents a lateral movement of nuclear pore complexes (NPCs) from the mother-cell side of the nuclear envelope to its daughter-cell side; because extra-
chromosomal rDNA circles (ERCs) formed in the mother cells are attached to NPCs, these aging factors are retained by the mother cell. (E) A lateral diffu-
sion of misfolded transmembrane proteins from the mother-cell side of the cortical endoplasmic reticulum (ER) into its daughter-cell side is prevented
by a specialized domain of the cortical ER membrane; the formation of such ER membrane domain at the bud neck requires septin, Bud1 and sphingoli-
pid. (F) Inp2 is a peroxisomal receptor for the class V myosin motor Myo2; the association of Inp2 only with fully functional peroxisomes within the
mother cell allows the daughter cell to inherit only this kind of peroxisomes, which move with the help of Myo2 along tracks provided by actin cables.
See text for additional details.
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conceivable that chronological aging of yeast cells cultured under
non-CR conditions not only coincides with their replicative
aging but may actually cause or accelerate such mode of aging. It
seems that the efficiency with which yeast mitochondria maintain
the electrochemical potential across their inner membrane is one
of the essential cellular processes linking the replicative and chro-
nological modes of aging; indeed, the lower mitochondrial mem-
brane potential is in a yeast cell cultured under non-CR
conditions the longer replicative lifespan such cell exhibits if it is
returned to growth-promoting conditions.”

Noteworthy, the replicative and chronological modes of yeast
aging do not overlap completely. Indeed, if they are investigated
separately from each other in robust assays conducted under con-
trollable laboratory conditions, it appears that: (1) only a limited
number of single-gene-deletion mutations known to extend the
replicative lifespan of yeast cells also extend their chronological
lifespan;1‘3 2 and (2) buffering of various liquid media to differ-
ent values of alkaline pH to prevent medium acidification
extends yeast chronological lifespan but has no effect on yeast
replicative lifespan.®"-14%143

It needs to be emphasized that all of the assays for investigat-
ing the replicative and chronological paradigms of yeast aging -
the ones conducted independently of each other and the ones
conducted in combination with each other - were carried out
under laboratory conditions that may differ markedly from those
existing within various natural ecological niches inhabited by
budding yeast.”**® Such natural habitats of different S. cerevisiae
strains include the bark of oak trees, rotting tissues of cacti, plant
flowers and fruits, desert soil, the midgut of insects, and infected
2526" Many

strains of budding yeast also inhabit places associated with such

immunocompromised  patients. "domesticated"
important human activities as baking, brewing, winemaking and
fermented beverage production.”>*>*® We hypothesize that yeast
strains facing diverse environmental constraints within such
broad range of ecological niches may have evolved different kinds
of the relationship between the replicative and chronological
modes of yeast aging; each kind of such relationship is likely to
be an adaptation evolved to sustain the long-term survival of the
entire yeast population inhabiting a particular ecological niche.
One kind of such relationship may involve a transition from the
chronological mode to the replicative mode in a population of
yeast cells that return from a quiescent state to a proliferative state
in response to an increase in nutrient availability within their eco-
logical niche; such transition may rejuvenate the population of

yeast cells within the niche by preventing a transmission of aging
factors accumulated within mother cells into newly formed
daughter cells.”***

The proposed here hypothesis also posits that the replicative
and chronological modes of yeast aging may converge into a sin-
gle aging process which is specific to the yeast population within
a particular ecological niche. Furthermore, our hypothesis envi-
sions that the postulated single aging process is a byproduct of an
intricate network of cellular processes and intercellular communi-
cations defining the rates and efficiencies with which individual
cells: (1) grow and divide; (2) differentiate into quiescent and
non-quiescent cells; (3) switch mating-type by changing the allele
at the MAT locus; (4) mate and then sporulate; (5) survive when
nutrients are exhausted; (6) germinate from spores when
nutrients become abundant again; (7) grow and survive within
natural, clinical or industrial niches that are enriched or depleted
in sugars, ethanol, acetate, glycerol or chemical compounds that
are mildly toxic at high concentrations; and (8) commit them-
selves to apoptotic, regulated necrotic, autophagic and/or lipone-
crotic subroutines of programmed suicide if they are weakened
or impaired, unable to reproduce sexually or asexually, inade-
quately adapted to natural variations in some environmental con-
ditions, and/or release excessive amounts of ROS or other
detrimental metabolites. It is conceivable that such intricate net-
work is an evolutionary adaptation for sustaining the long-term
survival of the entire yeast population inhabiting a particular eco-
logical niche. Thus, in terms of the concept of quasi-programmed
aging,”®”? all cellular processes and intercellular communications
integrated into the network are programmed to uphold such sur-
vival. However, none of these processes and communications is
programmed to progress through consecutive steps of the aging
process taking place in individual yeast cells within their popula-
tion inhabiting a particular natural, clinical or industrial niche.

Programmed Differentiation of Yeast Cells Cultured
in Liquid Media Yields Several Cell Populations that
Differ in Their Longevities

When yeast cells cultured in a nutrient-rich liquid medium
initially containing glucose consume this carbon source, they: (1)
undergo a transition from L phase to D phase; (2) arrest in the
G phase of the cell cycle; and (3) enter a differentiation program
which yields a population of quiescent (Q) cells existing in a

membrane.

Figure 3. (See previous page). Some cellular processes in chronologically aging yeast are integrated into a biomolecular network. A stepwise progres-
sion of the network through a series of lifespan checkpoints existing in logarithmic (L), diauxic (D), post-diauxic (PD) and stationary (ST) growth phases is
monitored by master regulator proteins. At each of the lifespan checkpoints, certain checkpoint-specific master regulator proteins respond to age-
related changes in the intracellular concentrations of some key metabolites by modulating the rates and efficiencies of the longevity-defining cellular
processes integrated into the network. Such action of master regulator proteins establishes the pace of cellular aging and defines yeast chronological
lifespan. Activation arrows and inhibition bars signify pro-aging processes (shown in green color) or anti-aging processes (shown in red color). Pro-aging
or anti-aging master regulator proteins are presented in green color or red color, respectively. Pro-aging or anti-aging metabolites are displayed in green
color or red color, respectively. Ac-CoA, acetyl-CoA; ATG, components of the protein machinery involved in autophagy; ETC, electron transport chain;
EtOH, ethanol; FFA, non-esterified (“free”) fatty acids; GLR, glutathione reductase; PPP, the pentose phosphate pathway; PKA, protein kinase A; TCA, tricar-
boxylic acid cycle; TORC1, target of rapamycin complex 1; TRR, thioredoxin reductase; AW, electrochemical potential across the inner mitochondrial
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specialized nonproliferative state called Gg as well as several pop-
ulations of non-quiescent (NQ) cells.3>36:38:41-43 T population
of Q cells committed to this cell fate upon transition from L
phase to D phase consists mainly of daughters, and also includes
“young”  mothers  that single  budding

event.> 33841 QQ cells exhibit a distinct set of morphological,

underwent a

biochemical and physiological features. These cells: (1) are
unbudded, uniform in size and surrounded by a thickened cell
wall; (2) are denser than NQ cells; (3) amass such reserve carbo-
hydrates as trehalose and glycogen; (4) are highly refractive by
phase-contrast microscopy; (5) are viable - i.e., they exhibit high
metabolic activity monitored using a fluorescent reporter mole-
cule; (6) display low levels of intracellular ROS; (7) contain fully
functional mitochondria exhibiting high respiratory efficiency;
(8) can synchronously reenter the cell cycle if returned to
growth-promoting conditions; (9) are reproductively competent -
i.e., they can form colonies when plated on a fresh solid medium;
(10) are resistant to chronic oxidative, thermal and osmotic
stresses; and (11) are genomically stable.>>***%2 The popula-
tion of NQ cells committed to this cell fate upon transition from
L phase to D phase is comprised of "old" mothers that underwent
several budding events.*>?*3%4! NQ cell population is heteroge-
neous; in ST phase it consists of 3 cell types, including: (1) viable
and reproductively competent cells exhibiting genomic instabil-
ity, high levels of ROS and dysfunctional mitochondria that are
unable to respire; (2) viable but reproductively incompetent cells,
which may derive from the reproductively competent NQ cells;
and (3) cells that display characteristic traits of apoptotic and/or
necrotic programmed death subroutines; these cells may originate
from the reproductively incompetent NQ cells.*>?**%*! Note-
worthy, it has been proposed that late in ST phase the sub-popu-
lation of reproductively competent NQ cells may undergo a
gradual replenishment due to an aging-related differentiation of
Q cells.>®4!

It needs to be emphasized that both the commitment of yeast
to the differentiation into Q cells and several populations of NQ
cells, as well as the maintenance of such commitment, are pro-
grammed processes; indeed, they both are orchestrated by: (1)
Xbpl, a transcription repressor of numerous genes implicated in
cell growth and division; (2) the TOR/Sch9 and Ras/cAMP/
PKA signaling pathways known for their essential roles in modu-
lating the rates and efficiencies of cell metabolism, growth and
division in response to changes in nutrient availability; (3) Snfl,
an AMP-activated serine/threonine protein kinase essential for
maintaining energy homeostasis during D phase; and (4) Pho85,
a cyclin-dependent kinase orchestrating various metabolic pro-
cesses upon cell entry into the Q state.* %4144 Fyriher-
more, it is also important to note that yeast cell populations can
respond to a depletion of nutrients other than glucose (such as
nitrogen or phosphate) by entering discrete differentiation pro-
grams and accessing distinct Q states; “° it is tempting to specu-
late that cells existing in such distinct Q states differ in their
long-term viabilities following cell cycle arrest in the G; phase
and, thus, vary in their longevities. Moreover, in should be
stressed that yeast cell population can enter the Q state in cell
cycle phases other than G5 yeast cells that enter the Q state
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after being arrested in the S or G, phase of the cell cycle are
known to exhibit shortened replicative lifespans.'®”

Alrtogether, these findings support the notion that a pro-
grammed differentiation of yeast cultured under controllable lab-
oratory conditions in liquid media yields several cell types that
differ in their longevities. Furthermore, the number of such dif-
ferentiated cell types and their longevities may vary within a sig-
nificantly broader range in yeast populations that inhabit diverse
natural, clinical or industrial niches within various ecosystems.
Thus, the differentiation of yeast communities into Q cells and
several populations of NQ cells is a program for adapting to
wide-range variations in nutrients availability within the ecologi-
cal niche inhabited by a particular yeast community; different
types of yeast cells formed during such programmed differentia-
tion vary in their longevities. However, within a logical framework
of the concept of quasi-programmed aging,’®”> such differentia-
tion is not a program for progressing through consecutive steps of
the aging process and, thus, is not a “program of aging”.

Cell-Non-Autonomous Mechanisms Define
Longevity of Differentiated Yeast Cells Attached to
Solid Surfaces and Organized into Multicellular
Communities

It is well known that yeast cells attached to solid surfaces
develop multicellular communities in the wild and under labo-
ratory conditions; these communities of numerous differenti-
ated cells with specialized functions are organized into colonies
or biofilms. 465153545761 11 dividual yeast cells within these
communities undergo global metabolic reprogramming; such
reprogramming progresses through 2 reversible phases of
ammonia release and 2 phases of medium acidification, impacts
various metabolic pathways, and orchestrates a multistep pro-
cess of horizontal and vertical differentiation of the entire com-
munity, 2485053575961 gy rthermore, yeast cells within these
multicellular communities are involved in quorum sensing by
communicating with each other via a unidirectional or bidirec-
tional flow of certain chemical compounds,*>-47-30-5%57:59-61
Moreover, yeast cells within these multicellular communities
exhibit differential patterns of global gene expression, which
depends on cell position within the community and may cause
the development of a pro- or anti-aging cellular pattern within
a particular region of such community,?48>%33,56-58,60-62
Noteworthy, yeast cells within these multicellular communities
grow, divide, differentiate, communicate with each other or
commit programmed suicide in a manner which depends on
their location within the community and is driven by quorum
sensing. 227591 [t needs to be emphasized that these multi-
cellular yeast communities differentiate into several subpopula-
tions of nondividing chronologically aging cells that exhibit
wide-range variations with respect to their central metabolism
patterns, amino acid and nucleotide metabolism rates, storage
carbohydrates and neutral lipids quantities, mitochondrial
functionalities and ROS levels, noncoding RNA quantities,
protein synthesis rates, autophagic and proteasomal protein
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degradation efficiencies, growth and division rates, stress adapt-
abilities and susceptibilities, and survival capabilities.**®>

All of the above cell-non-autonomous mechanisms operating
within a horizontally and vertically organized community of dif-
ferentiated yeast cells define dissimilar longevities of the cells
positioned within different regions of such community.*®4!-
>%5761 Hence, the differentiation of individual yeast cells and
their sub-populations within various parts of such community is
a program for maintaining the long-term survival of the whole
community, even though some individual cells and their sub-
populations unintentionally make altruistic sacrifices to execute
this program.“®#7515%5761 Yer in terms of the concept of
quasi-programmed aging,*®”?
gram for progressing through consecutive steps of the aging pro-

such differentiation is not a pro-

cess and, thus, is not a “program of aging”.
g ging

Interspecies Communications within an Ecosystem
May Drive the Evolution of Yeast Longevity
Regulation Mechanisms

It has been demonstrated that bacteria, plants and animals
synthesize and release into the environment certain chemical
compounds that under controllable laboratory conditions can
extend longevity of evolutionarily distant organisms.">%7¢3¢7
Indeed, soil bacteria are known to synthesize the lipophilic mac-
rocyclic lactone called rapamycin;'*® this fungicide not only
impedes proliferation of fungal competitors within a natural eco-
system but also extends longevity of yeast, worms, fruit flies and
mice by inhibiting the nutrient-sensory protein kinase TOR
(Torl in yeast).l’z’“’w’149 Furthermore, plants and other auto-
trophic organisms have been shown to respond to various envi-
ronmental stresses by synthesising and releasing into natural
ecosystems certain secondary metabolites called xenohormetic

phytochemicals;*>

they include polyphenols (such as resvera-
trol, butein and fisetin), curcumin, caffeine and spermidine - all
known for their abilities to increase longevity of yeast and various
other organisms by targeting different cellular processes and
signaling pathways.*®>®> Moreover, mammals are known to
synthesize and release into natural ecosystems bile acids;'* these
molecules have been shown to extend yeast chronological
lifespan by altering mitochondrial membrane lipidome and trig-
gering major changes in mitochondrial morphology and
function.’~125:128.130

Based on our analysis of how all these natural chemical com-
pounds released into the environment by some organisms com-
posing an ecosystem extend longevity of other organisms within
this ecosystem, we recently proposed a hypothesis of the xenohor-
metic, hormetic and cytostatic selective forces that may drive the
evolution of yeast longevity regulation mechanisms at the ecosys-
temic level.°*®” Our hypothesis posits that yeast cells inhabiting
a natural ecosystem may specifically respond to some chemical
compounds released to such ecosystem by other organisms; such
response of yeast cells within the ecosystem may: (1) elicit a cyto-
static or hormetic effect in these cells; (2) trigger the development
of a pro- or anti-aging physiological pattern within these cells;
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and (3) drive the evolution of yeast longevity regulation mecha-
nisms toward the maintenance of a finite lifespan of these
cells.®*®” Our hypothesis envisions that such response of yeast
cells to the chemical compounds released to the ecosystem by
other organisms is a program for increasing the chances of yeast
cells to survive various environmental alterations by undergoing
specific changes in yeast physiology; some of these changes play
essential roles in regulating yeast longevity.*>®” However, within
a logical framework of the concept of quasi-programmed
aging,°*73
pounds released to the ecosystem by other organisms is not a
“program of aging” - i.e., a program for progressing through con-

such response of yeast cells to the chemical com-

secutive steps of the aging process.

Conclusions

In this review we analyzed mechanisms underlying the replica-
tive and chronological modes of yeast aging, their convergence
into a single aging process within natural ecological niches, pro-
grammed differentiation of aging yeast communitdes cultured in
liquid media or attached to solid surfaces, and a longevity-defining
response of yeast cells to certain chemical compounds released to
an ecosystem by other organisms inhabiting this ecosystem. Our
analysis implies that all these mechanisms are intricate programs
for sustaining the long-term survival of the entire yeast population
inhabiting a particular natural, industrial, clinical or laboratory
niche; to execute such programs, some individual cells altruistically
(but involuntarily) sacrifice their own lives. However, none of these
mechanisms is a program for progressing through consecutive steps
of the aging process. We therefore concluded that aging of bud-
ding yeast in natural, industrial, clinical and laboratory niches is a
late-life aftermath of the early-life programmed processes of cell
growth, division, differentiation and stress response; a term “quasi-
programmed” has been coined for such mode of aging in higher
eukaryotic organisms.®®7> We also concluded that the lifespan of a
yeast cell within an ecosystem is defined by a trade-off between
programmed processes of cell growth, reproduction, differentia-
tion, stress response, survival and death.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We are grateful to current and former members of the Titor-
enko laboratory for discussions.

Funding

This research was supported by grants from the NSERC of
Canada and Concordia University Chair Fund to VIT. AP was
supported by a Frederick Banting and Charles Best Canada Mas-
ter’s Scholarship Award from the Canadian Institutes of Health
Research. V.S. was supported by an Undergraduate Summer
Award from the NSERC of Canada. VIT is a Concordia Univer-
sity Research Chair in Genomics, Cell Biology and Aging.

3345



3346

References

. Fontana L, Partridge L, Longo VD. Extending healthy

life span - from yeast to humans. Science 2010;
328:321-6; PMID:20395504; http://dx.doi.org/10.
1126/science.1172539

. Kaeberlein M. Lessons on longevity from budding

yeast. Nature 2010; 464:513-9; PMID:20336133;
heep://dx.doi.org/10.1038/naturc08981

. Longo VD, Shadel GS, Kacberlein M, Kennedy B.

Replicative and chronological aging in Saccharo-
myces cerevisiae. Cell Metab 2012; 16:18-31;
PMID:22768836;  http://dx.doi.org/10.1016/j.cmet.2012.
06.002

. Arlia-Ciommo A, Leonov A, Piano A, Svistkova V,

Titorenko VI. Cell-autonomous mechanisms of chro-
nological aging in the yeast Saccharomyces cerevisiae.

Microbial Cell 2014; 1:164-78.

. Denoth Lippuner A, Julou T, Barral Y. Budding yeast

as a model organism to study the effects of age. FEMS
Microbiol Rev 2014; 38:300-25; PMID:24484434;
http://dx.doi.org/10.1111/1574-6976.12060

. Eisenberg T, Knauer H, Schauer A, Biittner S, Ruck-

enstuhl C, Carmona-Gutierrez D, Ring J, Schroeder
S, Magnes C, Antonacci L, et al. Induction of autoph-
agy by spermidine promotes longevity. Nat Cell Biol
2009; 11:1305-14; PMID:19801973; http://dx.doi.
0rg/10.1038/ncb1975

. Goldberg AA, Richard VR, Kyryakov P, Bourque SD,

Beach A, Burstein MT, Glebov A, Koupaki O,
Boukh-Viner T, Gregg C, et al. Chemical genetic
screen identifies lithocholic acid as an anti-aging com-
pound that extends yeast chronological life span in a
TOR-independent manner, by modulating house-
keeping longevity assurance processes. Aging (Albany
NY) 2010; 2:393-414; PMID:20622262

. Minois N, Carmona-Gutierrez D, Madeo F. Poly-

amines in aging and disease. Aging (Albany NY)
2011; 3:716-32; PMID:21869457

. Titorenko VI, Terlecky SR. Peroxisome metabolism

and cellular aging. Traffic 2011; 12:252-9;
PMID:21083858; hetp://dx.doi.org/10.1111/}.1600-
0854.2010.01144.x

. Beach A, Burstein MT, Richard VR, Leonov A, Levy

S, Titorenko VI. Integration of peroxisomes into an
endomembrane system that governs cellular aging.
Front Physiol 2012; 3:283; PMID:22936916; http://
dx.doi.org/10.3389/fphys.2012.00283

. Jazwinski SM. The retrograde response and other

pathways of interorganelle communication in yeast
replicative aging. Subcell Biochem 2012; 57:79-100;
PMID:22094418; http://dx.doi.org/10.1007/978-94-
007-2561-4_4

. Longo VD, Fabrizio P. Chronological aging in

Saccharomyces cerevisiae. Subcell Biochem 2012;
57:101-21; PMID:22094419; http://dx.doi.org/10.
1007/978-94-007-2561-4_5

. Piper PW. Maximising the yeast chronological life-

span.  Subcell ~ Biochem  2012; 57:145-59;
PMID:22094421; hetp://dx.doi.org/10.1007/978-94-
007-2561-4_7

. Sutphin GL, Olsen BA, Kennedy BK, Kaeberlein M.

Genome-wide analysis of yeast aging. Subcell Bio-
chem 2012; 57:251-89; PMID:22094426; http://dx.
doi.org/10.1007/978-94-007-2561-4_12

. Beach A, Titorenko VI. Essential roles of peroxiso-

mally produced and metabolized biomolecules in reg-
ulating yeast longevity. Subcell Biochem 2013;
69:153-67; PMID:23821148; http://dx.doi.org/10.
1007/978-94-007-6889-5_9

. Jazwinski SM. The retrograde response: when mito-

chondrial quality control is not enough. Biochim Bio-
phys Acta 2013; 1833:400-9; PMID:22374136;
http://dx.doi.org/10.1016/j.bbamcr.2012.02.010

. Leonov A, Titorenko VI. (2013). A network of inter-

organellar communications underlies cellular aging.
IUBMB Life 2013; 65:665-74; PMID:23818261;
http://dx.doi.org/10.1002/iub.1183

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

. de Cabo R, Carmona-Gutierrez D, Bernier M, Hall

MN, Madeo F. The search for antiaging interven-
tions: from elixirs to fasting regimens. Cell 2014;
157:1515-26; PMID:24949965; http://dx.doi.org/
10.1016/j.cell.2014.05.031

. Hubbard BP, Sinclair DA. Small molecule SIRT1

activators for the treatment of aging and age-related
diseases. Trends Pharmacol Sci 2014; 35:146-54;
PMID:24439680; http://dx.doi.org/10.1016/j.tips.2013.
12.004

Nystrém T, Liu B. Protein quality control in time
and space - links to cellular aging. FEMS Yeast
Res 2014; 14:40-8; PMID:24103195; http://dx.
doi.org/10.1111/1567-1364.12095

Nystrom T, Liu B. The mystery of aging and rejuve-
nation - a budding topic. Curr Opin Microbiol 2014;
18:61-7; PMID:24631930; http://dx.doi.org/10.1016/
j.mib.2014.02.003

Mortimer R, Polsinelli M. On the origins of
wine yeast. Res Microbiol 1999; 150:199-204;
PMID:10229949; http://dx.doi.org/10.1016/50923-
2508(99)80036-9

Palkova Z. Multicellular microorganisms: laboratory
versus nature. EMBO Rep 2004; 5:470-6; PMID:
15184977; http://dx.doi.org/10.1038/sj.embor.7400145
Palkova Z, Vichova L. Life within a community: ben-
efit to yeast long-term survival. FEMS Microbiol Rev
2006; 30:806-24; PMID:16911045; http://dx.doi.
org/10.1111/j.1574-6976.2006.00034.x

Greig D, Leu JY. Natural history of budding yeast.
Curr Biol 2009; 19:R886-90; PMID:19825346;
heep://dx.doi.org/10.1016/j.cub.2009.07.037
Lachance M-A. Yeasts. In: eLS. Chichester, West Sus-
sex, UK: John Wiley & Sons, 2010:1-12

Ashrafi K, Sinclair D, Gordon JI, Guarente L. Passage
through stationary phase advances replicative aging in
Saccharomyces cerevisiae. Proc Natl Acad Sci USA
1999; 96:9100-5; PMID:10430902; http://dx.doi.
org/10.1073/pnas.96.16.9100

Piper PW, Harris NL, MacLean M. Preadaptation to
efficient respiratory maintenance is essential both for
maximal longevity and the retention of replicative
potential in chronologically ageing yeast. Mech Age-
ing Dev 2006; 127:733-40; PMID:16784770; http://
dx.doi.org/10.1016/j.mad.2006.05.004

Burtner CR, Murakami CJ, Olsen B, Kennedy BK,
Kacberlein M. A genomic analysis of chronological
longevity factors in budding yeast. Cell Cycle 2011;
10:1385-96; PMID:21447998; http://dx.doi.org/10.
4161/cc.10.9.15464

Mirisola MG, Longo VD. Acetic acid and acidifica-
tion accelerate chronological and replicative aging in
yeast. Cell Cycle 2012; 11:3532-3; PMID:22951542;
hetp://dx.doi.org/10.4161/cc.22042

Murakami C, Delaney JR, Chou A, Carr D, Schleit J,
Sutphin GL, An EH, Castanza AS, Fletcher M, Gos-
wami S, etal. pH neutralization protects against
reduction in replicative lifespan following chronologi-
cal aging in yeast. Cell Cycle 2012; 11:3087-96;
PMID:22871733; http://dx.doi.org/10.4161/cc.21465
Polymenis M, Kennedy BK. Chronological and repli-
cative lifespan in yeast: do they meet in the middle?
Cell Cycle 2012; 11:3531-2; PMID:22951539;
hetp://dx.doi.org/10.4161/cc.22041

Delaney JR, Murakami C, Chou A, Carr D, Schleit J,
Sutphin GL, An EH, Castanza AS, Fletcher M, Gos-
wami S, et al. Dietary restriction and mitochondrial
function link replicative and chronological aging in
Saccharomyces cerevisiae. Exp Gerontol 2013;
48:1006-13; PMID:23235143;  http://dx.doi.org/
10.1016/j.exger.2012.12.001

Lewinska A, Miedziak B, Kulak K, Molon M, Wnuk
M. Links between nucleolar activity, rDNA stability,
aneuploidy and chronological aging in the yeast Sac-
charomyces cerevisiae. Biogerontology 2014; 15:289-
316; PMID:24711086; http://dx.doi.org/10.1007/
$10522-014-9499-y

Cell Cycle

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Allen C, Biittner S, Aragon AD, Thomas JA, Meirelles
O, Jaetao JE, Benn D, Ruby SW, Veenhuis M, Madeo
F, et al. Isolation of quiescent and nonquiescent cells
from yeast stationary-phase cultures. J Cell Biol 2006;
174:89-100; PMID:16818721; http://dx.doi.org/10.
1083/jcb.200604072

Aragon AD, Rodriguez AL, Meirelles O, Roy S,
Davidson GS, Tapia PH, Allen C, Joe R, Benn D,
Werner-Washburne M. Characterization of differenti-
ated quiescent and nonquiescent cells in yeast station-
ary-phase cultures. Mol Biol Cell 2008; 19:1271-80;
PMID:18199684; http://dx.doi.org/10.1091/mbc. E07-
07-0666

Li L, Lu Y, Qin LX, Bar-Joseph Z, Werner-
Washburne M, Breeden LL. Budding yeast SSD1-V/
regulates transcript levels of many longevity genes and
extends chronological life span in purified quiescent
cells. Mol Biol Cell 2009; 20:3851-64; PMID:
19570907; http://dx.doi.org/10.1091/mbc.E09-04-0347
Davidson GS, Joe RM, Roy S, Meirelles O, Allen CP,
Wilson MR, Tapia PH, Manzanilla EE, Dodson AE,
Chakraborty S, et al. The proteomics of quiescent and
nonquiescent cell differentiation in yeast stationary-
phase cultures. Mol Biol Cell 2011; 22:988-98;
PMID:21289090;  http://dx.doi.org/10.1091/mbc.
E10-06-0499

Laporte D, Lebaudy A, Sahin A, Pinson B, Ceschin J,
Daignan-Fornier B, Sagot 1. Metabolic status rather
than cell cycle signals control quiescence entry and
exit. ] Cell Biol 2011; 192:949-57; PMID:21402786;
heep://dx.doi.org/10.1083/jcb.201009028

Peters TW, Rardin M], Czerwieniec G, Evani US,
Reis-Rodrigues P, Lithgow GJ, Mooney SD, Gibson
BW, Hughes RE. Torl regulates protein solubility in
Saccharomyces cerevisiae. Mol Biol Cell 2012;
23:4679-88; PMID:23097491; http://dx.doi.org/10.
1091/mbc.E12-08-0620

Werner-Washburne M, Roy S, Davidson GS. Aging
and the survival of quiescent and non-quiescent cells
in yeast stationary-phase cultures. Subcell Biochem
2012; 57:123-43; PMID:22094420; http://dx.doi.
0rg/10.1007/978-94-007-2561-4_6

Li L, Miles S, Melville Z, Prasad A, Bradley G,
Breeden LL. Key events during the transition from
rapid growth to quiescence in budding yeast require
posttranscriptional regulators. Mol Biol Cell 2013;
24:3697-709; PMID:24088570; http://dx.doi.org/
10.1091/mbc.E13-05-0241

Miles S, Li L, Davison J, Breeden LL. Xbp1 directs
global repression of budding yeast transcription dur-
ing the transition to quiescence and is important for
the longevity and reversibility of the quiescent state.
PLoS Genet 2013; 9:¢1003854; PMID:24204289;
htep://dx.doi.org/10.1371/journal.pgen.1003854
Palkové Z. Multicellular microorganisms: laboratory
versus nature. EMBO Rep 2004; 5:470-6; PMID:
15184977; http://dx.doi.org/10.1038/sj.embor.7400145
Vichova L, Palkovda Z. Physiological regulation of
yeast cell death in multicellular colonies is triggered
by ammonia. J Cell Biol 2005 169:711-7;
PMID:15939758; http://dx.doi.org/10.1083/jcb.
200410064

Palkové Z, Vichov L. Life within a community: ben-
efit to yeast long-term survival. FEMS Microbiol Rev
2006; 30:806-24; PMID:16911045; http://dx.doi.
org/10.1111/j.1574-6976.2006.00034.x

Cép M, Vichova L, Palkovd Z. Yeast colony survival
depends on metabolic adaptation and cell differentia-
tion rather than on stress defense. ] Biol Chem 2009;
284:32572-81; PMID:19801643; http://dx.doi.org/
10.1074/jbc.M109.022871

Vichova L, Kucerova H, Devaux F, Ulehlova M,
Palkovd Z. Metabolic diversification of cells during
the development of yeast colonies. Environ Microbiol
2009; 11:494-504; PMID:19196279; http://dx.doi.
org/10.1111/j.1462-2920.2008.01789.x

Volume 13 Issue 21



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

St’ovicek V, Vachova L, Kuthan M, Palkova Z. Gen-
eral factors important for the formation of structured
biofilm-like yeast colonies. Fungal Genet Biol 2010;
47:1012-22;  PMID:20728557;  http://dx.doi.org/
10.1016/j.fgb.2010.08.005

Vichovd L, Stovicek V, Hlavicek O, Chernyavskiy O,
Stépanek L, Kubinova L, Palkovd Z. Flo11p, drug
efflux pumps, and the extracellular matrix cooperate
to form biofilm yeast colonies. J Cell Biol 2011;
194:679-87; PMID:21875945; http://dx.doi.org/10.
1083/jcb.201103129

Vichova L, Palkovd Z. Aging and longevity of
yeast colony populations: metabolic adaptation and
differentiation. Biochem Soc Trans 2011; 39:
1471-5; PMID:21936836; http://dx.doi.org/10.
1042/BST0391471

Cép M, Stépanek L, Harant K, Vachové L, Palkova Z.
Cell differentiation within a yeast colony: metabolic
and regulatory parallels with a tumor-affected organ-
ism. Mol Cell 2012; 46:436-48; PMID:22560924;
heep://dx.doi.org/10.1016/j.molcel.2012.04.001

Cép M, Vichova L, Palkovd Z. Reactive oxygen spe-
cies in the signaling and adaptation of multicellular
microbial communities. Oxid Med Cell Longev 2012;
2012:976753; PMID:22829965; http://dx.doi.org/
10.1155/2012/976753

Stovicek V, Viachova L, Palkovd Z. Yeast biofilm
colony as an orchestrated multicellular organism.
Commun Integr Biol 2012; 5:203-5; PMID:
22808334; http://dx.doi.org/10.4161/cib.18912
Mazzoni C, Mangiapelo E, Palermo V, Falcone C.
Hypothesis: is yeast a clock model to study the onset
of humans aging phenotypes? Front Oncol 2012;
2:203; PMID:23293770; http://dx.doi.org/10.3389/
fonc.2012.00203

Traven A, Janicke A, Harrison P, Swaminathan A,
Seemann T, Beilharz TH. Transcriptional profiling of
a yeast colony provides new insight into the heteroge-
neity of multicellular fungal communities. PLoS One
2012; 7:¢46243; PMID:23029448; http://dx.doi.org/
10.1371/journal.pone.0046243

Vichovd L, Cép M, Palkovd Z. Yeast colonies: a
model for studies of aging, environmental adaptation,
and longevity. Oxid Med Cell Longev 2012;
2012:601836; PMID:22928081; http://dx.doi.org/
10.1155/2012/601836

Voordeckers K, De Maeyer D, van der Zande E, Vin-
ces MD, Meert W, Cloots L, Ryan O, Marchal K,
Verstrepen KJ. Identification of a complex genetic
network underlying Saccharomyces cerevisiae colony
morphology. Mol Microbiol 2012; 86:225-39;
PMID:22882838; http://dx.doi.org/10.1111/j.1365-
2958.2012.08192.x

Paiva S, Strachotova D, Kucerova H, Hlavacek O,
Mota S, Casal M, Palkova Z, Vachova L. The trans-
port of carboxylic acids and important role of the
Jenlp transporter during the development of yeast
colonies. Biochem J 2013; 454:551-8; PMID:
23790185; http://dx.doi.org/10.1042/B]J20120312
Vichové L, Hatdkovd L, Cdp M, Pokornd M, Palkovd
Z. Rapidly developing yeast microcolonies differenti-
ate in a similar way to aging giant colonies. Oxid Med
Cell Longev 2013; 2013:102485; PMID:23970946;
http://dx.doi.org/10.1155/2013/102485

Palkova Z, Wilkinson D, Vachové L. Aging and dif-
ferentiation in yeast populations: Elders with different
properties and functions. FEMS Yeast Res 2014;
14:96-108;  PMID:24119061;  htep://dx.doi.org/
10.1111/1567-1364.12103

Stovicek V, Vichovd L, Begany M, Wilkinson D,
Palkova Z. Global changes in gene expression associ-
ated with phenotypic switching of wild yeast. BMC
Genomics 2014; 15:136; PMID:24533484; http://dx.
doi.org/10.1186/1471-2164-15-136

Howitz KT, Bitterman K], Cohen HY, Lamming
DW, Lavu S, Wood JG, Zipkin RE, Chung P, Kisie-
lewski A, Zhang LL, et al. Small molecule activators
of sirtuins extend Saccharomyces cerevisiae lifespan.

www.landesbioscience.com

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Nature 2003; 425:191-6; PMID:12939617; http://
dx.doi.org/10.1038/nature01960

Lamming DW, Wood JG, Sinclair DA. Small mole-
cules that regulate lifespan: evidence for xenohormesis.
Mol Microbiol 2004; 53:1003-9; PMID:15306006;
hetp://dx.doi.org/10.1111/j.1365-2958.2004.04209.x
Howitz KT, Sinclair DA. Xenohormesis: sensing the
chemical cues of other species. Cell 2008; 133:387-
91; PMID:18455976; http://dx.doi.org/10.1016/j.
cell.2008.04.019

Goldberg AA, Kyryakov P, Bourque SD, Titorenko
VI. Xenohormetic, hormetic and cytostatic selective
forces driving longevity at the ecosystemic level. Aging
(Albany NY) 2010; 2:461-70; PMID:20693605
Burstein MT, Beach A, Richard VR, Koupaki O,
Gomez-Perez A, Goldberg AA, Kyryakov P, Bourque
SD, Glebov A, Titorenko VI. Interspecies chemical
signals released into the environment may create xeno-
hormetic, hormetic and cytostatic selective forces that
drive the ecosystemic evolution of longevity regulation
mechanisms. Dose Response  2012;  10:75-82;
PMID:22423230; http://dx.doi.org/10.2203/dose-
response.11-011.Titorenko

Blagosklonny MV. Aging and immortality: quasi-
programmed senescence and its pharmacologic
inhibition. Cell Cycle 2006; 5:2087-102; PMID:
17012837; http://dx.doi.org/10.4161/cc.5.18.3288
Blagosklonny MV. Paradoxes of aging. Cell Cycle
2007; 6:2997-3003; PMID:18156807; http://dx.doi.
org/10.4161/cc.6.24.5124

Blagosklonny MYV. Rapamycin and quasi-pro-
grammed aging: four years later. Cell Cycle 2010;
9:1859-62;  PMID:20436272;  htep://dx.doi.org/
10.4161/cc.9.10.11872

Blagosklonny MV. Revisiting the antagonistic
pleiotropy theory of aging: TOR-driven program
and quasi-program. Cell Cycle 2010; 9:3151-6;
PMID:20724817; http://dx.doi.org/10.4161/cc.9.16.
12814

Blagosklonny MV. MTOR-driven quasi-programmed
aging as a disposable soma theory: blind watchmaker
vs. intelligent designer. Cell Cycle 2013; 12:1842-7;
PMID:23708516; http://dx.doi.org/10.4161/cc.25062
Blagosklonny MV. Aging is not programmed: genetic
pseudo-program is a shadow of developmental
growth. Cell Cycle 2013; 12:3736-42; PMID:
24240128; http://dx.doi.org/10.4161/cc.27188
Blagosklonny MV. Aging: ROS or TOR. Cell Cycle
2008; 7:3344-54; PMID:18971624; http://dx.doi.
org/10.4161/cc.7.21.6965

Demidenko ZN, Blagosklonny MV. Growth stimula-
tion leads to cellular senescence when the cell cycle is
blocked. Cell Cycle 2008; 7:3355-61; PMID:
18948731; http://dx.doi.org/10.4161/cc.7.21.6919
Demidenko ZN, Blagosklonny MV. At concentra-
tions that inhibit mTOR, resveratrol suppresses cellu-
lar senescence. Cell Cycle 2009; 8:1901-4; PMID:
19471118; http://dx.doi.org/10.4161/cc.8.12.8810
Demidenko ZN, Blagosklonny MV. Quantifying
pharmacologic suppression of cellular senescence: pre-
vention of cellular hypertrophy versus preservation of
proliferative potential. Aging (Albany NY) 2009;
1:1008-16; PMID:20157583

Yang J, Dungrawala H, Hua H, Manukyan A, Abra-
ham L, Lane W, Mead H, Wright J, Schneider BL.
Cell size and growth rate are major determinants of
replicative lifespan. Cell Cycle 2011; 10:144-55; PMID:
21248481; http://dx.doi.org/10.4161/cc.10.1.14455
Biliriski T. Hypertrophy, replicative ageing and the
ageing process. FEMS Yeast Res 2012; 12:739-40;
PMID:22909074; http://dx.doi.org/10.1111/].1567-
1364.2012.00843.x

Bilifiski T, Zadrag-Tecza R, Bartosz G. Hypertrophy
hypothesis as an alternative explanation of the phe-
nomenon of replicative aging of yeast. FEMS Yeast
Res 2012; 12:97-101; PMID:22093953; http://dx.
doi.org/10.1111/j.1567-1364.2011.00759.x

Cell Cycle

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Blagosklonny MV. Answering the ultimate question
"what is the proximal cause of aging?.” Aging (Albany
NY) 2012; 4:861-77; PMID:23425777

Blagosklonny MV. Big mice die young but large ani-
mals live longer. Aging (Albany NY) 2013; 5:227-33;
PMID:23603822

Gems D, de la Guardia Y. Alternative perspectives on
aging in Caenorhabditis elegans: reactive oxygen spe-
cies or hyperfunction? Antioxid Redox Signal 2013;
19:321-9; PMID:22870907; http://dx.doi.org/10.1089/
ars.2012.4840

Gems D, Partridge L. Genetics of longevity in model
organisms: debates and paradigm shifts. Annu Rev
Physiol 2013; 75:621-44; PMID:23190075; htep://
dx.doi.org/10.1146/annurev-physiol-030212-183712
Wright J, Dungrawala H, Bright RK, Schneider BL. A
growing role for hypertrophy in senescence. FEMS
Yeast Res 2013; 13:2-6; PMID:23107076; heep://dx.
doi.org/10.1111/1567-1364.12015

Hughes AL, Gottschling DE. An ecarly age increase
in vacuolar pH limits mitochondrial function and
lifespan in yeast. Nature 2012; 492:261-5; PMID:
23172144; http://dx.doi.org/10.1038/nature11654
Schmidt M, Kennedy BK. Aging: one thing leads to
another. Curr Biol 2012; 22:R1048-51; PMID:
23257191; http://dx.doi.org/10.1016/j.cub.2012.11.
016

Egilmez NK, Jazwinski SM. Evidence for the involve-
ment of a cytoplasmic factor in the aging of the yeast
Saccharomyces cerevisiae. ] Bacteriol 1989; 171:37-
42; PMID:2644196

Kennedy BK, Austriaco NR Jr, Guarente L. Daughter
cells of Saccharomyces cerevisiae from old mothers
display a reduced life span. J Cell Biol 1994;
127:1985-93; PMID:7806576;  http://dx.doi.org/
10.1083/jcb.127.6.1985

Henderson KA, Gottschling DE. A mother’s sacrifice:
what is she keeping for herself? Curr Opin Cell Biol
2008; 20:723-8; PMID:18848886; http://dx.doi.org/
10.1016/j.ceb.2008.09.004

Steinkraus KA, Kaeberlein M, Kennedy BK. Replica-
tive aging in yeast: the means to the end. Annu Rev
Cell Dev Biol 2008; 24:29-54; PMID:18616424;
http://dx.doi.org/10.1146/annurev.cellbio.23.090506.
123509

McFaline-Figueroa JR, Vevea J, Swayne TC, Zhou C,
Liu C, Leung G, Boldogh IR, Pon LA. Mitochondrial
quality control during inheritance is associated with
lifespan  and mother-daughter age asymmetry in
budding yeast. Aging Cell 2011; 10:885-95;
PMID:21726403; http://dx.doi.org/10.1111/j.1474-
9726.2011.00731.x

Fehrmann S, Paoletti C, Goulev Y, Ungureanu A,
Aguilaniu H, Charvin G. Aging yeast cells undergo a
sharp entry into senescence unrelated to the loss of
mitochondrial membrane potential. Cell Rep 2013;
5:1589-99; PMID:24332850; http://dx.doi.org/10.
1016/j.celrep.2013.11.013

Knorre DA, Popadin KY, Sokolov SS, Severin FF.
Roles of mitochondrial dynamics under stressful and
normal conditions in yeast cells. Oxid Med Cell Lon-
gev 2013; 2013:139491; PMID:23956814; htep://dx.
doi.org/10.1155/2013/139491

Sorokin MI, Knorre DA, Fedor F. Severin FF. Early
manifestations of replicative aging in the yeast Saccha-
romyces cerevisiae. Microbial Cell 2014; 1:37-42
Sinclair DA, Guarente L. Extrachromosomal rDNA
circles - a cause of aging in yeast. Cell 1997; 91:
1033-42; PMID:9428525; http://dx.doi.org/10.1016/
50092-8674(00)80493-6

Defossez PA, Prusty R, Kaeberlein M, Lin SJ, Fer-
rigno P, Silver PA, Keil RL, Guarente L. Elimination
of replication block protein Fob1 extends the life span
of yeast mother cells. Mol Cell 1999; 3:447-55;
PMID:10230397; http://dx.doi.org/10.1016/S1097-
2765(00)80472-4

Lindstrom DL, Leverich CK, Henderson KA,
Gottschling DE. Replicative age induces mitotic

3347



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

3348

recombination in the ribosomal RNA gene cluster of
Saccharomyces cerevisiae. PLoS Genet 2011; 7:
€1002015; PMID:21436897; http://dx.doi.org/10.
1371/journal.pgen.1002015

Labunskyy VM, Gerashchenko MV, Delaney JR,
Kaya A, Kennedy BK, Kaeberlein M, Gladyshev VN.
Lifespan extension conferred by endoplasmic reticu-
lum secretory pathway deficiency requires induction
of the unfolded protein response. PLoS Genet 2014;
10:¢1004019; PMID:24391512; http://dx.doi.org/
10.1371/journal.pgen.1004019

Heeren G, Rinnerthaler M, Laun P, von Seyerl P,
Kossler S, Klinger H, Hager M, Bogengruber E, Jaro-
lim S, Simon-Nobbe B, et al. The mitochondrial ribo-
somal protein of the large subunit, Afolp, determines
cellular longevity through mitochondrial back-signal-
ing via TOR1. Aging (Albany NY) 2009; 1:622-36;
PMID:20157544

Caballero A, Ugidos A, Liu B, oling D, Kvint K, Hao
X, Mignat C, Nachin L, Molin M, Nystrom T.
Absence of mitochondrial translation control proteins
extends life span by activating sirtuin-dependent
silencing. Mol Cell 2011; 42:390-400; PMID:
21549315;  http://dx.doi.org/10.1016/j.molcel.2011.
03.021

Jazwinski SM. The retrograde response and other
pathways of interorganelle communication in yeast
replicative aging. Subcell Biochem 2012; 57:79-100;
PMID:22094418; http://dx.doi.org/10.1007/978-94-
007-2561-4_4

Battersby BJ, Richter U. Why translation counts for
mitochondria — retrograde signalling links mitochon-
drial protein synthesis to mitochondrial biogenesis
and cell proliferation. J Cell Sci 2013; 126:4331-8;
PMID:24013545; hetp://dx.doi.org/10.1242/jcs. 131888
Jazwinski SM. The retrograde response: when mito-
chondrial quality control is not enough. Biochim
Biophys Acta 2013; 1833:400-9; PMID:22374130;
heep://dx.doi.org/10.1016/j.bbamcr.2012.02.010
Tang F, Watkins JW, Bermudez M, Gray R, Gaban
A, Portie K, Grace S, Kleve M, Craciun G. A life-span
extending form of autophagy employs the vacuole-
vacuole fusion machinery. Autophagy 2008; 4:874-
86; PMID:18690010; http://dx.doi.org/10.4161/auto.
6556

Liu B, Larsson L, Caballero A, Hao X, Oling D,
Grantham J, Nystrom T. The polarisome is required
for segregation and retrograde transport of protein
aggregates. Cell 2010; 140:257-67; PMID:20141839;
hetp://dx.doi.org/10.1016/j.cell.2009.12.031

Liu B, Larsson L, Franssens V, Hao X, Hill SM,
Andersson V, Hoglund D, Song J, Yang X, Oling D,
et al. Segregation of protein aggregates involves actin
and the polarity machinery. Cell 2011; 147:959-61;
PMID:22118450; http://dx.doi.org/10.1016/j.cell.2011.
11.018

Malinovska L, Kroschwald S, Munder MC, Richter
D, Alberti S. Molecular chaperones and stress-induc-
ible protein-sorting factors coordinate the spatiotem-
poral distribution of protein aggregates. Mol Biol Cell
2012; 23:3041-56; PMID:22718905; http://dx.doi.
0rg/10.1091/mbc.E12-03-0194

Spokoini R, Moldavski O, Nahmias Y, England JL,
Schuldiner M, Kaganovich D. Confinement to organ-
elle-associated inclusion structures mediates asymmet-
ric inheritance of aggregated protein in budding yeast.
Cell Rep 2012; 2:738-47; PMID:23022486; htep://
dx.doi.org/10.1016/j.celrep.2012.08.024

Specht S, Miller SB, Mogk A, Bukau B. Hsp42 is
required for sequestration of protein aggregates into
deposition sites in Saccharomyces cerevisiae. ] Cell
Biol 2011; 195:617-29; PMID:22065637; http://dx.
doi.org/10.1083/jcb.201106037

Higuchi R, Vevea JD, Swayne TC, Chojnowski R,
Hill V, Boldogh IR, Pon LA. Actin dynamics affect
mitochondrial quality control and aging in budding
yeast. Curr Biol 2013; 23:2417-22; PMID:
24268413; http://dx.doi.org/10.1016/j.cub.2013.10.022

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Vevea JD, Swayne TC, Boldogh IR, Pon LA. Inheri-
tance of the fittest mitochondria in yeast. Trends Cell
Biol 2014; 24:53-60; PMID:23932848; http://dx.doi.
0rg/10.1016/j.tcb.2013.07.003

Shcheprova Z, Baldi S, Frei SB, Gonnet G, Barral Y.
A mechanism for asymmetric segregation of age
during yeast budding. Nature 2008; 454:728-34;
PMID:18660802

Clay L, Caudron F, Denoth-Lippuner A, Boettcher B,
Buvelot Frei S, Snapp EL, Barral Y. A sphingolipid-
dependent diffusion barrier confines ER stress to the
yeast mother cell. Elife 2014; 3:¢01883; PMID:
24843009; http://dx.doi.org/10.7554/eLife.01883
Fagarasanu A, Mast FD, Knoblach B, Jin Y, Brunner
M], Logan MR, Glover JN, Eitzen GA, Aitchison JD,
Weisman LS, Myosin-driven  peroxisome
partitioning in S. cerevisiae. ] Cell Biol 2009;
186:541-54; PMID:19687257;  hutp://dx.doi.org/
10.1083/jcb.200904050

Fagarasanu A, Mast FD, Knoblach B, Rachubinski

RA. Molecular mechanisms of organelle inheritance:

et al.

lessons from peroxisomes in yeast. Nat Rev Mol Cell
Biol 2010; 11:644-54; PMID:20717147; htep://dx.
doi.org/10.1038/nrm2960

Bonawitz ND, Chatenay-Lapointe M, Pan Y, Shadel
GS. Reduced TOR signaling extends chronological
life span via increased respiration and upregulation of
mitochondrial gene expression. Cell Metab 2007;
5:265-77; PMID:17403371; hutp://dx.doi.org/10.1016/
j-cmet.2007.02.009

Goldberg AA, Bourque SD, Kyryakov P, Boukh-
Viner T, Gregg C, Beach A, Burstein MT, Mach-
kalyan G, Richard V, Rampersad S, et al. A novel
function of lipid droplets in regulating longevity. Bio-
chem Soc Trans 2009; 37:1050-5; PMID:19754450;
http://dx.doi.org/10.1042/BST0371050

Goldberg AA, Bourque SD, Kyryakov P, Gregg C,
Boukh-Viner T, Beach A, Burstein MT, Machkalyan
G, Richard V, Rampersad S, et al. Effect of calorie
restriction on the metabolic history of chronologically
aging yeast. Exp Gerontol 2009; 44:555-71;
PMID:19539741; http://dx.doi.org/10.1016/j.exger.
2009.06.001

Pan Y, Shadel GS. Extension of chronological life
span by reduced TOR signaling requires down-regula-
tion of Sch9p and involves increased mitochondrial
OXPHOS complex density. Aging (Albany NY)
2009; 1:131-45; PMID:20157595

Wei M, Fabrizio P, Madia F, Hu ], Ge H, Li LM,
Longo VD. Torl/Sch9-regulated carbon source
substitution is as effective as calorie restriction in life
span extension. PLoS Genet 2009; 5:¢1000467;
PMID:19424415; http://dx.doi.org/10.1371/journal.
pgen.1000467

Mesquita A, Weinberger M, Silva A, Sampaio-Mar-
ques B, Almeida B, Leao C, Costa V, Rodrigues F,
Burhans WC, Ludovico P. Caloric restriction or cata-
lase inactivation extends yeast chronological lifespan
by inducing H,O, and superoxide dismutase activity.
Proc Natd Acad Sci USA 2010; 107:15123-8;
PMID:20696905; http://dx.doi.org/10.1073/pnas.
1004432107

Beach A, Titorenko VI. In search of housckeeping
pathways that regulate longevity. Cell Cycle 2011;
10:3042-4; PMID:21862878; http://dx.doi.org/10.
4161/cc.10.18.16947

Pan Y, Schroeder EA, Ocampo A, Barrientos A,
Shadel GS. Regulation of yeast chronological life span
by TORCI via adaptive mitochondrial ROS signal-
ing. Cell Metab 2011; 13:668-78; PMID:21641548;
http://dx.doi.org/10.1016/j.cmet.2011.03.018
Burstein MT, Kyryakov P, Beach A, Richard VR,
Koupaki O, Gomez-Perez A, Leonov A, Levy S,
Noohi F, Titorenko VI. Lithocholic acid extends lon-
gevity of chronologically aging yeast only if added at
certain critical periods of their lifespan. Cell Cycle
2012; 11:3443-62; PMID:22894934; http://dx.doi.
org/10.4161/cc.21754

Cell Cycle

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Kyryakov P, Beach A, Richard VR, Burstein MT,
Leonov A, Levy S, Titorenko VI. Caloric restriction
extends yeast chronological lifespan by altering a pat-
tern of age-related changes in trehalose concentration.
Front Physiol 2012; 3:256; PMID:22783207; http://
dx.doi.org/10.3389/fphys.2012.00256

Ocampo A, Liu J, Schroeder EA, Shadel GS,
Barrientos A. Mitochondrial respiratory thresholds
regulate yeast chronological life span and its extension
by caloric restriction. Cell Metab 2012; 16:55-67;
PMID:22768839; http://dx.doi.org/10.1016/j.cmet.
2012.05.013

Beach A, Richard VR, Leonov A, Burstein M T, Bour-
que SD, Koupaki O, Juneau M, Feldman R, Touk T,
Titorenko VI. Mitochondrial membrane lipidome
defines yeast longevity. Aging (Albany NY) 2013;
5:551-74; PMID:23924582

Brandes N, Tienson H, Lindemann A, Vitvitsky V,
Reichmann D, Banerjee R, Jakob U. Time line of
redox events in aging postmitotic cells. eLife 2013; 2:
€00306; PMID:23390587; http://dx.doi.org/10.
7554/eLife.00306

Richard VR, Leonov A, Beach A, Burstein MT,
Koupaki O, Gomez-Perez A, Levy S, Pluska L, Mattie
S, Rafesh R, et al. Macromitophagy is a longevity
assurance process that in chronologically aging yeast
limited in calorie supply sustains functional mito-
chondria and maintains cellular lipid homeostasis.
Aging (Albany NY) 2013; 5:234-69; PMID:
23553280

Schroeder EA, Raimundo N, Shadel GS. Epigenetic
silencing  mediates mitochondria  stress-induced
longevity. Cell Metab 2013; 17:954-64; PMID:
23747251;  hup://dx.doi.org/10.1016/j.cmet.2013.04.
003

Tahara EB, Cunha FM, Basso TO, Della Bianca BE,
Gombert AK, Kowaltowski AJ. Calorie restriction
hysteretically primes aging Saccharomyces cerevisiae
toward more effective oxidative metabolism. PLoS
One 2013; 8:¢56388; PMID:23409181; http://dx.
doi.org/10.1371/journal.pone.0056388

Martins D, Titorenko VI, English AM. Cells with
impaired mitochondrial H,O, sensing generate less
oOH radicals and live longer. Antioxid Redox Signal
2014;  21:1490-503; Epub ahead of pring
doi:10.1089/ars.2013.5575; PMID:24382195
Biittner S, Eisenberg T, Herker E, Carmona-Gutierrez
D, Kroemer G, Madeo F. Why yeast cells can undergo
apoptosis: death in times of peace, love, and war. J
Cell Biol 2006; 175:521-5; PMID:17101700; http://
dx.doi.org/10.1083/jcb.200608098
Carmona-Gutierrez D, Eisenberg T, Bttner S, Mei-
singer C, Kroemer G, Madeo F. Apoptosis in yeast:
triggers, pathways, subroutines. Cell Death Differ
2010; 17:763-73; PMID:20075938; http://dx.doi.
0rg/10.1038/cdd.2009.219

Munoz AJ, Wanichthanarak K, Meza E, Petranovic
D. Systems biology of yeast cell death. FEMS Yeast
Res 2012; 12:249-65; PMID:22188402; http://dx.
doi.org/10.1111/j.1567-1364.2011.00781.x

Sheibani S, Richard VR, Beach A, Leonov A, Feldman
R, Mattie S, Khelghatybana L, Piano A, Greenwood
M, Vali H, Titorenko VI. Macromitophagy, neutral
lipids synthesis, and peroxisomal fatty acid oxidation
protect yeast from "liponecrosis," a previously
unknown form of programmed cell death. Cell Cycle
2014; 13:138-47; PMID:24196447; http://dx.doi.
org/10.4161/cc.26885

Murakami C, Kaeberlein M. Quantifying yeast chro-
nological life span by outgrowth of aged cells. J Vis
Exp 2009; 27:1156; PMID:19421136; http://dx.doi.
org/10.3791/1156

Steffen KK, Kennedy BK, Kaeberlein M. Measuring
replicative life span in the budding yeast. ] Vis Exp
2009; 28:1209; PMID:19556967; http://dx.doi.org/
10.3791/1209

Hu J, Wei M, Mirisola MG, Longo VD. Assessing
chronological aging in Saccharomyces cerevisiae.

Volume 13 Issue 21



141.

142.

143.

Methods Mol Biol 2013; 965:463-72;
PMID:23296677; http://dx.doi.org/10.1007/978-1-
62703-239-1_30

Sinclair DA. Studying the replicative life span of yeast
cells.  Methods Mol Biol 2013; 1048:49-63;
PMID:23929097;  http://dx.doi.org/10.1007/978-1-
62703-556-9_5

Murakami CJ, Wall V, Basisty N, Kaeberlein M.
Composition and acidification of the culture medium
influences chronological aging similarly in vineyard
and laboratory yeast. PLoS One 2011; 6:¢24530;
PMID:21949725; http://dx.doi.org/10.1371/journal.
pone.0024530

Wasko BM, Carr DT, Tung H, Doan H, Schurman
N, Neault JR, Feng J, Lee J, Zipkin B, Mouser J, et al.
Buffering the pH of the culture medium does not
extend yeast replicative lifespan. F1000Res 2013;

www.landesbioscience.com

144.

145.

146.

147.

2:216; PMID:24555104; http://dx.doi.org/10.12688/
f1000research.2-216.v1

De Virgilio C. The essence of yeast quiescence. FEMS
Microbiol Rev 2012; 36:306-39; PMID:21658086;
heep://dx.doi.org/10.1111/j.1574-6976.2011.00287.x
Conrad M, Schothorst ], Kankipati HN, Van Zee-
broeck G, Rubio-Texeira M, Thevelein JM. Nutrient
sensing and signaling in the yeast Saccharomyces cere-
FEMS Microbiol Rev 2014; 38:254-99;
http://dx.doi.org/10.1111/1574-

visiae.
PMID:24483210;
6976.12065
Klosinska MM, Crutchfield CA, Bradley PH, Rabino-
witz JD, Broach JR. Yeast cells can access distinct qui-
escent states. Genes Dev 2011; 25:336-49; PMID:
21289062; http://dx.doi.org/10.1101/gad.2011311
Delaney JR, Chou A, Olsen B, Carr D, Murakami C,
Ahmed U, Sim S, An EH, Castanza AS, Fletcher M,

Cell Cycle

148.

149.

150.

et al. End-of-life cell cycle arrest contributes to sto-
chasticity of yeast replicative aging. FEMS Yeast Res
2013; 13:267-76; PMID:23336757; http://dx.doi.
org/10.1111/1567-1364.12030

Sehgal SN. Sirolimus: its discovery, biological proper-
ties, and mechanism of action. Transplant Proc 2003;
35:758-14S;  PMID:12742462;  http://dx.doi.org/
10.1016/S0041-1345(03)00211-2

Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR
is a key modulator of ageing and age-related disease.
Nature 2013; 493:338-45; PMID:23325216; http://
dx.doi.org/10.1038/nature11861

Lefebvre P, Cariou B, Lien F, Kuipers F, Staels B.
Role of bile acids and bile acid receptors in metabolic
regulation.  Physiol ~ Rev ~ 2009;  89:147-91;
PMID:19126757; http://dx.doi.org/10.1152/physrev.
00010.2008

3349



