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Abstract

How do cells age and die? For the past twenty years, the budding yeast, Saccharomyces
cerevisiae, has been used as a model organism to uncover the genes that regulate lifespan and cell
death. More recently, investigators have begun to interrogate the other yeasts, the fission yeast,
Schizosaccharomyces pombe, and the human fungal pathogen, Candida albicans, to determine if
similar longevity and cell death pathways exist in these organisms. After summarizing the
longevity and cell death phenotypes in S. cerevisiae, this mini-review surveys the progress made
in the study of both aging and programmed cell death (PCD) in the yeast models, with a focus on
the biology of S. pombe and C. albicans. Particular emphasis is placed on the similarities and
differences between the two types of aging, replicative aging and chronological aging, and
between the three types of cell death, intrinsic apoptosis, autophagic cell death, and regulated
necrosis, found in these yeasts. The development of the additional microbial models for aging and
PCD in the other yeasts may help further elucidate the mechanisms of longevity and cell death
regulation in eukaryotes.
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Introduction

Over the past fifty years, the yeasts have proved to be superb model systems for eukaryotic
biology that have yielded seminal insights into a diversity of cellular and molecular
processes including cell cycle control, vesicular trafficking, prion biology, and cancer
biology, just to name a few (Botstein & Fink, 1988, Botstein & Fink, 2011). In this mini-
review, we survey the progress made in the study of both aging and programmed cell death
(PCD) in the yeast models. It begins by summarizing the seminal studies performed with the
budding yeast, Saccharomyces cerevisiae, before focusing on the biology of the other yeasts,
the fission yeast, Schizosaccharomyces pombe, and the human fungal pathogen, Candida
albicans. The development of these additional microbial models for aging and PCD may
help further elucidate the mechanisms of longevity and cell death in eukaryotes.
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Background: Aging Studies in Saccharomyces cerevisiae

Recent studies in genetically tractable model systems including yeast demonstrate that
longevity can be modulated by single gene mutations (Jazwinski, 2000, Kenyon, 2001,
Dilova et al., 2007, Longo et al., 2012). In addition to genetic interventions, calorie
restriction (CR) (or dietary restriction) has also been shown to extend life span in a variety
of species, further supporting possible conservation between longevity-regulating pathways
in different species (Weindruch & Walford, 1998). CR has also been reported to delay the
onset or reduce the incidence of many age-associated diseases such as cancer and diabetes
(Weindruch & Walford, 1998, Guarente, 2007). However, the molecular mechanisms
underlying these CR-induced beneficial effects are not fully understood. As more longevity
genes are identified, it is evident that aging is modulated by a complex interplay of multiple
signaling pathways even at the cellular level.

Owing to the short life span and well-established molecular genetic techniques, the budding
yeast Saccharomyces cerevisiae has been the most popular yeast model to identify new
components in the longevity regulating pathways and to study these factors at the molecular/
genetic level. Yeast life span can be studied in two distinct ways: replicative lifespan (RLS)
and chronological lifespan (CLS). RLS measures the number of cell divisions an individual
yeast cell undergoes before senescence, i.e., its division potential (Mortimer & Johnston,
1959), whereas CLS measures the length of time cells remains viable at a non-dividing state,
i.e., its post-mitotic survival (Fabrizio & Longo, 2003, Longo & Fabrizio, 2012). The
mother-daughter cell asymmetry in S. cerevisiae can be easily observed under the
microscope, allowing development of the replicative lifespan (RLS) assay (Mortimer &
Johnston, 1959). Thus far, budding yeast remains the most efficient model for RLS studies.
On the other hand, CLS studies are commonly adopted in other yeast models since CLS can
be readily determined by monitoring the viability of non-dividing stationary phase yeast
cells over time (Fabrizio & Longo, 2003, Chen & Runge, 2009, Roux et al., 2010, Longo &
Fabrizio, 2012). Although RLS and CLS are addressing two very different forms of
longevity, many longevity factors appeared to regulate both CLS and RLS.

Budding yeast has also been a popular model for studying the mechanisms of calorie
restriction (CR) induced life span extension. In yeast, moderate CR can be imposed on cells
by reducing the glucose concentrations in rich media from 2% to 0.5% (Lin et al., 2000,
Easlon et al., 2008, Wei et al., 2008). Under this CR condition, the growth rate remains
robust and both RLS and CLS are extended. Variations in CR protocols have also been
described in which limitation of amino acids and/or further reduction in carbon sources are
employed (Jiang et al., 2000, Kaeberlein et al., 2005, Fabrizio & Longo, 2007, Longo &
Fabrizio, 2012). In yeast, moderate CR is suggested to function through reducing the
activities of conserved nutrient-sensing pathways to extend life span. Decreasing the activity
of the Ras-cCAMP/PKA (cyclic-AMP activated protein kinase A) pathway, which regulates
cell growth and stress response, extends life span (Lin et al., 2000, Fabrizio et al., 2001).
Deleting the nutrient responsive Sch9 (homolog of mammalian S6K kinases) and Torl
kinases also promotes longevity (Fabrizio et al., 2001, Longo, 2003, Kaeberlein et al.,
2005). Both torle and sch9« mutants have been suggested to be genetic mimics of CR
(Fabrizio et al., 2001, Kaeberlein et al., 2005).

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.
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In addition to components of the nutrient sensing pathways, other longevity factors (which
affect either RLS or CLS or both) have also been identified in the budding yeast, S.
cerevisiae, some of which have been linked to CR. These factors include proteins that
modulate mitochondrial function (Barros et al., 2004, Bonawitz et al., 2007, Scheckhuber et
al., 2007, Veatch et al., 2009, Ocampo et al., 2012, Erjavec et al., 2013), stress response/
hormesis/mitohormesis (Bonawitz et al., 2007, Mesquita et al., 2010, Li et al., 2011, Pan,
2011, Pan et al., 2011, Longo & Fabrizio, 2012, Ocampo et al., 2012), activity of the NAD*-
dependent deacetylase Sir2 family (Imai & Guarente, 2010, Lu & Lin, 2010), partitioning of
damaged proteins (Erjavec et al., 2007, Erjavec & Nystrom, 2007), genome stability
(Weinberger et al., 2007, Andersen et al., 2008, Unal et al., 2011), homeostasis of NAD™*
and other metabolic factors (Lin et al., 2000, Anderson et al., 2002, Belenky et al., 2007, Lu
& Lin, 2010, Matecic et al., 2010), vacuolar function (Fabrizio et al., 2010, Hughes &
Gottschling, 2012), ribosome biogenesis (Steffen et al., 2012), cell hypertrophy (Bilinski &
Bartosz, 2006, Yang et al., 2011, Bilinski et al., 2012), and regulation of proteostasis
(Delaney et al., 2013, Schleit et al., 2013), etc. In addition, acetic acid has been suggested to
be an extracellular mediator of chronological aging (Burtner et al., 2009). pH neutralization
was shown to offset acetic acid induced toxicity and protect CLS (and RLS) (Burtner et al.,
2009, Murakami et al., 2011, Murakami et al., 2012). However, other studies also showed
that acetic acid and pH are not the only key determinants of CLS (Longo et al., 2012, Wu et
al., 2013). Overall, the contributions of S. cerevisiae to the studies of aging and CR have
been considerable, and have helped pave the way for further research in metazoans and other
microbial model organisms. However, certain aspects of S. cerevisiae make parallels with
metazoans difficult. The molecular mechanisms underlying the life span extension by these
longevity factors still remain unclear.

Aging Studies in Schizosaccharomyces pombe

Fission yeast S. pombe has been the second most popular microbial aging model. Many
conserved longevity factors originally identified in S. cerevisiae, such as the pro-growth
kinases and Sir2 family, also exist in S. pombe and have been shown to affect cellular life
span. In addition to being a complementary model for S. cerevisiae, several characteristics
of S. pombe make it a unique model for studying certain cellular processes that are
conserved in mammalian cells but are absent or different in S. cerevisiae. For example, the
mRNA splicing and RNA interference machinery are conserved in S. pombe and in the
metazoa but appear to be lost in S. cerevisiae (Aravind et al., 2000, Buhler et al., 2008). In
addition, unlike budding yeast, cell division in S. pombe is morphologically symmetrical
giving rise to two almost indistinguishable daughter cells. It has also been shown that S.
pombe and mammalian cells share a similar mechanism of mitochondrial inheritance
(Chiron et al., 2007). These differences make S. pombe a valuable model for the studying
the mechanisms of cellular aging and CR (Roux et al., 2010).

Replicative life span (RLS) analysis is greatly simplified in S. cerevisiae due to gross
morphological differences between mother and daughter cell (Mortimer & Johnston, 1959).
On the other hand, RLS measurement in S. pombe, whose cell division is morphologically
symmetric, is more complicated. Despite the difficulty, Barker et al were able to
demonstrate that old mother cells become bigger and rounder after four divisions (Barker &

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.
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Walmsley, 1999). Therefore, the RLS of S. pombe can be determined and the average RLS
range between approximately 9-16 divisions depending on the strain background (Barker &
Walmsley, 1999, Erjavec et al., 2008). Interestingly, older S. pombe cells show
asymmetrical partitioning of damaged proteins (Erjavec et al., 2008), a phenomenon that has
also been reported in S. cerevisiae (Aguilaniu et al., 2003). This asymmetrical partitioning
mechanism requires Sir2 and a functional cytoskeleton in both S. pombe and S. cerevisiae
suggesting that Sir2-mediated selective damage partitioning is likely to be a conserved
mechanism (Erjavec et al., 2008). To date, very few studies have focused on the
identification of genes that affect the RLS of S. pombe. The effects of CR upon the RLS of
S. pombe are also unknown. However, the binary fission property of S. pombe is similar to
the mechanisms of mammalian cell division, making it a promising model for studying RLS
for higher eukaryotes.

Chronological life span (CLS) is more thoroughly characterized in fission yeast. Many genes
have been found to extend CLS when deleted or over-expressed (Zuin et al., 2008, Roux et
al., 2010, Chen & Runge, 2012, Ohtsuka et al., 2013). Most of these longevity genes have
homologs in S. cerevisiae, which contribute to the characterization of their roles in S. pombe
CLS. These studies have associated CLS with nutrient signaling (Roux et al., 2006, Ohtsuka
et al., 2008, Chen & Runge, 2009, Roux et al., 2009, Ito et al., 2010), mitochondrial
activity/maintenance (Zuin et al., 2008, Roux et al., 2010, Azuma et al., 2012, Ohtsuka et
al., 2013, Stephan et al., 2013), ROS production/stress resistance (Mutoh & Kitajima, 2007,
Zuin et al., 2010, Ohtsuka et al., 2011, Ohtsuka et al., 2012), proteasome activity/
redistribution, autophagy (Takeda & Yanagida, 2010, Takeda et al., 2010), and vacuolar
function (Stephan et al., 2013). Many of these factors also play a role in low glucose CR-
induced CLS extension (Ohtsuka et al., 2008, Chen & Runge, 2009, Roux et al., 2009, Zuin
etal., 2010, Zuin et al., 2010).

Deletion of the nutrient sensing protein kinase A (Pkal) — which is not lethal in S. pombe
(Roux et al., 2006, Ohtsuka et al., 2008) — or the AKT homologue Sck2p (Roux et al., 20086,
Chen & Runge, 2009) resulted in an increased CLS. Deletions of both Pkal and Sck2
extended CLS longer than either of deletion alone (Roux et al., 2006), suggesting these two
kinases function in complementary or partially overlapping pathways to regulate CLS. In
fact, the pkale mutant showed increased stress resistance but the sck2e mutant did not (Roux
et al., 2006). Another AKT homolog sckl1* appeared to play a minor role in CLS since esckl
only marginally extended CLS, however, the scklesck2e double deletion mutant showed
longer CLS than either of the single mutant (Chen & Runge, 2009). TOR signaling has been
suggested to play a role in S. pombe CLS (Roux et al., 2010). A recent study confirmed that
deletion of the Torl kinase indeed extended CLS (Ohtsuka et al., 2013). Deletion of the Git3
glucose receptor (GPCR) has also been reported to extend CLS, further attesting the role of
glucose signaling in CLS (Roux et al., 2009).

Several factors have been reported to be required for maintaining CLS because deletions of
these genes shorten CLS. Cells lacking lcf1* which encodes a long-chain fatty acyl-CoA
synthetase, showed decreased CLS (Oshiro et al., 2003). Accelerated chronological aging
was also observed in a strain lacking the stress attenuation proteins glutathione (Gsh1) and
copper/zinc cytosolic superoxide dismutase (Sodl), deletion of Sir2 further reduced CLS

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.
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(Mutoh & Kitajima, 2007). This suggests that Sir2 may function in regulating certain aspects
of the stress response, which is important for CLS in S. pombe. Several mutants with defects
in the mitochondrial respiratory chain activity were reported to have decreased CLS (Zuin et
al., 2008). These mutants also showed higher intracellular ROS levels and that their short
CLS can be rescued by supplementing antioxidants to the growth media, suggesting the
short CLS was mainly caused by increased ROS. Another study also showed that
mitochondria are the key sources of ROS production and mitochondrial dysfunction lead to
decreased viability (Takeda & Yanagida, 2010, Takeda et al., 2010). In this study, cells were
induced to quiescence state Gg by nitrogen starvation. Inactivation of the proteasome
activity in Gg results in accumulation of ROS, autophagy-mediated destruction of
mitochondria and rapid loss of viability. This study suggests that proteasome function is
essential for Gg survival and that the degradation of mitochondria (the primary source of
ROS) by autophagy during proteasome dysfunction is a defense mechanism of Gg cells
against ROS accumulation induced toxicity (Takeda & Yanagida, 2010, Takeda et al.,
2010).

Calorie restriction (CR) extends CLS in S. pombe in certain growth media (Chen & Runge,
2009, Roux et al., 2009, Roux et al., 2010, Chen & Runge, 2012). Similar to S. cerevisiae,
the most common CR intervention is to reduce glucose concentration from the standard
concentration of 2% to a lower concentration of 0.5% — 0.05%. This regimen, however, only
works in yeast extract medium (YE) (Roux et al., 2009, Zuin et al., 2010, Zuin et al., 2010)
and synthetic dextrose (SD) medium (Chen & Runge, 2009, Stephan et al., 2013). CR in
synthetic minimal media like EMM or EMM supplemented with complete amino acids
(SDC, synthetic dextrose completed) failed to extend CLS (Chen & Runge, 2009). It was
suggested that in minimal EMM media, cells are already under some form of glucose-
independent CR, and therefore, further reduction of glucose might be detrimental to cells. In
fact, cells grown in EMM showed much longer CLS than cells grown in YE or SD (Chen &
Runge, 2009, Roux et al., 2009). It has also been shown that in S. cerevisiae, CR induced
CLS extension is dependent on specific nutrient composition (Wu et al., 2013). Variations in
CR protocols have also been studied in S. pombe. Shifting stationary phase cells originally
grown in SD medium to sterile water is considered as “severe calorie restriction”, and it
greatly enhanced CLS (Ohtsuka et al., 2009). Cells grown in SDC using glycerol as the sole
carbon source also showed extended CLS (Roux et al., 2009). However, the molecular
mechanisms underling these two extreme yet very robust forms of CR remain unclear.
Studies in glucose reduction-mediated CR have linked CR to the glucose sensing Git3
pathway (Roux et al., 2009). Interestingly, CR appeared to activate respiration, ROS
production and the Styl MAP kinase (Zuin et al., 2010, Zuin et al., 2010). Activation of
Sty1 by CR induces the expression of stress response genes essential for CLS extension.
Sty1 activation is also required for the CLS extension mediated by deleting the two main
nutrient sensing kinases Pkal and Sck2. Deletion of the Styl phosphatase Pypl1, which
resulted in constitutive active Styl, partially rescued the short CLS of a mutant with
hyperactive Pkal (by deleting the Pkal inhibitory subunit Cgsl1) (Zuin et al., 2010). Overall
these studies suggest that nutrient sensing, ROS homeostasis and stress response play
important roles in CR. More detailed studies are required to further delineate the complex
interplay among these factors.

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.
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Genetic screens for novel longevity genes have also been carried out in S. pombe. Ohtsuka et
al. have identified a number of genes that extend CLS when overexpressed (Ohtsuka et al.,
2008, Ohtsuka et al., 2009, Ohtsuka et al., 2011, Ohtsuka et al., 2012, Ohtsuka et al., 2013).
The precise function of these genes in life span regulation remains unclear. A few of these
genes have been further characterized. Overexpression of ecl1* (extender of chronological
life span) appeared to function downstream or in parallel to the Styl MAP kinase pathway
since ecl1* overexpression rescued the short CLS of the style mutant. Ecl1 overexpression
did not further extend the CLS induced by pkale or CR suggesting Ecl1 is associated with
these pathways (Ohtsuka et al., 2008). Similar to CR, Ecl overexpression increased stress
resistance (Ohtsuka et al., 2012), and required functional mitochondria (Azuma et al., 2009)
for CLS extension. Overexpression of Hsf1 (heat shock factor) also extended CLS (Ohtsuka
et al., 2011). Hsf1 appeared to bind to the upstream region of ecl2* upon heat shock. Hsf1
overexpression required functional Ecl2 for CLS extension (Ohtsuka et al., 2011) and Ecl2
overexpression also extend CLS (Ohtsuka et al., 2012), however, the biological function of
Ecl2 remains unclear. Cells overexpressing Ogal exhibited phenotypes mimicking the torle
mutant (such as Caffeine sensitivity and Canavanine resistance), suggesting Ogal may
function in the Torl signaling pathway (Ohtsuka et al., 2013). Another group of genes were
identified in a respiratory deficient mutant induced by expressing a constitutive active form
of the Ga subunit (Gpa2) of GPCR (Roux et al., 2010). Overexpression of these genes not
only rescued the respiration defect of this Gpa2 mutant but could also extend CLS in the
wild type background (Roux et al., 2010). It was suggested that these genes functioned in
Pkal/Sck2/Tor pathways (Roux et al., 2010). Detailed mechanisms remain to be determined.

New methods and tools have recently been developed for CLS studies in S. pombe. A
chemical genetic screen has identified novel anti-aging pathways and chemicals (Stephan et
al., 2013). Using a modified SD based CLS protocol (Roux et al., 2010), which also allows
CR to extend CLS (Chen & Runge, 2009), Stephan et al. developed a 96-well microtiter
plate method to screen 522 natural products. In SD media, S. pombe cells show a uniform
decline of viability until all cells in the culture are dead (Chen & Runge, 2012, Stephan et
al., 2013), and hardly any cells survived beyond day 10 in SD supplemented with 3%
glucose (non-CR condition). This assay represents an efficient and unique platform for
screening genes or chemicals that can extend CLS in a high throughput manner. In S.
cerevisiae, a small fraction of cells always re-grow after most cells die in a CLS assay
culture (Fabrizio et al., 2004). Therefore, long-lived S. cerevisiae cells identified using
similar CLS assay may not indeed have longer CLS, and some of them may simply be better
at scavenging nutrients. In addition, studies in S. cerevisiae showed that certain metabolite
intermediates such as ethanol (Fabrizio et al., 2005) and acetic acid (Burtner et al., 2009), as
well as the buffering capacity of both intracellular and extracellular environment may also
determine CLS (Burtner et al., 2009, Longo et al., 2012, Wu et al., 2013). It is currently
unknown whether these factors also have similar effects on S. pombe life span. Despite these
caveat, Stephan et al. were able to identify nineteen compounds that extended CLS. Among
these, one was wortmannin, a known inhibitor of phosphoinositite 3-kinases and TOR
kinases (Stephan et al., 2013). The TOR kinase inhibitors have been shown to extend life
span in several organisms (Fontana et al., 2010). This study also identified compounds that
increase vacuolar acidification (monensin and nigericin), inhibit mitochondrial fission

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.
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(Prostaglandin J,), inhibit Git3/PKA signaling (Prostaglandin J,) and decrease intracellular
GMP synthesis (mycophenolic acid and acivicin).

In S. cerevisiae, proper vacuolar function has been shown to be essential for maintaining
normal CLS (Fabrizio et al., 2010) and RLS (Hughes & Gottschling, 2012). S. pombe cells
treated with monensin or nigericin showed increased vacuolar acidification and CLS, and
that both effects were abolished by deleting the vacuolar v-ATPase Vmal or Vma3.
Overexpressing Vmal was sufficient to extend CLS and increase vacuolar acidity. Chemical
treatments did not further enhance the phenotypes induced by Vmal overexpression,
suggesting these chemicals likely to extend CLS by maintaining vacuolar pH homeostasis
(Stephan et al., 2013). This result is in line with a recent study in S. cerevisae that Vmal
overexpression can extend the RLS of budding yeast (Hughes & Gottschling, 2012). In this
study, replicatively aged S. cerevisiae mother cells showed increased vacuolar pH and
mitochondrial dysfunction. It was suggested that proper vacuolar pH is required to maintain
mitochondrial membrane potential. One possibility is that is that when vacuolar pH is high
(old cells), proton-facilitated amino acid (and other metabolites) transport into the vacuole is
impaired leading to accumulation of intracellular amino acid (and other metabolites), which
may depolarize mitochondrial membrane via an unknown mechanism (Hughes &
Gottschling, 2012). Another study in S. pombe also supports the importance of intracellular
pH maintenance in cellular life span (Ito et al., 2010). Deleting a P-type proton ATPase
Pmal decreases the export of H* and extends CLS. It would be interesting to determine
whether Pmal deletion extends CLS by maintaining vacuolar acidity and mitochondrial
function in S. pombe.

Decreased mitochondrial fission (by deleting the Dnm1) has been shown to extend both RLS
and CLS in S. cerevisiae (Palermo et al., 2007, Scheckhuber et al., 2007). Impaired
mitochondrial fusion shortens life span in both S. pombe (by deleting Msp1), and S.
cerevisie (by deleting Mgm1) (Scheckhuber et al., 2011, Stephan et al., 2013). However,
unlike studies in budding yeast (Palermo et al., 2007, Scheckhuber et al., 2007), deleting
Dnm1 was not sufficient to extend CLS in S. pombe, suggesting additional factors may play
a more important role in regulating mitochondrial dynamics or CLS. Although the anti-aging
compound prostaglandin J, was able to increase mitochondrial fusion in old S. pombe, its
life span extension effect did not require functional Dnm1 or Mspl. It was suggested that
prostaglandin J, extended life span also by inhibiting the Git3/PKA pathway (Stephan et al.,
2013). Given the connection between vacuolar acidity, mitochondrial function/dynamics and
life span discussed above, it would be very interesting to determine whether the compounds
that affect vacuolar acidity would also affect mitochondrial activity and fission/fusion and
vice versa. Finally, a recent study discussed the construction of a bar-coded DNA insertional
library in S. pombe. This library will allow the isolation of partially inactivated essential
genes and gain-of function mutants, which are not possible using the currently available
deletion collection. Overall, aging studies in S. pombe are promising and have helped
pinpoint the key conserved longevity factors/pathways and define the proper conditions for
CR studies.

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.
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Aging Studies in Candida albicans

Candida albicans is a polymorphic fungus, which has recently been established as a
Crabtree negative microbial model for aging. C. albicans is a prevalent opportunistic fungal
pathogen in humans, and can grow in both budding (single-celled blastospore) form or
filamentous (hyphal) form. This organism is amenable to RLS analysis, and both the single-
celled and filamentous forms have similar RLS of about twenty generations (Fu et al.,
2008). At 30°C, the yeast form of C. albicans proliferates by budding whereas at 37°C-
40°C in response to serum, the yeast form is induced to become filamentous multicellular
hyphae. The switch to filamentous form is irreversible but the hyphal cells can still give rise
to smaller yeast form daughters when they are grown at 30°C. Taking advantage of these
morphological changes, cells of different age (in hyphal form) can be sorted by changing the
growth conditions and repeated cycles of separation of smaller young yeast form daughters
and the old hyphae mothers by centrifugation on a sucrose gradient (Fu et al., 2008).
Similarly to S. cerevisiae, old C. albicans cells appear to accumulate glycogens and
damaged proteins. SIR2 also regulate C. albicans RLS in a dose-dependent manner: deletion
of SIR2 decreases RLS whereas one extra copy of SIR2 extends RLS. Although SIR2
deletion does not cause accumulation of extra chromosomal rDNA circles (a cause of
replicative aging in S. cerevisiae), it helps the retention of oxidatively damaged proteins in
mother cells (Fu et al., 2008). The efficient isolation of old C. albicans cells allows large-
scale biochemical, genomic and proteomic studies and perhaps genetic screens for long-
lived mutants.

It is currently unknown whether CR extends RLS in C. albicans. On the other hand, a recent
study showed that the CLS of C. albicans could be extended by reducing glucose
concentrations from 2% to 0.5% in SC (synthetic glucose) media (Chen et al., 2012).
Interestingly, CR was able to extend the CLS of a respiration deficient goals mutant. It has
been shown that Goal is required for mitochondrial function. In cells lacking Goal, reduced
activities of mitochondrial respiration, membrane potential, electron transport chain complex
I, and ATP production were observed. These factors were suggested to contribute to the
short CLS of the goale mutant (Li et al., 2011). This result seemed to contradict CR studies
in budding and fission yeasts, in which an optimal level of mitochondrial respiration activity
is essential for CR-induced CLS extension (Azuma et al., 2009, Li et al., 2011, Ocampo et
al., 2012). It is noteworthy that C. albicans (and other fungi) have three respiratory
pathways: the classical respiratory pathway, an alternative oxidase (AOX) and parallel
respiratory pathways (PAR) (Li et al., 2011). CR appeared to induce the expression of AOX2
(an alternative oxidase) and a number of stress response genes in the goa3e mutant (deficient
in the classical respiratory activity), which may explain why CR can extend CLS in this
background (Chen et al., 2012). CR also induces alternative carbon metabolism by f-
oxidation leading to more ROS production in the goa3 mutant. In addition, this organism
appears to have an atypical response to glucose concentration: higher concentrations of
glucose increases resistance to certain stresses (Rodaki et al., 2009), whereas restriction of
glucose increases stress resistance in S. cerevisiae (Bonawitz et al., 2007, Wang et al., 2009,
Lietal., 2011, Ocampo et al., 2012) and S. pombe (Roux et al., 2009, Zuin et al., 2010).
Unlike Crabtree positive S. cerevisiae and S. pombe, which prefer to utilize glucose and use
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glucose to repress aerobic respiration, C albicans is a Crabtree negative fungus and prefers
respiration to fermentation even in the presence of glucose. The Crabtree effect (Crabtree,
1929) refers to inhibition of aerobic metabolism when the preferred carbon source, glucose,
is available. This inhibition occurs in the presence or absence of oxygen, and the term is not
specific to yeasts: many mammalian tumor cells also display a Crabtree effect (De Deken,
1966, Golshani-Hebroni & Bessman, 1997). Given the differences in carbon source
utilization preferences and multiple choices of respiration pathways, C. albicans is thus a
good model for providing complimentary comparisons to aging and CR studies in S.
cerevisiae and S. pombe.

Background: Cell Death Studies in Saccharomyces cerevisiae

Defined as any cell death that results from the activation of a genetic program, programmed
cell death (PCD) has recently been classified by the Nomenclature Committee on Cell Death
(NCCD) into twelve different functional categories based on measurable biochemical
features (Kroemer et al., 2009, Galluzzi et al., 2012). Though PCD was first described in
multicellular organisms, there is growing evidence that it is also found in unicellular
organisms including yeast and bacteria (Engelberg-Kulka et al., 2006, Bayles, 2007). Here,
we begin by summarizing the pioneering work done to interrogate cell death in the budding
yeast, Saccharomyces cerevisiae, by focusing on the three primary NCCD categories of cell
death found in this yeast, called intrinsic apoptosis, autophagic cell death, and regulated
Necrosis.

One of the earliest types of cell death described, apoptosis is a form of regulated cell death
that is characterized by distinctive morphological and biochemical changes, including the
production of reactive oxygen species (ROS), the degradation of DNA, and the condensation
and fragmentation of the nucleus (Kerr et al., 1972, Gerschenson & Rotello, 1992). Intrinsic
apoptosis is a cell death process that is mediated by the permeabilization of the
mitochondrial outer membrane and the release of, and often, the relocalization of proteins
normally found in the intermembrane space (Galluzzi et al., 2012). Intrinsic apoptosis is
further differentiated into caspase-dependent and caspase-independent intrinsic apoptosis
based on the extent of cytoprotection conferred by the pharmacological or genetic inhibition
of the caspases, the cysteine proteases that effect cell death in most eukaryaotic cells
(Galluzzi et al., 2012). In mammalian cells, activation of the intrinsic apoptotic program
leads to the destruction of proteins by a caspase-dependent proteolytic cascade and to the
fragmentation of genomic DNA by a mechanism requiring apoptosis-inducing factor (AIF)
and endonuclease G (Ekert & Vaux, 2005).

In yeast, an apoptotic-like phenotype, characterized by the condensation and fragmentation
of DNA, the generation of ROS, and the exposure of phosphatidy! serine, was first observed
in S. cerevisiae (Madeo et al., 1997, Madeo et al., 1999). Since then, numerous external
triggers have been shown to induce apoptosis in budding yeast including hydrogen peroxide,
acetic acid, ethanol, high salt, osmotic stress, lipids, UV irradiation, heat stress, and
numerous heavy metal ions (Carmona-Gutierrez et al., 2010). Internal signals including
ammonia, nitric oxide, and reactive oxygen species, among others, also lead to apoptotic cell
death in this organism (Vachova & Palkova, 2005, Almeida et al., 2007, Perrone et al.,
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2008). Notably, the heterologous expression of the human proapoptotic protein BAX leads
to apoptotic cell death, one which has been linked to endoplasmic reticulum function
(Austriaco, 2012, Cakir, 2012), while conversely, the heterologous expression of the human
antiapoptotic proteins BCL-2, BCL-xL, or BI-1 prevents BAX-induced lethality and
increases the viability of budding yeast cells cultured in H,O, or acetic acid (Eisenberg et
al., 2007, Khoury & Greenwood, 2008, Sano et al., 2012). Both replicative life span (RLS)
and chronological life span (CLS) have also been associated with an apoptotic-like cell
death mechanism accompanied by ROS overproduction, phosphatidylserine externalization,
and DNA fragmentation, suggesting that aging and cell death are linked in S. cerevisiae
(Herker et al., 2004, Fabrizio & Longo, 2008, Laun et al., 2008, Rockenfeller & Madeo,
2008). Finally, like their metazoan counterparts, yeast mitochondria undergo dramatic
organelle fragmentation during programmed cell death, which is accompanied by the
concomitant release of cytochrome-c (Abdelwahid et al., 2011). However, a causal role
linking cytochrome-c release to cell death has not been firmly established in this model
system, though there is a report that the conserved mitochondrial protein AAC/ANT is
required, not only for cytochrome-c release, but also for the cell death induced by acetic
acid.(Manon et al., 1997, Ludovico et al., 2002, Pereira et al., 2010)

Mechanistically, it is clear that caspase-dependent intrinsic apoptosis exists in S. cerevisiae
(Liang et al., 2008, Mazzoni & Falcone, 2008). This yeast has one ortholog of the
mammalian capsases, the metacaspase, Ycalp/Mcalp, which has been linked to numerous
cell death scenarios including, for example, the cell death triggered by oxygen stress,
osmotic stress, viral Killer toxins, chronological aging, or sphingolipid dysregulation (Uren
et al., 2000, Madeo et al., 2002, Mazzoni et al., 2005, Vachova & Palkova, 2007, Wilkinson
& Ramsdale, 2011, Kajiwara et al., 2012, Wong et al., 2012, Shrestha et al., 2013). In one
report, Ycalp was placed in the sphingolipid-induced apoptotic pathway downstream of
both the calcineruin-dependent calcium signaling pathway and the mitochondrial apoptotic
pathway mediated by cytochrome-c (Kajiwara et al., 2012). Significantly, caspase 3-, 6-,
and 8-like activities that do not appear to depend on Ycalp have also been detected in dying
yeast cells, implicating other proteases with caspase-like activity in the cell death response
of S. cerevisiae (Wilkinson & Ramsdale, 2011). One example is the pro-apoptotic protease,
Kex1p, that is essential for hypochlorite-induced apoptosis (Carmona-Gutierrez et al.,
2013).

Caspase-independent intrinsic apoptosis can also occur in this organism (Liang et al., 2008).
Examples include the cell death that occurs during long-term development of yeast
multicellular colonies, and the cell death that results when mutations disrupt the N-
glycosylation that occurs in the endoplasmic reticulum (Vachova & Palkova, 2005,
Hauptmann et al., 2006). Moreover, the cell death that is triggered by the yeast homologs of
mammalian apoptosis inducing factor (AIF) and endonuclease-G (EndoG), called Aiflp and
Nuclp in budding yeast respectively, can occur even in the absence of YCAL (Wissing et al.,
2004, Buttner et al., 2007). Intriguingly, like their mammalian counterparts, both Aiflp and
Nuclp are translocated from the mitochondria to the nucleus during the dying process
(Wissing et al., 2004, Buttner et al., 2007).
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Finally, other homologs of mammalian genes that have been implicated in metazoan
apoptosis have also been identified in budding yeast, including, among others, BIR1 (Walter
et al., 2006), BXI1 (Buttner et al., 2011, Cebulski et al., 2011), ESP1 (Yang et al., 2008),
NMA111 (Belanger et al., 2009), NDI1 (Cui et al., 2012), and SIR2 (Yang et al., 2008). A
functional network linking these genes into interacting molecular pathways that regulate cell
death has begun to emerge (Kazemzadeh et al., 2012) and is being curated by the yeast
apoptosis database, yApoptosis (http://www.sysbio.se/yapoptosis/).

Next, autophagic cell death is cell death that is accompanied by massive cytoplasmic
vacuolization usually indicating an increased autophagic flux (Galluzzi et al., 2012).
Autophagy is a self-degradative process that is involved in removing misfolded proteins,
clearing damaged organelles, and eliminating intracellular pathogens (Glick et al., 2010). It
appears to be responsible for the physiological cell death that occurs during the
developmental program of Drosophila (Denton et al., 2009) and for the death of cancer cells
that lack key apoptotic proteins including BAX, BAK and the caspases (Fazi et al., 2008).
By definition, autophagic cell death can be suppressed by the inhibition of the autophagic
pathway by pharmacological or genetic means (Galluzzi et al., 2012).

In yeast, there are reports that suggest that the loss of the autophagy ATG genes can enhance
the viability of S. cerevisiae cultured in media containing cell death triggers, pointing to the
existence of autophagic cell death in this organism. For example, cells treated with high
concentrations of Zn2* died unless any one of seven autophagy genes was inactivated
(Dziedzic & Caplan, 2011). A similar phenotype was observed in autophagy-deficient atg8e
cells undergoing leucine-but not nitrogen-starvation (Dziedzic & Caplan, 2012). The cell
death associated with the heterologous expression of mammalian BAX in budding yeast has
also been linked to the appearance of autophagic features, though the inactivation of
autophagy did not prevent this BAX-induced cell demise (Kissova et al., 2006).

Finally, necrosis is a form of cell death that until recently had been linked to an accidental
and uncontrolled cell death lacking any of the morphological traits of apoptosis (Walker et
al., 1988). However, it is now clear that regulated necrosis can be triggered by a wide range
of both external and internal stimuli in mammalian cells, especially in those cells whose
caspases are inhibited either by pharmacological or genetic means (Zong & Thompson,
2006, Golstein & Kroemer, 2007, Galluzzi et al., 2012). Mechanistically, execution of
regulated necrosis in these dying mammalian cells is often associated with the activity of the
serine/threonine kinases RIP1 and RIP3 (Galluzzi et al., 2009). Notably, regulated necrosis
in metazoan cells has also been linked to lysosomal rupture (Artal-Sanz et al., 2006, Qin et
al., 2008, Messner et al., 2012, Lima et al., 2013).

In yeast, there are data suggesting that regulated necrosis exists in S. cerevisiae (Eisenberg
et al., 2010). Extrinsic triggers include well-known cell death inducers like H,O, or acetic
acid, which elicit apoptosis at low concentrations but necrosis at higher concentrations, and
less-known molecules like copper and manganese (Madeo et al., 1999, Ludovico et al.,
2001, Liang & Zhou, 2007). Fatty acids and ceramide too stimulate cells to undergo
regulated necrosis (Rockenfeller et al., 2010, Carmona-Gutierrez et al., 2011). Finally, the
heterologous expression of human immunodeficiency virus (HIV-1) protease (Blanco et al.,

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.


http://www.sysbio.se/yapoptosis/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 12

2003), human a-synuclein, a trigger of neurodegeneration in Parkinson’s Disease (Buttner et
al., 2008), and the proteinaceous elicitor harpin (Pss) from Pseudomonas syringae (Sripriya
et al., 2009), also led to regulated necrosis in budding yeast.

Mechanistically, there is no evidence that homologs of the mammalian necrotic effectors,
RIP1 or RIP3, exist in budding yeast. However, it appears that regulated necrosis in budding
yeast involves the lysosome — called the vacuole in yeast — like it does in the metazoa. For
instance, the yeast homolog of the lysosomal endoprotease cathepsin D, called Pep4p in S.
cerevisiae, has both anti-apoptotic and anti-necrotic functions where prolonged
overexpression of the protein extended the chronological lifespan of yeast, specifically by
inhibiting necrosis (Carmona-Gutierrez et al., 2011). More strikingly, Kim et al. have
demonstrated that ER stress in yeast can lead to a necrotic cell death mediated by the
permeabilization of the vacuolar membrane, a process that can be blocked by the action of
calcineurin, a Ca2*-dependent serine/threonine protein phosphatase (Dudgeon et al., 2008,
Kim et al., 2012). Intriguingly, this vacuolar membrane permeabilization (VMP) mechanism
for necrotic cell death — which is reminiscent of the lysosomal rupture observed in the
necrosis-like cell death seen in degenerating neurons — may have evolved in the context of
meiosis and spore development: Undomesticated budding yeast strains execute this mode of
cell death during gametogenesis within the context of a maturing colony to the apparent
benefit of sibling cells (Eastwood et al., 2012). This is one clear instance where programmed
cell death in a unicellular organism is clearly adaptive.

Cell Death Studies in Schizosaccharomyces pombe

There are fewer studies of PCD of the fission yeast, S. pombe, than either of S. cerevisiae or
of C. albicans. To date, of the three primary NCCD categories of cell death found in
budding yeast, only two, intrinsic apoptosis and autophagic cell death — and there is only one
published example of this in the literature — have been described in fission yeast.

The earliest studies of intrinsic apoptosis in fission yeast focused on the heterologous
expression of metazoan pro-apoptotic effectors in this organism. Overproduction of BAX
and BAK led to cell death with some of the classic hallmarks of intrinsic apoptosis including
chromatin condensation and fragmentation, and nuclear blebbing and fragmentation (Ink et
al., 1997, Jurgensmeier et al., 1997, Torgler et al., 1997). A similar apoptotic phenotype
with the additional apoptotic hallmarks of ROS production and an altered mitochondrial
physiology and membrane potential, was observed in fission yeast overexpressing the pro-
apoptotic human immunodeficiency virus type 1 (HIV-1) Vpr protein (Huard et al., 2008).
Inositol starvation, replication stress, and inappropriate mitosis too lead to cell death with
apoptotic features including ROS production, metacaspase activation, DNA breakage,
and/or nuclear fragmentation (Marchetti et al., 2006, Guerin et al., 2008, Guerin et al.,
2009). Lipid-associated apoptosis triggered by the abnormal metabolism of intracellular
lipids has also been described as the onset of DNA fragmentation and phosphatidylserine
externalization in fission yeast (Zhang et al., 2003, Low et al., 2008). Finally, the
chronological aging of fission yeast is accompanied by the production of ROS suggesting
that this dying process, like it does in S. cerevisiae, may involve an apoptotic-like death
mechanism (Roux et al., 2006).
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Mechanistically, the genome of S. pombe encodes a single metacaspase named Pcal, which
when overexpressed, appears to stimulate and not inhibit growth in fission yeast (Lim et al.,
2007). Moreover, its precise function in fission yeast apoptosis remains unclear since
deletion of the gene did not protect cells from H,0O», acetic acid, valproic acid, or
chronological aging, though it was able to protect cells from lipid-induced cell death in
minimal media but not in rich media (Low et al., 2008, Mutoh et al., 2011). Indeed,
overexpression of pcal™ protects cells from the toxicity associated with cadmium
suggesting that it can also act as an anti-apoptotic regulator (Lim et al., 2007). Nonetheless,
the data does suggest that caspase-independent intrinsic apoptosis is the form of apoptosis
that predominates in S. pombe.

Calnexin is an ER transmembrane chaperone that is involved in protein translocation,
protein folding, and the quality control of newly synthesized polypeptides (Rutkevich &
Williams, 2011). In mammalian cells, calnexin-deficient cells are more resistant to ER-stress
associated cell death. Similarly, it appears that calnexin in fission yeast, Cnx1, is linked to
apoptosis. First, it is required for the cell death mediated by the heterologous expression of
mammalian BAK (Torgler et al., 1997). Overexpression of Cnx1 alone causes apoptosis,
which is counteracted by the S. pombe homolog of the human anti-apoptotic protein,
HMGB1 (Guerin et al., 2008). Next, the protein is involved in ER stress associated cell
death (ERSAD): Apoptosis induced by both ER stress and inositol starvation is also
dependent on calnexin. (Guerin et al., 2008, Guerin et al., 2009). The apoptotic cell death
linked to inositol starvation, but not the cell death induced by the overexpression of Cnx1, is
dependent on the metacaspase, Pcal (Guerin et al., 2008, Guerin et al., 2009).

Finally, Rad9 is a component of the Rad9-Hus1-Rad1 complex that functions as a sensor of
DNA damage (Parrilla-Castellar et al., 2004). It belongs to the pro-survival and pro-
apoptotic BH3-only branch of Bcl-2 family of proteins that also include BAD, BID, and
BIM (Giam et al., 2008). Paradoxically, however, overproduction of SpRad9, which is the
fission yeast homolog of human Rad9, can induce apoptosis in human cells that could be
blocked by co-overexpression of the human anti-apoptotic protein, BCL-2 (Komatsu et al.,
2000, Komatsu et al., 2000). Nonetheless, in fission yeast, transcriptional up-regulation of
sprad9™ is correlated with improved viability under nitrogen stress conditions (Kang et al.,
2007). Moreover, it has been implicated in the regulation of lipid-induced cell death in
minimal media (Low et al., 2008).

Finally, as for autophagic cell death, fission yeast cells dying from the overexpression of
mammalian BAX and BAK also display massive cytoplasmic vacuolization that is a feature
of this category of cell death (Ink et al., 1997, Jurgensmeier et al., 1997). However, a
genetic and molecular analysis of the underlying mechanism for this phenomenon has not
yet been done.

Cell Death Studies in Candida albicans

Given its significance as a major opportunistic human pathogen, it is not surprising that the
majority of studies investigating programmed cell death in Candida albicans have focused
on the mechanism of action of present and potential antifungal agents (Ramsdale, 2008, De
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Brucker et al., 2011). They revealed that intrinsic apoptosis exists in C. albicans. However,
examples of autophagic cell death and regulated necrosis — where specific genes
demonstratively regulate the necrosis process — have not yet been confirmed in this yeast.

Like apoptosis in S. cerevisiae, apoptosis in C. albicans is accompanied by the classical
hallmarks of metazoan apoptosis including ROS production, phosphatdylserine
externalization, DNA and nuclear fragmentation, mitochondrial dysfunction, cytochrome ¢
release, and metacaspase activation (Phillips et al., 2003, Ramsdale, 2008, Hao et al., 2013).
In addition to a wide-range of antifungals including, among others, amphotericin B (Phillips
et al., 2003, Al-Dhaheri & Douglas, 2010, Yang et al., 2010), caspofungin (Hao et al.,
2013), coprisin (Lee et al., 2012), medioresinol (Hwang et al., 2012), baicalein (Dai et al.,
2009), miconazole (Vandenbosch et al., 2010), and curcumin (Sharma et al., 2010), other
apoptotic triggers in this yeast include acetic acid, H,O,, plant defensins, polyunsaturated
fatty acids (PUFAs), human lactoferrin, and the quorum sensing molecule, farnesol (Phillips
et al., 2003, Andres et al., 2008, Aerts et al., 2009, Shirtliff et al., 2009, Aerts et al., 2011,
Zhu et al., 2011, Thibane et al., 2012). Intrinsic apoptosis can occur in both the blastospore,
i.e., yeast, and the hyphal forms of this dimorphic yeast, though the hyphal form may be
relatively more resistant to apoptosis than the yeast form (D. Laprade and N. Austriaco,
manuscript in revision). Finally, apoptosis also occurs even when Candida forms biofilms
(Al-Dhaheri & Douglas, 2010, Thibane et al., 2012).

Mechanistically, C. albicans has a single gene encoding a metacaspase, CaMCA1, that is
orthologous to the S. cerevisiae metacaspase, YCAL (Cao et al., 2009). Deletion of CaMCA1
increased the viability of cells cultured in H,O, while simultaneously increasing
intracellular concentrations of trehalose, a disaccharide of glucose that plays a protective
role against oxidative stress, suggesting that CaMcal regulates cell death (Cao et al., 2009).
In contrast, the apoptosis that is induced by the antifungal plant defensing RsAFP2 and the
echinocandin, caspofungin, in Candida does not require this metacaspase (Aerts et al.,
2009). Moreover, Lu et al. have discovered that H,O»-induced apoptosis in Candida is
mediated by a rise in intracellular Ca2* levels that triggers the calcineurin-dependent
calcium signaling pathway to activate CaMcal (Lu et al., 2011). The crucial molecular
chaperone, Hsp90, which had been linked to the calcineurin pathway, also regulates H,0,-
induced apoptosis partially by downregulating the calcineurin-caspase pathway (Dai et al.,
2012). This pathway is reminiscent of the calcineurincaspase pathway described above that
has been linked to sphingolipid-induced apoptosis in S. cerevisiae (Kajiwara et al., 2012).
An independent pathway anchored by the Rasl signal transduction GTPase has also been
implicated in Candida apoptosis (Phillips et al., 2006). Mutations that block this pathway
suppressed or delayed cell demise while mutations that stimulated the pathway accelerated
the rate of entry of cells into apoptosis. It is not clear if this Rasl-dependent pathway is
linked to the calcineurin-caspase pathway associated with HoO»-induced cell death. Finally,
two studies have implicated the bZip transcription factor Capl in baicalein-induced
apoptosis, possibly by regulating the expression of the glutathione reductase gene (GLR1)
and gluthathione content in C. albicans (Dai et al., 2009, Dai et al., 2013).

In sum, the study of Candida programmed cell death is still in its infancy. Given the
apparent similarities between the intrinsic apoptosis of S. cerevisiae and that of C. albicans
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that are emerging, it will be important to determine if the other C. albicans homologs of
metazoan cell death genes have similar functions in this yeast. Moreover, in light of this
yeast’s ability to stochastically switch between two developmental states, white and opaque
(Linetal., 2013, Si et al., 2013), it would be interesting to see if opaque and white cells
have similar or different cell death phenotypes, especially in the context of a biofilm. It
could reveal additional adaptive explanations for the existence of programmed cell death in
unicellular organisms.

Conclusion

Although metazoans are much more complicated than single-celled yeasts, many conserved
intracellular processes in yeast are very similar to that in metazoans at the molecular and/or
cellular level. Many longevity and death-associated factors/pathways are highly conserved
from yeast to mammals, including mitochondrial respiration and dysregulation, Sir2 family
proteins (sirtuins) and caspases, pro-growth TOR and PKA signaling pathways and prodeath
calcium networks, and metabolic pathways such as NAD* biosynthesis. The significance of
some of these longevity and death factors was first recognized in simple model organisms,
which was later found parallel in higher eukaryotes. To date, the detailed mechanisms for
how these longevity and death factors/pathways either extend life span and respond to CR or
mediate cell death in response to both external and internal triggers have remained unclear.
It is not even clear if overlapping molecular mechanisms regulate both longevity and death.
For instance, it would be intriguing to determine if calorie restriction (CR) protects yeast not
only from aging but from programmed cell death more generally. Contradictions also persist
as to whether these factors indeed affect longevity by similar mechanisms in mammals. For
example, whether increased or decreased mitochondrial activity is beneficial to lifespan and
whether mitochondrial respiration and the Sir2 family proteins are major mediators of CR
are still highly debatable (Guarente, 2007, Guarente, 2008, Imai & Guarente, 2010, Someya
et al., 2010, Kanfi et al., 2012, Longo & Fabrizio, 2012, Longo et al., 2012). Much
clarification has yet to be done on the effects of these longevity and death factors on life
span, CR, and PCD. Microbial models such as S. cervisiae, S. pombe, and C. albicans not
only provide a powerful genetic tool for the identification of critical components in these life
and death processes but also serve as a platform for studying these longevity and death
factors at the biochemical/molecular level.

Acknowledgments

We are grateful to the scientists whose work provided the basis for this review, and apologize to our colleagues
whose relevant work was not cited or discussed because of length constraints. The work in our laboratories is
supported by grants from the National Institutes of Health/NIGMS (R01-GM102297 to S. Lin and R15-GM094712
to N. Austriaco), the National Science Foundation (MRI-R2 0959354 to N. Austriaco), and the NIH/Rhode Island
INBRE Program (8 P20 GM103430-12 to N. Austriaco for undergraduate student training).

References

Abdelwahid E, Rolland S, Teng X, Conradt B, Hardwick JM, White K. Mitochondrial involvement in
cell death of non-mammalian eukaryotes. Biochim Biophys Acta. 2011; 1813:597-607. [PubMed:
20950655]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 16

Aerts AM, Bammens L, Govaert G, Carmona-Gutierrez D, Madeo F, Cammue BP, Thevissen K. The
Antifungal Plant Defensin HSAFP1 from Heuchera sanguinea Induces Apoptosis in Candida
albicans. Front Microbiol. 2011; 2:47. [PubMed: 21993350]

Aerts AM, Carmona-Gutierrez D, Lefevre S, Govaert G, Francois |E, Madeo F, Santos R, Cammue
BP, Thevissen K. The antifungal plant defensin RsSAFP2 from radish induces apoptosis in a
metacaspase independent way in Candida albicans. FEBS Lett. 2009; 583:2513-2516. [PubMed:
19596007]

Aguilaniu H, Gustafsson L, Rigoulet M, Nystrom T. Asymmetric inheritance of oxidatively damaged
proteins during cytokinesis. Science. 2003; 299:1751-1753. [PubMed: 12610228]

Al-Dhaheri RS, Douglas LJ. Apoptosis in Candida biofilms exposed to amphotericin B. J Med
Microbiol. 2010; 59:149-157. [PubMed: 19892857]

Almeida B, Buttner S, Ohlmeier S, et al. NO-mediated apoptosis in yeast. J Cell Sci. 2007; 120:3279—
3288. [PubMed: 17726063]

Andersen MP, Nelson ZW, Hetrick ED, Gottschling DE. A genetic screen for increased loss of
heterozygosity in Saccharomyces cerevisiae. Genetics. 2008; 179:1179-1195. [PubMed: 18562670]

Anderson RM, Bitterman KJ, Wood JG, Medvedik O, Cohen H, Lin SS, Manchester JK, Gordon JI,
Sinclair DA. Manipulation of a nuclear NAD+ salvage pathway delays aging without altering
steady-state NAD+ levels. J Biol Chem. 2002; 277:18881-18890. [PubMed: 11884393]

Andres MT, Viejo-Diaz M, Fierro JF. Human lactoferrin induces apoptosis-like cell death in Candida
albicans: critical role of K+-channel-mediated K+ efflux. Antimicrob Agents Chemother. 2008;
52:4081-4088. [PubMed: 18710913]

Aravind L, Watanabe H, Lipman DJ, Koonin EV. Lineage-specific loss and divergence of functionally
linked genes in eukaryotes. Proc Natl Acad Sci U S A. 2000; 97:11319-11324. [PubMed:
11016957]

Artal-Sanz M, Samara C, Syntichaki P, Tavernarakis N. Lysosomal biogenesis and function is critical
for necrotic cell death in Caenorhabditis elegans. J Cell Biol. 2006; 173:231-239. [PubMed:
16636145]

Austriaco N. Endoplasmic reticulum involvement in yeast cell death. Frontiers in oncology. 2012;
2:87. [PubMed: 22876361]

Azuma K, Ohtsuka H, Murakami H, Aiba H. Extension of chronological lifespan by ScEcl1 depends
on mitochondria in Saccharomyces cerevisiae. Biosci Biotechnol Biochem. 2012; 76:1938-1942.
[PubMed: 23047113]

Azuma K, Ohtsuka H, Mita S, Murakami H, Aiba H. ldentification and characterization of an Ecl1-
family gene in Saccharomyces cerevisiae. Biosci Biotechnol Biochem. 2009; 73:2787-2789.
[PubMed: 19966476]

Barker MG, Walmsley RM. Replicative ageing in the fission yeast Schizosaccharomyces pombe.
Yeast. 1999; 15:1511-1518. [PubMed: 10514568]

Barros MH, Bandy B, Tahara EB, Kowaltowski AJ. Higher respiratory activity decreases
mitochondrial reactive oxygen release and increases life span in Saccharomyces cerevisiae. J Biol
Chem. 2004; 279:49883-49888. [PubMed: 15383542]

Bayles KW. The biological role of death and lysis in biofilm development. Nat Rev Microbiol. 2007,
5:721-726. [PubMed: 17694072]

Belanger KD, Walter D, Henderson TA, Yelton AL, O’Brien TG, Belanger KG, Geier SJ, Fahrenkrog
B. Nuclear localisation is crucial for the proapoptotic activity of the HtrA-like serine protease
Nmalllp. J Cell Sci. 2009; 122:3931-3941. [PubMed: 19808885]

Belenky P, Racette FG, Bogan KL, McClure JM, Smith JS, Brenner C. Nicotinamide riboside
promotes Sir2 silencing and extends lifespan via Nrk and Urh1/Pnp1l/Meul pathways to NAD+
Cell. 2007; 129:473-484. [PubMed: 17482543]

Bilinski T, Bartosz G. Hypothesis: cell volume limits cell divisions. Acta Biochim Pol. 2006; 53:833-
835. [PubMed: 17106512]

Bilinski T, Zadrag-Tecza R, Bartosz G. Hypertrophy hypothesis as an alternative explanation of the
phenomenon of replicative aging of yeast. FEMS Yeast Res. 2012; 12:97-101. [PubMed:
22093953]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 17

Blanco R, Carrasco L, Ventoso I. Cell killing by HIV-1 protease. J Biol Chem. 2003; 278:1086-1093.
[PubMed: 12370191]

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; 5:265-277. [PubMed: 17403371]

Botstein D, Fink GR. Yeast: an experimental organism for modern biology. Science. 1988; 240:1439—
1443. [PubMed: 3287619]

Botstein D, Fink GR. Yeast: an experimental organism for 21st Century biology. Genetics. 2011;
189:695-704. [PubMed: 22084421]

Buhler M, Spies N, Bartel DP, Moazed D. TRAMP-mediated RNA surveillance prevents spurious
entry of RNAs into the Schizosaccharomyces pombe siRNA pathway. Nat Struct Mol Biol. 2008;
15:1015-1023. [PubMed: 18776903]

Burtner CR, Murakami CJ, Kennedy BK, Kaeberlein M. A molecular mechanism of chronological
aging in yeast. Cell Cycle. 2009; 8:1256-1270. [PubMed: 19305133]

Buttner S, Eisenberg T, Carmona-Gutierrez D, et al. Endonuclease G regulates budding yeast life and
death. Mol Cell. 2007; 25:233-246. [PubMed: 17244531]

Buttner S, Bitto A, Ring J, et al. Functional mitochondria are required for alpha-synuclein toxicity in
aging yeast. J Biol Chem. 2008; 283:7554-7560. [PubMed: 18192273]

Buttner S, Ruli D, Vogtle FN, et al. A yeast BH3-only protein mediates the mitochondrial pathway of
apoptosis. EMBO J. 2011; 30:2779-2792. [PubMed: 21673659]

Cakir B. Bax induces activation of the unfolded protein response by inducing HAC1 mRNA splicing
in Saccharomyces cerevisiae. Yeast (Chichester, England). 2012; 29:395-406.

Cao Y, Huang S, Dai B, Zhu Z, Lu H, Dong L, Wang Y, Gao P, Chai Y, Jiang Y. Candida albicans
cells lacking CaMCAL1-encoded metacaspase show resistance to oxidative stress-induced death
and change in energy metabolism. Fungal Genet Biol. 2009; 46:183-189. [PubMed: 19049890]

Carmona-Gutierrez D, Eisenberg T, Buttner S, Meisinger C, Kroemer G, Madeo F. Apoptosis in yeast:
triggers, pathways, subroutines. Cell Death Differ. 2010; 17:763-773. [PubMed: 20075938]

Carmona-Gutierrez D, Reisenbichler A, Heimbucher P, et al. Ceramide triggers metacaspase-
independent mitochondrial cell death in yeast. Cell Cycle. 2011; 10:3973-3978. [PubMed:
22071627]

Carmona-Gutierrez D, Alavian-Ghavanini A, Habernig L, et al. The cell death protease Kex1p is
essential for hypochlorite-induced apoptosis in yeast. Cell Cycle. 2013:12. [PubMed: 23255098]

Carmona-Gutierrez D, Bauer MA, Ring J, et al. The propeptide of yeast cathepsin D inhibits
programmed necrosis. Cell Death Dis. 2011; 2:e161. [PubMed: 21593793]

Cebulski J, Malouin J, Pinches N, Cascio V, Austriaco N. Yeast Bax inhibitor, Bxilp, is an ER-
localized protein that links the unfolded protein response and programmed cell death in
Saccharomyces cerevisiae. PLoS One. 2011; 6:€20882. [PubMed: 21673967]

Chen BR, Runge KW. A new Schizosaccharomyces pombe chronological lifespan assay reveals that
caloric restriction promotes efficient cell cycle exit and extends longevity. Exp Gerontol. 2009;
44:493-502. [PubMed: 19409973]

Chen BR, Runge KW. Genetic approaches to aging in budding and fission yeasts: new connections
and new opportunities. Subcell Biochem. 2012; 57:291-314. [PubMed: 22094427]

Chen H, Calderone R, Sun N, Wang Y, Li D. Caloric restriction restores the chronological life span of
the Goal null mutant of Candida albicans in spite of high cell levels of ROS. Fungal Genet Biol.
2012; 49:1023-1032. [PubMed: 23063955]

Chiron S, Gaisne M, Guillou E, Belenguer P, Clark-Walker GD, Bonnefoy N. Studying mitochondria
in an attractive model: Schizosaccharomyces pombe. Methods Mol Biol. 2007; 372:91- 105.
[PubMed: 18314720]

Crabtree HG. Observations on the carbohydrate metabolism of tumours. Biochem J. 1929; 23:536—
545. [PubMed: 16744238]

Cui Y, Zhao S, Wu Z, Dai P, Zhou B. Mitochondrial release of the NADH dehydrogenase Ndil
induces apoptosis in yeast. Mol Biol Cell. 2012; 23:4373-4382. [PubMed: 22993213]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 18

Dai B, Wang Y, Li D, Xu Y, Liang R, Zhao L, Cao Y, Jia J, Jiang Y. Hsp90 is involved in apoptosis of
Candida albicans by regulating the calcineurin-caspase apoptotic pathway. PLoS One. 2012;
7:e45109. [PubMed: 23028789]

Dai BD, Cao YY, Huang S, Xu YG, Gao PH, Wang Y, Jiang Y. Baicalein induces programmed cell
death in Candida albicans. J Microbiol Biotechnol. 2009; 19:803-809. [PubMed: 19734718]

Dai BD, Wang Y, Zhao LX, Li DD, Li MB, Cao YB, Jiang YY. Caplp attenuates the apoptosis of
Candida albicans. FEBS J. 2013; 280:2633-2643. [PubMed: 23517286]

De Brucker K, Cammue BP, Thevissen K. Apoptosis-inducing antifungal peptides and proteins.
Biochem Soc Trans. 2011; 39:1527-1532. [PubMed: 21936846]

De Deken RH. The Crabtree effect: a regulatory system in yeast. J Gen Microbiol. 1966; 44:149-156.
[PubMed: 5969497]

Delaney JR, Ahmed U, Chou A, et al. Stress profiling of longevity mutants identifies Afg3 as a
mitochondrial determinant of cytoplasmic mRNA translation and aging. Aging Cell. 2013;
12:156-166. [PubMed: 23167605]

Denton D, Shravage B, Simin R, Mills K, Berry DL, Baehrecke EH, Kumar S. Autophagy, not
apoptosis, is essential for midgut cell death in Drosophila. Curr Biol. 2009; 19:1741-1746.
[PubMed: 19818615]

Dilova I, Easlon E, Lin SJ. Calorie restriction and the nutrient sensing signaling pathways. Cell Mol
Life Sci. 2007; 64:752—-767. [PubMed: 17260088]

Dudgeon DD, Zhang N, Ositelu OO, Kim H, Cunningham KW. Nonapoptotic death of Saccharomyces
cerevisiae cells that is stimulated by Hsp90 and inhibited by calcineurin and Cmk2 in response to
endoplasmic reticulum stresses. Eukaryot Cell. 2008; 7:2037-2051. [PubMed: 18806210]

Dziedzic SA, Caplan AB. Identification of autophagy genes participating in zinc-induced necrotic cell
death in Saccharomyces cerevisiae. Autophagy. 2011; 7:490-500. [PubMed: 21317551]

Dziedzic SA, Caplan AB. Autophagy proteins play cytoprotective and cytocidal roles in leucine
starvation-induced cell death in Saccharomyces cerevisiae. Autophagy. 2012; 8:731-738.
[PubMed: 22361650]

Easlon E, Tsang F, Skinner C, Wang C, Lin SJ. The malate-aspartate NADH shuttle components are
novel metabolic longevity regulators required for calorie restriction-mediated life span extension
in yeast. Genes Dev. 2008; 22:931-944. [PubMed: 18381895]

Eastwood MD, Cheung SW, Lee KY, Moffat J, Meneghini MD. Developmentally programmed
nuclear destruction during yeast gametogenesis. Dev Cell. 2012; 23:35-44. [PubMed: 22727375]

Eisenberg T, Buttner S, Kroemer G, Madeo F. The mitochondrial pathway in yeast apoptosis.
Apoptosis. 2007; 12:1011-1023. [PubMed: 17453165]

Eisenberg T, Carmona-Gutierrez D, Buttner S, Tavernarakis N, Madeo F. Necrosis in yeast. Apoptosis.
2010; 15:257-268. [PubMed: 20238475]

Ekert PG, Vaux DL. The mitochondrial death squad: hardened killers or innocent bystanders? Curr
Opin Cell Biol. 2005; 17:626-630. [PubMed: 16219456]

Engelberg-Kulka H, Amitai S, Kolodkin-Gal |, Hazan R. Bacterial programmed cell death and
multicellular behavior in bacteria. PLoS Genet. 2006; 2:¢135. [PubMed: 17069462]

Erjavec N, Nystrom T. Sir2p-dependent protein segregation gives rise to a superior reactive oxygen
species management in the progeny of Saccharomyces cerevisiae. Proc Natl Acad Sci U S A.
2007; 104:10877-10881. [PubMed: 17581878]

Erjavec N, Larsson L, Grantham J, Nystrom T. Accelerated aging and failure to segregate damaged
proteins in Sir2 mutants can be suppressed by overproducing the protein aggregation-remodeling
factor Hsp104p. Genes Dev. 2007; 21:2410-2421. [PubMed: 17908928]

Erjavec N, Cvijovic M, Klipp E, Nystrom T. Selective benefits of damage partitioning in unicellular
systems and its effects on aging. Proc Natl Acad Sci U S A. 2008; 105:18764-18769. [PubMed:
19020097]

Erjavec N, Bayot A, Gareil M, Camougrand N, Nystrom T, Friguet B, Bulteau AL. Deletion of the
mitochondrial Pim1/Lon protease in yeast results in accelerated aging and impairment of the
proteasome. Free Radic Biol Med. 2013; 56:9-16. [PubMed: 23220263]

Fabrizio P, Longo VD. The chronological life span of Saccharomyces cerevisiae. Aging Cell. 2003;
2:73-81. [PubMed: 12882320]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 19

Fabrizio P, Longo VVD. The chronological life span of Saccharomyces cerevisiae. Methods Mol Biol.
2007; 371:89-95. [PubMed: 17634576]

Fabrizio P, Longo VVD. Chronological aging-induced apoptosis in yeast. Biochim Biophys Acta. 2008;
1783:1280-1285. [PubMed: 18445486]

Fabrizio P, Pozza F, Pletcher SD, Gendron CM, Longo VD. Regulation of longevity and stress
resistance by Sch9 in yeast. Science. 2001; 292:288-290. [PubMed: 11292860]

Fabrizio P, Gattazzo C, Battistella L, Wei M, Cheng C, McGrew K, Longo VD. Sir2 blocks extreme
life-span extension. Cell. 2005; 123:655-667. [PubMed: 16286010]

Fabrizio P, Hoon S, Shamalnasab M, Galbani A, Wei M, Giaever G, Nislow C, Longo VVD. Genome-
wide screen in Saccharomyces cerevisiae identifies vacuolar protein sorting, autophagy,
biosynthetic, and tRNA methylation genes involved in life span regulation. PLoS Genet. 2010;
6:1001024. [PubMed: 20657825]

Fabrizio P, Battistella L, VVardavas R, Gattazzo C, Liou LL, Diaspro A, Dossen JW, Gralla EB, Longo
VD. Superoxide is a mediator of an altruistic aging program in Saccharomyces cerevisiae. J Cell
Biol. 2004; 166:1055-1067. [PubMed: 15452146]

Fazi B, Bursch W, Fimia GM, Nardacci R, Piacentini M, Di Sano F, Piredda L. Fenretinide induces
autophagic cell death in caspase-defective breast cancer cells. Autophagy. 2008; 4:435-441.
[PubMed: 18259116]

Fontana L, Partridge L, Longo VD. Extending healthy life span--from yeast to humans. Science. 2010;
328:321-326. [PubMed: 20395504]

Fu XH, Meng FL, Hu Y, Zhou JQ. Candida albicans, a distinctive fungal model for cellular aging
study. Aging Cell. 2008; 7:746—757. [PubMed: 18691183]

Galluzzi L, Kepp O, Kroemer G. RIP kinases initiate programmed necrosis. J Mol Cell Biol. 2009;
1:8-10. [PubMed: 19679643]

Galluzzi L, Vitale I, Abrams JM, et al. Molecular definitions of cell death subroutines:
recommendations of the Nomenclature Committee on Cell Death 2012. Cell Death Differ. 2012;
19:107-120. [PubMed: 21760595]

Gerschenson LE, Rotello RJ. Apoptosis: a different type of cell death. FASEB J. 1992; 6:2450-2455.
[PubMed: 1563596]

Giam M, Huang DC, Bouillet P. BH3-only proteins and their roles in programmed cell death.
Oncogene. 2008; 27(Suppl 1):5128-136. [PubMed: 19641498]

Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular mechanisms. J Pathol. 2010;
221:3-12. [PubMed: 20225336]

Golshani-Hebroni SG, Bessman SP. Hexokinase binding to mitochondria: a basis for proliferative
energy metabolism. J Bioenerg Biomembr. 1997; 29:331-338. [PubMed: 9387093]

Golstein P, Kroemer G. Cell death by necrosis: towards a molecular definition. Trends Biochem Sci.
2007; 32:37-43. [PubMed: 17141506]

Guarente L. Sirtuins in aging and disease. Cold Spring Harb Symp Quant Biol. 2007; 72:483-488.
[PubMed: 18419308]

Guarente L. Mitochondria--a nexus for aging, calorie restriction, and sirtuins? Cell. 2008; 132:171—
176. [PubMed: 18243090]

Guerin R, Arseneault G, Dumont S, Rokeach LA. Calnexin is involved in apoptosis induced by
endoplasmic reticulum stress in the fission yeast. Mol Biol Cell. 2008; 19:4404-4420. [PubMed:
18701708]

Guerin R, Beauregard PB, Leroux A, Rokeach LA. Calnexin regulates apoptosis induced by inositol
starvation in fission yeast. PLoS One. 2009; 4:e6244. [PubMed: 19606215]

Hao B, Cheng S, Clancy CJ, Nguyen MH. Caspofungin kills Candida albicans by causing both cellular
apoptosis and necrosis. Antimicrob Agents Chemother. 2013; 57:326-332. [PubMed: 23114781]

Hauptmann P, Riel C, Kunz-Schughart LA, Frohlich KU, Madeo F, Lehle L. Defects in N-
glycosylation induce apoptosis in yeast. Mol Microbiol. 2006; 59:765-778. [PubMed: 16420350]

Herker E, Jungwirth H, Lehmann KA, Maldener C, Frohlich KU, Wissing S, Buttner S, Fehr M,
Sigrist S, Madeo F. Chronological aging leads to apoptosis in yeast. J Cell Biol. 2004; 164:501-
507. [PubMed: 14970189]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 20

Huard S, Chen M, Burdette KE, Fenyvuesvolgyi C, Yu M, Elder RT, Zhao RY. HIV-1 Vpr-induced
cell death in Schizosaccharomyces pombe is reminiscent of apoptosis. Cell Res. 2008; 18:961—
973. [PubMed: 19160543]

Hughes AL, Gottschling DE. An early age increase in vacuolar pH limits mitochondrial function and
lifespan in yeast. Nature. 2012; 492:261-265. [PubMed: 23172144]

Hwang JH, Hwang IS, Liu QH, Woo ER, Lee DG. (+)-Medioresinol leads to intracellular ROS
accumulation and mitochondria-mediated apoptotic cell death in Candida albicans. Biochimie.
2012; 94:1784-1793. [PubMed: 22534194]

Imai S, Guarente L. Ten years of NAD-dependent SIR2 family deacetylases: implications for
metabolic diseases. Trends Pharmacol Sci. 2010; 31:212-220. [PubMed: 20226541]

Ink B, Zornig M, Baum B, Hajibagheri N, James C, Chittenden T, Evan G. Human Bak induces cell
death in Schizosaccharomyces pombe with morphological changes similar to those with apoptosis
in mammalian cells. Mol Cell Biol. 1997; 17:2468-2474. [PubMed: 9111315]

Ito H, Oshiro T, Fujita Y, Kubota S, Naito C, Ohtsuka H, Murakami H, Aiba H. Pmal, a P-type proton
ATPase, is a determinant of chronological life span in fission yeast. J Biol Chem. 2010;
285:34616-34620. [PubMed: 20829365]

Jazwinski SM. Aging and longevity genes. Acta Biochim Pol. 2000; 47:269-279. [PubMed:
11051192]

Jiang JC, Jaruga E, Repnevskaya MV, Jazwinski SM. An intervention resembling caloric restriction
prolongs life span and retards aging in yeast. FASEB J. 2000; 14:2135-2137. [PubMed:
11024000]

Jurgensmeier JM, Krajewski S, Armstrong RC, Wilson GM, Oltersdorf T, Fritz LC, Reed JC, Ottilie S.
Bax-and Bak-induced cell death in the fission yeast Schizosaccharomyces pombe. Mol Biol Cell.
1997; 8:325-339. [PubMed: 9190211]

Kaeberlein M, Hu D, Kerr EO, Tsuchiya M, Westman EA, Dang N, Fields S, Kennedy BK. Increased
life span due to calorie restriction in respiratory-deficient yeast. PLoS Genet. 2005; 1:e69.
[PubMed: 16311627]

Kaeberlein M, Powers RW 3rd, Steffen KK, Westman EA, Hu D, Dang N, Kerr EO, Kirkland KT,
Fields S, Kennedy BK. Regulation of yeast replicative life span by TOR and Sch9 in response to
nutrients. Science. 2005; 310:1193-1196. [PubMed: 16293764]

Kajiwara K, Muneoka T, Watanabe Y, Karashima T, Kitagaki H, Funato K. Perturbation of

sphingolipid metabolism induces endoplasmic reticulum stress-mediated mitochondrial apoptosis
in budding yeast. Mol Microbiol. 2012; 86:1246-1261. [PubMed: 23062268]

Kanfi Y, Naiman S, Amir G, Peshti V, Zinman G, Nahum L, Bar-Joseph Z, Cohen HY. The sirtuin
SIRT6 regulates lifespan in male mice. Nature. 2012; 483:218-221. [PubMed: 22367546]

Kang MH, Park EH, Lim CJ. Protective role and regulation of Rad9 from the fission yeast
Schizosaccharomyces pombe. FEMS Microbiol Lett. 2007; 275:270-277. [PubMed: 17725619]

Kenyon C. A conserved regulatory system for aging. Cell. 2001; 105:165-168. [PubMed: 11336665]

Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with wideranging
implications in tissue kinetics. Br J Cancer. 1972; 26:239-257. [PubMed: 4561027]

Khoury CM, Greenwood MT. The pleiotropic effects of heterologous Bax expression in yeast.
Biochim Biophys Acta. 2008; 1783:1449-1465. [PubMed: 18243144]

Kim H, Kim A, Cunningham KW. Vacuolar H+-ATPase (V-ATPase) promotes vacuolar membrane
permeabilization and nonapoptotic death in stressed yeast. J Biol Chem. 2012; 287:19029-19039.
[PubMed: 22511765]

Kissova I, Plamondon LT, Brisson L, Priault M, Renouf V, Schaeffer J, Camougrand N, Manon S.
Evaluation of the roles of apoptosis, autophagy, and mitophagy in the loss of plating efficiency
induced by Bax expression in yeast. J Biol Chem. 2006; 281:36187-36197. [PubMed: 16990272]

Komatsu K, Hopkins KM, Lieberman HB, Wang H. Schizosaccharomyces pombe Rad9 contains a
BH3-like region and interacts with the anti-apoptotic protein Bcl-2. FEBS Lett. 2000; 481:122—
126. [PubMed: 10996309]

Komatsu K, Miyashita T, Hang H, Hopkins KM, Zheng W, Cuddeback S, Yamada M, Lieberman HB,
Wang HG. Human homologue of S. pombe Rad9 interacts with BCL-2/BCL-xL and promotes
apoptosis. Nat Cell Biol. 2000; 2:1-6. [PubMed: 10620799]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 21

Kroemer G, Galluzzi L, Vandenabeele P, et al. Classification of cell death: recommendations of the
Nomenclature Committee on Cell Death 2009. Cell Death Differ. 2009; 16:3-11. [PubMed:
18846107]

Laun P, Heeren G, Rinnerthaler M, Rid R, Kossler S, Koller L, Breitenbach M. Senescence and
apoptosis in yeast mother cell-specific aging and in higher cells: a short review. Biochim
Biophys Acta. 2008; 1783:1328-1334. [PubMed: 18342634]

Lee J, Hwang JS, Hwang IS, Cho J, Lee E, Kim Y, Lee DG. Coprisin-induced antifungal effects in
Candida albicans correlate with apoptotic mechanisms. Free Radic Biol Med. 2012; 52:2302-
2311. [PubMed: 22542795]

Li B, Skinner C, Castello PR, et al. Identification of potential calorie restriction-mimicking yeast
mutants with increased mitochondrial respiratory chain and nitric oxide levels. J Aging Res.
2011; 2011:673185. [PubMed: 21584246]

Li D, Chen H, Florentino A, Alex D, Sikorski P, Fonzi WA, Calderone R. Enzymatic dysfunction of
mitochondrial complex | of the Candida albicans goal mutant is associated with increased
reactive oxidants and cell death. Eukaryot Cell. 2011; 10:672-682. [PubMed: 21398508]

Liang Q, Zhou B. Copper and manganese induce yeast apoptosis via different pathways. Mol Biol
Cell. 2007; 18:4741-4749. [PubMed: 17881727]

Liang Q, Li W, Zhou B. Caspase-independent apoptosis in yeast. Biochim Biophys Acta. 2008;
1783:1311-1319. [PubMed: 18358844]

Lim HW, Kim SJ, Park EH, Lim CJ. Overexpression of a metacaspase gene stimulates cell growth and
stress response in Schizosaccharomyces pombe. Can J Microbiol. 2007; 53:1016-1023.
[PubMed: 17898859]

Lima H Jr, Jacobson LS, Goldberg MF, Chandran K, Diaz-Griffero F, Lisanti MP, Brojatsch J. Role of
lysosome rupture in controlling NIrp3 signaling and necrotic cell death. Cell Cycle. 2013:12.
[PubMed: 23255098]

Lin CH, Kabrawala S, Fox EP, Nobile CJ, Johnson AD, Bennett RJ. Genetic Control of Conventional
and Pheromone-Stimulated Biofilm Formation in Candida albicans. PLoS Pathog. 2013;
9:21003305. [PubMed: 23637598]

Lin SJ, Defossez PA, Guarente L. Requirement of NAD and SIR2 for life-span extension by calorie
restriction in Saccharomyces cerevisiae. Science. 2000; 289:2126-2128. [PubMed: 11000115]

Longo VD. The Ras and Sch9 pathways regulate stress resistance and longevity. Exp Gerontol. 2003,;
38:807-811. [PubMed: 12855292]

Longo VD, Fabrizio P. Chronological Aging in Saccharomyces cerevisiae. Subcell Biochem. 2012;
57:101-121. [PubMed: 22094419]

Longo VD, Shadel GS, Kaeberlein M, Kennedy B. Replicative and chronological aging in
Saccharomyces cerevisiae. Cell Metab. 2012; 16:18-31. [PubMed: 22768836]

Low CP, Shui G, Liew LP, Buttner S, Madeo F, Dawes IW, Wenk MR, Yang H. Caspase-dependent
and-independent lipotoxic cell-death pathways in fission yeast. J Cell Sci. 2008; 121:2671-2684.
[PubMed: 18653539]

LuH, Zhu Z, Dong L, Jia X, Sun X, Yan L, Chai Y, Jiang Y, Cao Y. Lack of trehalose accelerates
H202-induced Candida albicans apoptosis through regulating Ca2+ signaling pathway and
caspase activity. PLoS One. 2011; 6:15808. [PubMed: 21246042]

Lu SP, Lin SJ. Regulation of yeast sirtuins by NAD(+) metabolism and calorie restriction. Biochim
Biophys Acta. 2010; 1804:1567-1575. [PubMed: 19818879]

Ludovico P, Sousa MJ, Silva MT, Leao C, Corte-Real M. Saccharomyces cerevisiae commits to a
programmed cell death process in response to acetic acid. Microbiology. 2001; 147:2409-2415.
[PubMed: 11535781]

Ludovico P, Rodrigues F, Almeida A, Silva MT, Barrientos A, Corte-Real M. Cytochrome c release
and mitochondria involvement in programmed cell death induced by acetic acid in
Saccharomyeces cerevisiae. Mol Biol Cell. 2002; 13:2598-2606. [PubMed: 12181332]

Madeo F, Frohlich E, Frohlich KU. A yeast mutant showing diagnostic markers of early and late
apoptosis. J Cell Biol. 1997; 139:729-734. [PubMed: 9348289]

Madeo F, Frohlich E, Ligr M, Grey M, Sigrist SJ, Wolf DH, Frohlich KU. Oxygen stress: a regulator
of apoptosis in yeast. J Cell Biol. 1999; 145:757-767. [PubMed: 10330404]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 22

Madeo F, Herker E, Maldener C, et al. A caspase-related protease regulates apoptosis in yeast. Mol
Cell. 2002; 9:911-917. [PubMed: 11983181]

Manon S, Chaudhuri B, Guerin M. Release of cytochrome ¢ and decrease of cytochrome ¢ oxidase in
Bax-expressing yeast cells, and prevention of these effects by coexpression of Bcl-xL. FEBS
Lett. 1997; 415:29-32. [PubMed: 9326363]

Marchetti MA, Weinberger M, Murakami Y, Burhans WC, Huberman JA. Production of reactive
oxygen species in response to replication stress and inappropriate mitosis in fission yeast. J Cell
Sci. 2006; 119:124-131. [PubMed: 16371652]

Matecic M, Smith DL, Pan X, Magani N, Bekiranov S, Boeke JD, Smith JS. A microarray-based
genetic screen for yeast chronological aging factors. PLoS Genet. 2010; 6:¢1000921. [PubMed:
20421943]

Mazzoni C, Falcone C. Caspase-dependent apoptosis in yeast. Biochim Biophys Acta. 2008;
1783:1320-1327. [PubMed: 18355456]

Mazzoni C, Herker E, Palermo V, Jungwirth H, Eisenberg T, Madeo F, Falcone C. Yeast caspase 1
links messenger RNA stability to apoptosis in yeast. EMBO Rep. 2005; 6:1076-1081. [PubMed:
16170310]

Mesquita A, Weinberger M, Silva A, Sampaio-Marques B, Almeida B, Leao C, Costa V, Rodrigues F,
Burhans WC, Ludovico P. Caloric restriction or catalase inactivation extends yeast chronological
lifespan by inducing H202 and superoxide dismutase activity. Proc Natl Acad Sci U S A. 2010;
107:15123-15128. [PubMed: 20696905]

Messner B, Ploner C, Laufer G, Bernhard D. Cadmium activates a programmed, lysosomal membrane
permeabilization-dependent necrosis pathway. Toxicol Lett. 2012; 212:268-275. [PubMed:
22677345]

Mortimer RK, Johnston JR. Life span of individual yeast cells. Nature. 1959; 183:1751-1752.
[PubMed: 13666896]

Murakami C, Delaney JR, Chou A, et al. pH neutralization protects against reduction in replicative
lifespan following chronological aging in yeast. Cell Cycle. 2012; 11:3087-3096. [PubMed:
22871733]

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;
6:224530. [PubMed: 21949725]

Mutoh N, Kitajima S. Accelerated chronological aging of a mutant fission yeast deficient in both
glutathione and superoxide dismutase having cu and zn as cofactors and its enhancement by sir2
deficiency. Biosci Biotechnol Biochem. 2007; 71:2841-2844. [PubMed: 17986764]

Mutoh N, Kitajima S, Ichihara S. Apoptotic cell death in the fission yeast Schizosaccharomyces
pombe induced by valproic acid and its extreme susceptibility to pH change. Biosci Biotechnol
Biochem. 2011; 75:1113-1118. [PubMed: 21670521]

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. [PubMed: 22768839]

Ohtsuka H, Azuma K, Murakami H, Aiba H. hsfl (+) extends chronological lifespan through Ecl1
family genes in fission yeast. Mol Genet Genomics. 2011; 285:67—-77. [PubMed: 21072667]

Ohtsuka H, Ogawa Y, Mizuno H, Mita S, Aiba H. Identification of Ecl family genes that extend
chronological lifespan in fission yeast. Biosci Biotechnol Biochem. 2009; 73:885-889. [PubMed:
19352039]

Ohtsuka H, Mita S, Ogawa Y, Azuma K, Ito H, Aiba H. A novel gene, ecl1(+), extends the
chronological lifespan in fission yeast. FEMS Yeast Res. 2008; 8:520-530. [PubMed: 18422613]

Ohtsuka H, Azuma K, Kubota S, Murakami H, Giga-Hama Y, Tohda H, Aiba H. Chronological
lifespan extension by Ecl1 family proteins depends on Prrl response regulator in fission yeast.
Genes Cells. 2012; 17:39-52. [PubMed: 22212525]

Ohtsuka H, Ogawa S, Kawamura H, Sakai E, Ichinose K, Murakami H, Aiba H. Screening for long-
lived genes identifies Ogal, a guanine-quadruplex associated protein that affects the
chronological lifespan of the fission yeast Schizosaccharomyces pombe. Mol Genet Genomics.
2013

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 23

Oshiro T, Aiba H, Mizuno T. A defect in a fatty acyl-CoA synthetase gene, Icfl+, results in a decrease
in viability after entry into the stationary phase in fission yeast. Mol Genet Genomics. 2003;
269:437-442. [PubMed: 12684881]

Palermo V, Falcone C, Mazzoni C. Apoptosis and aging in mitochondrial morphology mutants of S.
cerevisiae. Folia Microbiol (Praha). 2007; 52:479-483. [PubMed: 18298044]

Pan Y. Mitochondria, reactive oxygen species, and chronological aging: a message from yeast. Exp
Gerontol. 2011; 46:847-852. [PubMed: 21884780]

Pan Y, Schroeder EA, Ocampo A, Barrientos A, Shadel GS. Regulation of yeast chronological life
span by TORC1 via adaptive mitochondrial ROS signaling. Cell Metab. 2011; 13:668-678.
[PubMed: 21641548]

Parrilla-Castellar ER, Arlander SJ, Karnitz L. Dial 9-1-1 for DNA damage: the Rad9-Hus1-Radl
(9-1-1) clamp complex. DNA Repair (Amst). 2004; 3:1009-1014. [PubMed: 15279787]

Pereira C, Chaves S, Alves S, Salin B, Camougrand N, Manon S, Sousa MJ, Corte-Real M.
Mitochondrial degradation in acetic acid-induced yeast apoptosis: the role of Pep4 and the
ADP/ATP carrier. Mol Microbiol. 2010; 76:1398-1410. [PubMed: 20345665]

Perrone GG, Tan SX, Dawes IW. Reactive oxygen species and yeast apoptosis. Biochim Biophys
Acta. 2008; 1783:1354-1368. [PubMed: 18298957]

Phillips AJ, Sudbery I, Ramsdale M. Apoptosis induced by environmental stresses and amphotericin B
in Candida albicans. Proc Natl Acad Sci U S A. 2003; 100:14327-14332. [PubMed: 14623979]

Phillips AJ, Crowe JD, Ramsdale M. Ras pathway signaling accelerates programmed cell death in the
pathogenic fungus Candida albicans. Proc Natl Acad Sci U S A. 2006; 103:726-731. [PubMed:
16407097]

Qin AP, Zhang HL, Qin ZH. Mechanisms of lysosomal proteases participating in cerebral ischemia-
induced neuronal death. Neurosci Bull. 2008; 24:117-123. [PubMed: 18369392]

Ramsdale M. Programmed cell death in pathogenic fungi. Biochim Biophys Acta. 2008; 1783:1369—
1380. [PubMed: 18294459]

Rockenfeller P, Madeo F. Apoptotic death of ageing yeast. Exp Gerontol. 2008; 43:876-881.
[PubMed: 18782613]

Rockenfeller P, Ring J, Muschett V, et al. Fatty acids trigger mitochondrion-dependent necrosis. Cell
Cycle. 2010; 9:2836-2842. [PubMed: 20647757]

Rodaki A, Bohovych IM, Enjalbert B, Young T, Odds FC, Gow NA, Brown AJ. Glucose promotes
stress resistance in the fungal pathogen Candida albicans. Mol Biol Cell. 2009; 20:4845-4855.
[PubMed: 19759180]

Roux AE, Chartrand P, Ferbeyre G, Rokeach LA. Fission yeast and other yeasts as emergent models to
unravel cellular aging in eukaryotes. J Gerontol A Biol Sci Med Sci. 2010; 65:1-8. [PubMed:
19875745]

Roux AE, Quissac A, Chartrand P, Ferbeyre G, Rokeach LA. Regulation of chronological aging in
Schizosaccharomyces pombe by the protein kinases Pkal and Sck2. Aging Cell. 2006; 5:345—
357. [PubMed: 16822282]

Roux AE, Arseneault G, Chartrand P, Ferbeyre G, Rokeach LA. A screen for genes involved in
respiration control and longevity in Schizosaccharomyces pombe. Ann N 'Y Acad Sci. 2010;
1197:19-27. [PubMed: 20536828]

Roux AE, Leroux A, Alaamery MA, Hoffman CS, Chartrand P, Ferbeyre G, Rokeach LA. Pro-aging
effects of glucose signaling through a G protein-coupled glucose receptor in fission yeast. PLoS
Genet. 2009; 5:e1000408. [PubMed: 19266076]

Rutkevich LA, Williams DB. Participation of lectin chaperones and thiol oxidoreductases in protein
folding within the endoplasmic reticulum. Curr Opin Cell Biol. 2011; 23:157-166. [PubMed:
21094034]

Sano R, Hou YC, Hedvat M, et al. Endoplasmic reticulum protein Bl-1 regulates Ca(2)(+)-mediated
bioenergetics to promote autophagy. Genes & development. 2012; 26:1041-1054. [PubMed:
22588718]

Scheckhuber CQ, Wanger RA, Mignat CA, Osiewacz HD. Unopposed mitochondrial fission leads to
severe lifespan shortening. Cell Cycle. 2011; 10:3105-3110. [PubMed: 21912203]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 24

Scheckhuber CQ, Erjavec N, Tinazli A, Hamann A, Nystrom T, Osiewacz HD. Reducing
mitochondrial fission results in increased life span and fitness of two fungal ageing models. Nat
Cell Biol. 2007; 9:99-105. [PubMed: 17173038]

Schleit J, Johnson SC, Bennett CF, et al. Molecular mechanisms underlying genotype-dependent
responses to dietary restriction. Aging Cell. 2013

Sharma M, Manoharlal R, Puri N, Prasad R. Antifungal curcumin induces reactive oxygen species and
triggers an early apoptosis but prevents hyphae development by targeting the global repressor
TUP1 in Candida albicans. Biosci Rep. 2010; 30:391-404. [PubMed: 20017731]

Shirtliff ME, Krom BP, Meijering RA, Peters BM, Zhu J, Scheper MA, Harris ML, Jabra-Rizk MA.
Farnesol-induced apoptosis in Candida albicans. Antimicrob Agents Chemother. 2009; 53:2392-
2401. [PubMed: 19364863]

Shrestha A, Puente LG, Brunette S, Megeney LA. The role of Ycal in proteostasis. Ycal regulates the
composition of the insoluble proteome. J Proteomics. 2013; 81:24-30. [PubMed: 23376483]

Si H, Hernday AD, Hirakawa MP, Johnson AD, Bennett RJ. Candida albicans white and opaque cells
undergo distinct programs of filamentous growth. PLoS Pathog. 2013; 9:¢1003210. [PubMed:
23505370]

Someya S, Yu W, Hallows WC, Xu J, Vann JM, Leeuwenburgh C, Tanokura M, Denu JM, Prolla TA.
Sirt3 mediates reduction of oxidative damage and prevention of age-related hearing loss under
caloric restriction. Cell. 2010; 143:802-812. [PubMed: 21094524]

Sripriya P, Vedantam LV, Podile AR. Involvement of mitochondria and metacaspase elevation in
harpin Pss-induced cell death of Saccharomyces cerevisiae. J Cell Biochem. 2009; 107:1150-
1159. [PubMed: 19507234]

Steffen KK, McCormick MA, Pham KM, MacKay VL, Delaney JR, Murakami CJ, Kaeberlein M,
Kennedy BK. Ribosome deficiency protects against ER stress in Saccharomyces cerevisiae.
Genetics. 2012; 191:107-118. [PubMed: 22377630]

Stephan J, Franke J, Ehrenhofer-Murray AE. Chemical genetic screen in fission yeast reveals roles for
vacuolar acidification, mitochondrial fission, and cellular GMP levels in lifespan extension.
Aging Cell. 2013

Takeda K, Yanagida M. In quiescence of fission yeast, autophagy and the proteasome collaborate for
mitochondrial maintenance and longevity. Autophagy. 2010; 6:564-565. [PubMed: 20418666]

Takeda K, Yoshida T, Kikuchi S, Nagao K, Kokubu A, Pluskal T, Villar-Briones A, Nakamura T,
Yanagida M. Synergistic roles of the proteasome and autophagy for mitochondrial maintenance
and chronological lifespan in fission yeast. Proc Natl Acad Sci U S A. 2010; 107:3540— 3545.
[PubMed: 20133687]

Thibane VS, Ells R, Hugo A, Albertyn J, van Rensburg WJ, Van Wyk PW, Kock JL, Pohl CH.
Polyunsaturated fatty acids cause apoptosis in C. albicans and C. dubliniensis biofilms. Biochim
Biophys Acta. 2012; 1820:1463-1468. [PubMed: 22609876]

Torgler CN, de Tiani M, Raven T, Aubry JP, Brown R, Meldrum E. Expression of bak in S. pombe
results in a lethality mediated through interaction with the calnexin homologue Cnx1. Cell Death
Differ. 1997; 4:263-271. [PubMed: 16465239]

Unal E, Kinde B, Amon A. Gametogenesis eliminates age-induced cellular damage and resets life span
in yeast. Science. 2011; 332:1554-1557. [PubMed: 21700873]

Uren AG, O’Rourke K, Aravind LA, Pisabarro MT, Seshagiri S, Koonin EV, Dixit VM. Identification
of paracaspases and metacaspases: two ancient families of caspase-like proteins, one of which
plays a key role in MALT lymphoma. Mol Cell. 2000; 6:961-967. [PubMed: 11090634]

Vachova L, Palkova Z. Physiological regulation of yeast cell death in multicellular colonies is
triggered by ammonia. J Cell Biol. 2005; 169:711-717. [PubMed: 15939758]

Vachova L, Palkova Z. Caspases in yeast apoptosis-like death: facts and artefacts. FEMS Yeast Res.
2007; 7:12-21. [PubMed: 17311581]

Vandenbosch D, Braeckmans K, Nelis HJ, Coenye T. Fungicidal activity of miconazole against
Candida spp. biofilms. J Antimicrob Chemother. 2010; 65:694—700. [PubMed: 20130024]
Veatch JR, McMurray MA, Nelson ZW, Gottschling DE. Mitochondrial dysfunction leads to nuclear
genome instability via an iron-sulfur cluster defect. Cell. 2009; 137:1247-1258. [PubMed:

19563757]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lin and Austriaco

Page 25

Walker NI, Harmon BV, Gobe GC, Kerr JF. Patterns of cell death. Methods Achiev Exp Pathol. 1988;
13:18-54. [PubMed: 3045494]

Walter D, Wissing S, Madeo F, Fahrenkrog B. The inhibitor-of-apoptosis protein Birlp protects
against apoptosis in S. cerevisiae and is a substrate for the yeast homologue of Omi/HtrA2. J Cell
Sci. 2006; 119:1843-1851. [PubMed: 16608876]

Wang C, Skinner C, Easlon E, Lin SJ. Deleting the 14-3-3 protein Bmh1 extends life span in
Saccharomyces cerevisiae by increasing stress response. Genetics. 2009; 183:1373-1384.
[PubMed: 19805817]

Wei M, Fabrizio P, Hu J, Ge H, Cheng C, Li L, Longo VD. Life span extension by calorie restriction
depends on Rim15 and transcription factors downstream of Ras/PKA, Tor, and Sch9. PLoS
Genet. 2008; 4:e13. [PubMed: 18225956]

Weinberger M, Feng L, Paul A, Smith DL Jr, Hontz RD, Smith JS, Vujcic M, Singh KK, Huberman
JA, Burhans WC. DNA replication stress is a determinant of chronological lifespan in budding
yeast. PLoS One. 2007; 2:e748. [PubMed: 17710147]

Weindruch, W.; Walford, RL. The retardation of aging and diseases by dietary restriction. Charles C.
Thomas; Springfield, Illinois, USA: 1998.

Wilkinson D, Ramsdale M. Proteases and caspase-like activity in the yeast Saccharomyces cerevisiae.
Biochem Soc Trans. 2011; 39:1502-1508. [PubMed: 21936842]

Wissing S, Ludovico P, Herker E, et al. An AIF orthologue regulates apoptosis in yeast. J Cell Biol.
2004; 166:969-974. [PubMed: 15381687]

Wong AH, Yan C, Shi Y. Crystal structure of the yeast metacaspase Ycal. J Biol Chem. 2012;
287:29251-29259. [PubMed: 22761449]

Wu Z, Liu SQ, Huang D. Dietary restriction depends on nutrient composition to extend chronological
lifespan in budding yeast Saccharomyces cerevisiae. PLoS One. 2013; 8:e64448. [PubMed:
23691220]

Yang C, Gong W, Lu J, Zhu X, Qi Q. Antifungal drug susceptibility of oral Candida albicans isolates
may be associated with apoptotic responses to Amphotericin B. J Oral Pathol Med. 2010;
39:182-187. [PubMed: 19656268]

Yang H, Ren Q, Zhang Z. Cleavage of Mcd1 by caspase-like protease Espl promotes apoptosis in
budding yeast. Mol Biol Cell. 2008; 19:2127-2134. [PubMed: 18321989]

Yang J, Dungrawala H, Hua H, Manukyan A, Abraham L, Lane W, Mead H, Wright J, Schneider BL.
Cell size and growth rate are major determinants of replicative lifespan. Cell Cycle. 2011;
10:144-155. [PubMed: 21248481]

Zhang Q, Chieu HK, Low CP, Zhang S, Heng CK, Yang H. Schizosaccharomyces pombe cells
deficient in triacylglycerols synthesis undergo apoptosis upon entry into the stationary phase. J
Biol Chem. 2003; 278:47145-47155. [PubMed: 12963726]

Zhu J, Krom BP, Sanglard D, Intapa C, Dawson CC, Peters BM, Shirtliff ME, Jabra-Rizk MA.
Farnesol-induced apoptosis in Candida albicans is mediated by Cdr1-p extrusion and depletion of
intracellular glutathione. PL0S One. 2011; 6:628830. [PubMed: 22205973]

Zong WX, Thompson CB. Necrotic death as a cell fate. Genes Dev. 2006; 20:1-15. [PubMed:
16391229]

Zuin A, Castellano-Esteve D, Ayte J, Hidalgo E. Living on the edge: stress and activation of stress
responses promote lifespan extension. Aging (Albany NY). 2010; 2:231-237. [PubMed:
20453258]

Zuin A, Carmona M, Morales-lvorra I, Gabrielli N, Vivancos AP, Ayte J, Hidalgo E. Lifespan
extension by calorie restriction relies on the Styl MAP kinase stress pathway. EMBO J. 2010;
29:981-991. [PubMed: 20075862]

Zuin A, Gabrielli N, Calvo IA, Garcia-Santamarina S, Hoe KL, Kim DU, Park HO, Hayles J, Ayte J,
Hidalgo E. Mitochondrial dysfunction increases oxidative stress and decreases chronological life
span in fission yeast. PLoS One. 2008; 3:e2842. [PubMed: 18665268]

FEMS Yeast Res. Author manuscript; available in PMC 2015 February 01.





