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Apoptosis in yeast: triggers, pathways, subroutines

D Carmona-Gutierrez', T Eisenberg', S Biittner', C Meisinger?*, G Kroemer**> and F Madeo*"

A cell’s decision to die is controlled by a sophisticated network whose deregulation contributes to the pathogenesis of multiple
diseases including neoplastic and neurodegenerative disorders. The finding, more than a decade ago, that baker’s yeast
(Saccharomyces cerevisiae) can undergo apoptosis uncovered the possibility to investigate this mode of programmed cell death
(PCD) in a model organism that combines both technical advantages and a eukaryotic ‘cell room.” Since then, numerous
exogenous and endogenous triggers have been found to induce yeast apoptosis and multiple yeast orthologs of crucial
metazoan apoptotic regulators have been identified and characterized at the molecular level. Such apoptosis-relevant orthologs
include proteases such as the yeast caspase as well as several mitochondrial and nuclear proteins that contribute to the
execution of apoptosis in a caspase-independent manner. Additionally, physiological scenarios such as aging and failed mating
have been discovered to trigger apoptosis in yeast, providing a teleological interpretation of PCD affecting a unicellular
organism. Due to its methodological and logistic simplicity, yeast constitutes an ideal model organism that is efficiently helping
to decipher the cell death regulatory network of higher organisms, including the switches between apoptotic, autophagic, and
necrotic pathways of cellular catabolism. Here, we provide an overview of the current knowledge about the apoptotic subroutine

of yeast PCD and its regulation.
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Over the last decades the budding yeast Saccharomyces
cerevisiae has progressively evolved into a preferred
research tool in several areas of cell biology. Its easy handling
and technical tractability resemble those of bacteria, but are
coupled to the functional advantage of yeast being a
eukaryote. It has become apparent that, among other cellular
processes, the apoptotic core machinery is conserved in
yeast to a degree that makes it a suitable model organism to
approach pending questions on human apoptosis and its
deregulation in the context of neoplasia, neurodegenerative
diseases, and aging. At the same time, the existence of a
controlled cell death process such as apoptosis invites the
consideration that other types of programmed cell death
(PCD) processes may be present in yeast, as is the case in
mammals (see Box 1). Since the discovery of yeast apoptosis
in 1997," multiple yeast orthologs of crucial mammalian
apoptotic proteins have been identified, conserved protea-
somal, mitochondrial, and epigenetically regulated cell death
pathways have been outlined, and physiological death
scenarios have been described.? Assays for apoptotic and/
or necrotic cell death, such as clonogenic determination of
viability, accumulation of reactive oxygen species (ROS),
DNA fragmentation, exposition of phosphatidylserine, or cell
integrity assays, are routinely used in the field of yeast

apoptosis. In particular, the use of clonogenic assays allows
precise determination of the number of dead versus live yeast
cells upon an apoptotic insult (Figure 1).

Itis important to underline that it is the combined application
of these assays that accurately determines apoptotic death:
Similar to the situation in mammalian cells, the evaluation of
just one of these methods cannot alone serve to define an
observed death phenotype as ‘apoptosis’. The terminal dUTP
nick-end labeling (TUNEL) test (determining DNA fragmenta-
tion), for instance, has been questioned as a proper apoptotic
marker in the yeast model. It does, at least under specific cell
death conditions, stain positive for single-strand breaks and
not for double-strand breaks, which are normally associated
with apoptosis in mammalian cells.® In addition, DNA
fragmentation has been shown to traverse different phases
that all stain positive for the TUNEL test.* It remains to be
clarified by correlation with other apoptotic and viability assays
whether cells at these various phases (including the early
ones) necessarily undergo apoptotic cell death. Still, the
TUNEL test has proven to be a reliable apoptotic marker
under multiple cell death-inducing conditions, as demon-
strated by correspondence with further apoptotic markers.>
This controversy, therefore, does not invalidate the TUNEL
test. However, it certainly underlines the importance of using
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Box 1 Terminology of yeast cell death. The term ‘yeast apoptosis’ was first used
in 1997 to describe specific morphological changes in yeast upon cell death
induction. Although the legitimacy of this term has been questioned ever since,
several facts have attenuated the initially virulent critique of ‘yeast apoptosis.’ First, a
teleological explanation for the death of a unicellular organism has been provided
(see introduction and Figure 2). Second, the expression ‘apoptosis’ for the death of
mammalian cells relies on merely morphological features of cell death, such as the
reduction of cellular volume (pyknosis), chromatin condensation, or nuclear
fragmentation (karyorrhexis). As recently recommended by the Nomenclature
Committee on Cell Death,® the term ‘apoptosis’ should be applied to cell death
events that take place while displaying several of these morphological features.
Thus, if this morphological definition is applied beyond the frontiers of the animal
kingdom, it is undeniable that yeast cells do frequently succumb to apoptosis.

In this context, it is indispensable to emphasize that PCD describes a highly
heterogeneous process regulated by distinct (although sometimes partially
overlapping) subroutines. In mammals, these specific mechanisms include
programmed necrosis (not to be confused with accidental cell death or ‘classical
necrosis’), apoptosis, and autophagic cell death, according to their etiology or
morphology. The discovery of yeast apoptosis and its high degree of functional
conservation allows the investigation of this kind of PCD in yeast, and also opens
doors to the concept that other forms of PCD may regulate yeast cell death. In fact,
programmed necrosis has recently been described as an active regulatory
mechanism during chronological aging in yeast” Regarding the scientific
correctness and the applicability of the yeast cell death system to higher
eukaryotes, it is, hence, imperative to precisely define the phenotypic results and
distinguish between possible different cell death modalities, especially in certain
scenarios where separate executioner cascades may be activated simultaneously.
For the accuracy of the term ‘yeast apoptosis,’ it is, thus, crucial to keep in mind
that apoptosis is not a synonym for PCD, but rather an individual subroutine within
the PCD machinery.

different assays in each specific scenario tested to carefully
determine the actual mode of death. In addition to the classical
assays, new markers for necrosis, such as nuclear release of
the yeast HMGB1 (Nhp6Ap), a non-histone chromatin protein,
or complete disintegration of subcellular structures deter-
mined by electron microscopy, are currently being established
and will help to better distinguish between apoptotic and
necrotic death.”

Although being the most extensively studied one,
S. cerevisiae is not the only unicellular organism that can
exhibit typical markers of apoptosis. In fact, apoptosis has
been described for other model organisms such as the yeast
Schizosaccharomyces pombe or the slime mold Dictyoste-
lium discoideum, as well as for a number of pathogenic fungi
and protozoan parasites.? Thus, the teleological question
arises why a unicellular organism should have developed and
conserved a suicide program during evolution in a context in
which the demise of a single cell can be viewed as the death of
the organism. However, this is only true from a classical point
of view: in fact, conceiving why yeast apoptosis follows the
same physiological purpose known for multicellular organ-
isms, namely eliminating superfluous cells, demands a
conceptual change. Yeast populations should not be inter-
preted just as a group of partitioned unicellular organisms that
do not communicate among each other, but rather as a
multicellular community of interacting individuals. Under
certain circumstances, the death of a single cell might be
beneficial for the whole population, thus promoting the
survival of the clone. Several physiological scenarios in which
altruistic death of single cells promotes survival of the
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population as a whole support this idea.® For example, during
aging or development of multicellular colonies, where death of
older and damaged cells preserves vanishing resources;
thereby, dead cells release nutrients, differentiation mole-
cules, and as yet unidentified pro-survival factors that can be
metabolized and stimulate the survival of younger and fitter
cells.**~'" |n addition, increased ROS production accompa-
nying enhanced cell death raises the probability of somatic
mutations in the rest of the population and, thus, generation of
genetic variants that can adapt to continuously changing
conditions. In fact, regrowth of a subpopulation of better-
adapted mutants has been shown to partly depend on the
superoxide levels.® Coupling cell death control to the process
of aging limits single cell longevity, thus avoiding the
maintenance of ancient genetic variants within the population
and hindering genetic conservatism. During failed mating,
mating-type pheromones trigger cell death to clean the culture
from infertile or otherwise damaged haploid cells, thus
guaranteeing the adaptive benefit of the diploid state, which
allows meiotic recombination and the resulting genetic
diversity.'? However, apoptosis can also occur during meiosis
of diploid cells, which might ensure that only gene-
tic recombinants that are adapted to their surroundings
survive.'®'* Apoptosis resulting from these different physio-
logical scenarios (Figure 2) ameliorates the long-term survival
of the population and, consequently, increases the chances of
spreading of the clone.

Yeast apoptosis and the aforementioned teleological
explanation for its existence underscore the evolutional
advantage of such an orchestrated suicide program. Indeed,
a glance at the conservation of this process reveals that
various forms of PCD are known to be present in a wide range
of phylogenetically diverging branches of the evolutionary
tree. This functional conservation reaches back to worms
such as Caenorhabditis elegans (emerged 700 million years
ago),'® the plant kingdom (1 billion years),'® unicellular
eukaryotes (1-2 billion years),? and even bacteria (4 billion
years).'” Thus, evolution seems to persistently select cellular
self-destruction mechanisms, which over time have been
harnessed and refined with the growing complexity of
organisms. Death regulation as an integral part of cellular
organization has, hence, contributed to the propagation of life
in the course of natural history. This has not only happened via
cooperation of single cells in multicellular communities, but
also through intercellular and inter-clonal competition. For
instance, single yeast cells can undergo cooperative altruistic
cell death for the benefit of their population (see above), but
can also be subject to the hijack of their own cell death
program by competing with yeast strains that produce and
secrete virus-encoded killer toxins, '® possibly in their fight for
nutrients. Of note, such a hijack of yeast cell death programs
has been shown to occur as a form of plant and animal
defense against pathogenic fungi.'®2° Figure 2 summarizes
different natural scenarios activating yeast apoptosis, which
may lead to either long-term survival of the clone or to
externally triggered death as a consequence of antifungal
defense or inter-fungal competition.

This paper primarily attempts to summarize our current
knowledge of the different triggers of yeast apoptosis as well
as of the molecular players involved in the apoptotic
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Figure 1 Assays routinely used in the field of yeast PCD. Co-staining of annexin-V (AnnV) and propidium iodide (P!) allows discrimination between early apoptotic cells
exhibiting phosphatidylserine (PS) externalization (AnnV ™, PI7), cells showing ruptured plasma membrane indicative of primary necrosis (AnnV—, PI*), and late apoptotic/
secondary necrotic cells, which show both PS exposition and membrane permeability (AnnV ™, P17). While apoptotic DNA fragmentation is measured using the TUNEL test,
generation of ROS is usually assessed using dihydroethidium (DHE), where the superoxide-driven conversion of non-fluorescent DHE into fluorescent ethidium (DHE — Eth)
can be monitored in an automated assay. In all cases, stained cells are commonly visualized with a microscope and quantified by cytofluorometry. In addition, nuclear
fragmentation and chromatin condensation can be observed upon DAPI staining. An important advantage of yeast is the possibility to easily evaluate actual cell death rates by
using clonogenic assays, in which a fixed amount of cells is plated and their ability to form a colony is determined. As only viable cells will form a colony, precise quantification of

the amount of dead versus living cells is possible

self-execution of yeast cells. At the same time it sheds light on
the mounting evidence pointing toward the existence of other
PCD subroutines such as programmed necrosis.

Triggering Yeast Apoptosis

Numerous stimuli can induce yeast apoptosis. Such stimuli
can be provided externally in the form of chemical or
physical stress, via heterologous expression of human
proapoptotic proteins (exogenous triggers) or by the yeast
cells themselves, as part of lethal signal transduction
pathways (endogenous triggers).

The exogenous triggers hydrogen peroxide and acetic
acid. The first proof of ROS being key regulators of yeast
apoptosis (see below) arose from experiments involving
treatment of S. cerevisiae with low doses of hydrogen
peroxide (H2O,). Whereas high doses of H,O, lead to a
necrotic phenotype, low doses induce apoptosis.2! Several
molecular factors are involved in this process, including the
yeast caspase YCA7*? and the apoptosis-inducing factor-1
(AIF1).% Consistently, knockout of either YCAT? or AIF1
increases resistance to H>,O,. Similarly, deletion of RHO5, a
small GTPase with a Ras-like effector region, leads to
reduced cell death upon H,O, induction. Interestingly, Rho5p
interacts with the thioredoxin reductase Trr1p, a key component
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Figure 2 Physiological scenarios of yeast apoptosis. A wild-type yeast population promotes its own long-term survival and spreading of the clone by eliminating infertile or
otherwise damaged cells (failed mating), or genetic recombinants not adapted to the surroundings (meiosis and sporulation). In addition, death of old cells within the colony
center feeds the young cells at the colony margin (colony differentiation). The death of chronologically old cells preserves resources, releases nutrients, and allows adaptive
regrowth (chronological aging), whereas replicatively old cells die for the good of young cells, which inherit the undamaged cellular material upon cellular division (replicative
aging). However, death in the population may also be triggered by toxins from either non-clonal enemy strains in competition for nutrients (killer strain attack), or higher
eukaryotes in their defense against pathogenic fungi (plant or animal attack). In these cases of external cell death induction, the endogenous apoptotic machinery is hijacked

of the cytoplasmic thioredoxin antioxidant system.2® Thus, one
may suspect Rho5p, being a transmitter of H>O»-induced cell
death signals, and Trrip, being a major element in the
regulation of redox homeostasis, to act in an antagonistic
manner under oxidative stress.

Acetic acid represents another compound commonly used
to induce yeast apoptosis.2*2® Treatment of yeast cells with
acetic acid leads to mitochondrial cytochrome crelease®® and
depends on the presence of the yeast orthologs of adenine
nucleotide translocator, a protein involved in the proapoptotic
mitochondrial outer membrane permeabilization through the
so-called permeability transition pore (PTP).?” Disruption of
cytochrome c¢ partially prevents acetic acid-induced cell
death, which is linked to enhanced mitochondrial membrane
potential and loss of cytochrome ¢ oxidase activity.2®
Consistently, p° cells, which lack mitochondrial DNA and,
hence, are respiration-deficient, display resistance against
acetic acid-induced cell death.?®

Recent studies have elucidated further details on acetic
acid-induced apoptosis, including requirement of temporary
activation of the proteasome,?® which suggests the existence
of a cross-talk between the antioxidant and the proteolytic
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systems. A recent report sheds light on a possible role of
acetic acid in the regulation of chronological aging via extrinsic
acidification of the culture medium. Consistently, long-lived
yeast mutants such as sch9 or ras2 are highly resistant to cell
death induction by acetic acid.?® Interestingly, the signaling
of acetic acid-induced apoptosis is linked to amino-acid
metabolism as well as the TOR pathway, which both connect
the nutritional situation of the cell to the aging process
(see below).%°

Further external triggers: from metals to drugs. A variety
of additional agents have been reported to induce an
apoptotic phenotype in yeast. These include ethanol,
hypochlorous acid (HOCI), high salt (NaCl), UV irradiation,
or heat stress.? Several compounds, which normally
constitute nutrients or oligo-elements, can trigger apoptosis
when they are applied at supraphysiological, toxic con-
centrations. This applies to glucose, sorbitol (hyper-osmotic
stress), copper, manganese, and iron.? Interestingly, iron-
induced yeast death might involve Iscip, a neutral
sphingomyelinase that can be activated by cardiolipin and
is involved in the biosynthesis of ceramide.®' In fact,



mounting evidence points toward an important role of
ceramide in yeast cell death, exemplifying lipotoxicity as
an emerging research area.®® For instance, only recently was
exogenous administration of unsaturated fatty acids in the
absence of neutral lipids characterized to mediate apoptosis
in yeast in a manner depending on the degree of
unsaturation.®* The possibility to study lipotoxic death in yeast
allows exploring the mechanisms governing cellular lethality
upon lipid imbalance, which commonly occurs in association
with obesity and probably influences many of the effects, such
as diabetes and atherosclerosis, that are linked to it.

Different heavy metals have also been related to yeast cell
death. The lethal action of cadmium depends on the yeast
caspase Ycalp and glutathione synthesis.®® Another metal
associated with yeast apoptosis is calcium. Its cytosolic
concentration rises following amiodarone (an antiarrhythmic drug)
or o-factor-induced apoptosis, eventually leading to mitochondrial
fragmentation in a process that depends on the yeast suicide
protein Ysp1p.®® An additional link between yeast death and
Ca?" is mediated by the calcineurin/calmodulin system, which is
connected to ER stress regulation.?”

In nature, the functional potential of yeast undergoing
apoptosis is hijacked for different purposes (see Figure 2). For
instance, the toxins ricin and osmotin are produced by plants
to trigger apoptosis in pathogenic fungi. Osmotin functions by
activating the Ras pathway of apoptosis via the receptor-
like polypeptide Pho36p, a homolog of the mammalian
adiponectin receptor.®® Amphibians have also developed
mechanisms to prevent the invasion of fungal pathogens:
amphibian-derived peptides from the dermaseptin family
can induce Aifip-dependent but Ycalp-independent yeast
apoptosis.’® Furthermore, so-called yeast ‘killer strains’
express virus-encoded toxins that induce Ycalp-mediated
apoptosis in other yeast cells that are present in the same
niche and compete for resources.'®

Various pharmacological agents can induce yeast
apoptosis. This applies to aspirin; the anti-mitotic, micro-
tubule-stabilizing agent paclitaxel; the antitumor synthetic lipid
edelfosine; the antileukemic agent arsenic, whose action
depends on the mitochondrial translocase TIM18; and the
antibiotic bleomycin, which is also used in cancer therapy.®®
Moreover, low doses of valproic acid, an inhibitor of histone
deacetylases (HDACs) in mammalian cells, which displays
antitumor activity and is extensively used to treat neuropsy-
chiatric disorders, induces YCA 1-dependent yeast apoptosis,®
which is prevented upon deletion of the HDAC SIR2.*°
Treatment of yeast cells with amiodarone also triggers yeast
cell death, in this case via the mitochondrial pathway and
preceded by a Ca®* boost.®® The transcriptional response of
yeast cells to amiodarone treatment includes two signatures:
one that resembles a Ca®™ stress response that is accom-
panied by downregulation of genes involved in all stages of
cell-cycle control, and another that is Ca2+-independent and
affects nutrient-responsive genes.*! Diverse other antitumor
agents, such as 5-fluorouracil or coumarin, shown to be
cytotoxic for yeast,®® need further investigation regarding the
induced mode of cell death in order to establish a possible link
to apoptosis. Finally, a series of antifungal drugs have been
related to yeast apoptosis, including the antifungal antibiotic
pradimicin or the metal cation chelator ciclopirox olamine.*®
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Pheromones: natural triggers of yeast apoptosis. Exposure
of haploid cells to low doses of their corresponding mating
pheromone causes apoptosis in the context of unsuccessful
mating or when suitable mating partners are absent. Interaction
of the pheromone with its receptor (Ste2p or Ste3p) results in
activation of the MAP kinase-signaling cascade (which involves
the key kinase Ste20p), subsequent increase of intracellular
Ca?*, and a rise in mitochondrial activity, followed by
cytochrome ¢ release and apoptosis.’>®® In contrast, death
caused by elevated concentrations of pheromone lacks certain
hallmarks of apoptosis.*? Of note, sporulation following meiosis
of diploid cells is coupled to apoptosis as well.' Interestingly,
both apoptosis and meiosis in yeast have been demonstrated to
involve H2B phosphorylation.® It is, thus, conceivable that such
phosphorylation marks in the chromatin structure regulate the
cell’'s decision to succumb to cell death or enter the sporulation
process.

Heterologous expression of human proapoptotic
proteins. Heterologous expression of the human key
apoptotic inducer Bax in yeast leads to apoptotic cell death
accompanied by cytochrome c¢ release.*® Conversely,
heterologous expression of Bcl-2 or Bcl-xL prevents
Bax-induced lethality and improves resistance to H,O, and
acetic acid.*® Bcl-2 expression can also reduce mutation
frequency and extend the chronological life span in yeast.**
These data suggest that specific, regulated action of Bax
rather than an uncontrolled effect mediated by the toxic
action of an overexpressed xenogenic protein (such as
unspecific pore formation), induces yeast apoptosis.
However, the contribution of the yeast PTP complex or
mitochondrial respiration to Bax-induced cell death still
remains a matter of debate.*®

It has been shown that heterologous expression of
a-synuclein (a-syn), an intracellular trigger of Parkinson’s
disease, has detrimental effects on yeast cells and induces
apoptosis.*® During chronological aging (the prolonged
culture of yeast cells in a confined environment), «-syn
decreases the life span and increases the frequency of
apoptotic and necrotic events.*® Intriguingly, this effect is
abrogated in cells lacking mitochondrial DNA (p° cells),
revealing a strict requirement of functional mitochondria for
a-syn toxicity.*® These results underscore the possibility to
use yeast as a model organism for a-synucleinopathies
(e.g. Parkinson’s Disease) and similar pathologies such as
polyglutamine diseases (e.g. Huntington’s Disease).*”*®

Endogenous triggers: mutations and aging. Defects in
several cellular processes such as N-glycosylation,
chromatid cohesion, mMRNA stability, and ubiquitination can
trigger cell death in yeast.2*°~®! Moreover, DNA damage and
replication failure can stimulate the activation of yeast cell
death programs;>? oxygen metabolism and ROS generation
are thereby major causes of DNA damages. In yeast, several
players involved in DNA-damage-regulated apoptosis have
been found, including tRNA methyltransferase-9, which acts
as a tRNA modifier that positively regulates the expression
levels of major DNA-damage-response proteins,>® or the
peroxiredoxin Tsa1lp, identified as a key peroxidase able to
suppress genome instability.>*
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Genomic instability, which contributes to aging in all
eukaryotes, is intimately related to replication stress, which
in yeast affects both chronological and replicative aging.
Yeast replicative aging defines the number of divisions an
individual mother cell undergoes before dying and provides a
model for the aging of proliferating cells, especially asymme-
trically dividing stem cells. Division of yeast cells occurs in an
asymmetrical manner (including the asymmetrical distribution
of mitochondria), resulting in one daughter cell, which
acquires undamaged cellular material and, hence, is reset to
a status of youth, and one mother cell, which is characterized
by a remaining bud scar, and retains the damaged contents of
the progenitor cell, thus growing one division step older. After
several division cycles, the replicatively aged mother cell
eventually undergoes cell death that is accompanied by
typical apoptotic markers such as ROS overproduction, phos-
phatidylserine externalization, and DNA fragmentation,'" thus
eliminating damaged cellular material from the population.

Chronological aging of yeast serves as a model for aging of
human post-mitotic cells. The chronological life span repre-
sents the time a culture remains viable in the post-diauxic and
stationary phase. Under these conditions of restricted nutrient
availability, unfit cells undergo apoptosis in order to avoid
wasting nutrients and by their death to release nutrients for the
benefit of younger and fitter cells. Thus, survival of the
population is promoted,'® and under certain circumstances
regrowth of fitter mutants is enabled.® Importantly, chronolo-
gical life span can be extended by activation of a stress
response that involves specific transcription factors such as
Msn2p or Msndp, and transactivation of stress-response
genes such as superoxide dismutase-2 (SOD2).%°

Although both models of aging are clearly different and rely
on partly opposing mechanisms, they seem to be coupled to
some extent. Thus, the replicative life span of chronologically
aged mother cells decreases with age.®® In fact, both models
of aging depend on the nutritional status of the cell, which
affects three nutrient-dependent kinases, TOR1/2, SCH9
(Akt/PKB), and protein kinase-A (PKA).%® Of note, hyper-
activation of the Ras protein Ras2p, which is part of a signaling
pathway upstream from PKA activation, increases apoptosis
while shortening the replicative and chronological life spans.®”
This signaling pathway, which requires functional mitochon-
dria for its execution, can be activated by mutations that
reduce actin dynamics or enhance actin aggregation.®® In
agreement with the observation that an increase in activity of
nutrient-dependent kinases accelerates the aging process,
nutrient-poor conditions result in life span extension, mimick-
ing the longevity-associated effect of calorie restriction in
mammals. Intriguingly, external supplementation of the
polyamine spermidine promotes survival during aging in
diverse organisms (yeast, with which the study was initiated,
but also flies, worms, and human immune cells). In yeast,
epigenetic deacetylation of histone H3 results in inhibition of a
programmed type of necrosis (see Box 1) and induction of
autophagy, a degradative and here clearly cytoprotective
process.” Both mechanisms generally seem to play a
significant role during aging.

Autophagy is induced by shortage of nutrients and can be
viewed as a cellular pro-survival response of ‘self-recycling’
that plays a critical role in diverse human diseases.®®
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Macroautophagy leads to autophagosome formation, bulk
vacuolar degradation of cytoplasmic organelles or protein
aggregates, and subsequent release of amino acids and lipids
into the cytosol. The phylogenetically conserved autophagy-
related genes (ATGs) are essential for autophagy in yeast. In
addition, several autophagy pathways for specific protein and
organelle degradation exist. Upstream from autophagic
execution, nutrient availability is sensed via the TORC1
complex and cooperatively by Sch9p and PKA.%® Intriguingly,
Whi2p, which is known to affect cell-cycle exit under nutritional
stress conditions, is involved in the regulation of nutritional
sensing and PKA signaling, where it plays a role in the
differentiation of yeast colonies into distinct cell death
zones.®°

Although autophagy mostly serves as a mechanism of
cellular adaptation and survival, under specific circumstances
it might mediate a certain type of PCD, defined as autophagic
cell death.®' Cell death and autophagy, therefore, represent
two distinct stress responses that might act in a cooperative or
competitive manner depending on the cellular context. To
what extent autophagy might as well bear a cell death function
in yeast, remains to be explored. A possible candidate to be
involved in such a process could be Uth1p, a mitochondrial
protein required for mitophagy but also for death triggered by
heterologous expression of human Bax.®? Deletion of UTH1
provides resistance to rapamycin and prevents ROS accu-
mulation, but does not inhibit Bax insertion into the mitochon-
drial outer membrane or cytochrome crelease.®? Uth1p might,
indeed, provide a direct association between cell death and
mitochondrial turnover regulation via mitophagy.

Proteins and Pathways Regulating Yeast Apoptosis

The regulation of a death process such as yeast apoptosis
requires complex interplay between small molecules,
proteins, and pathways, which exhibit their functions at
different locations in the cell, including the nucleus, mitochon-
dria, the cytosol, or lysosomes. Figure 3 summarizes the
interconnection of the different players involved in yeast
apoptosis (Figure 3).

Small signaling molecules: ROS, NO, and ammonia. Since
their first description as mediators of yeast apoptosis,>' ROS
have been widely recognized as crucial cell death regulators
and have been connected to many of the known apoptotic
pathways in yeast (Figure 3). Potential cellular sources of ROS
include the mitochondrial respiratory chain, the endoplasmic
reticulum (ER), as well as the iron-coupled Fenton and Haber—
Weiss reactions. A further small molecule that is involved in
yeast apoptosis is nitric oxide (NO), which is produced via an
arginine-dependent mechanism in H-O,-induced apoptotic cells
and S-nitrosates glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Inhibition of NO synthesis promotes survival by
decreasing both GAPDH S-nitrosation and intracellular ROS
accumulation.®® During chronological aging, scavenging of NO
by oxyhemoglobin delays the onset of death and reduces the
levels of superoxide anion.®® Interestingly, the NO-target
GAPDH has been implicated both in HxOx-induced yeast
apoptosis® and in the regulation of apoptosis in human
cells.®® Finally, during development of multicellular yeast
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colonies, ammonia accumulates in the center of the colonies
and triggers the death of older cells, allowing young cells on the
rim to exploit the released nutrients. Consistently, lack of the
transcription factor Sok2p, which results in the inability to
produce ammonia, leads to diffuse death throughout the whole
population and diminishes the life span of the colony.*

The proteasome and the yeast caspase. The first
molecular characterization of yeast apoptosis emerged
from experiments performed using a CDC48 mutant
(cdc485°9°C) 1 linking this death to proteomic alterations in
mitochondria, release of cytochrome c¢ to the cytosol,
increased ROS production, and development of apoptotic
markers. Subsequently, the homologs of CDC48 in
mammals (p97/VCP) and in C. elegans (mac-1) have
been characterized as antiapoptotic factors.?® VCP is
involved in ER-associated protein degradation (ERAD) and
polyglutamine-induced neurodegeneration.®® Interestingly,
impaired ERAD due to deletion of ERV29 in yeast causes
ER stress and induction of the unfolded protein response
(UPR), which results in ROS production by mitochondria and
ER, and subsequent apoptosis.®”

Yeast bears at least one ortholog of mammalian caspases:
the metacaspase Yca1p.??> Numerous cell death scenarios
have been shown to depend on Yca1p. This applies to oxygen
stress, where disruption of YCAT results in reduced cell death
and decreased formation of apoptotic markers.?? Ycalp is
also required for valproic acid-induced apoptosis, as well
as for cell death following loss of ubiquitination control,
altered mRNA stability, and defective initiation of DNA
replication.>%°*2 During chronological aging, deletion of
YCAT1 results in the accumulation of damaged cells due to
the absence of the apoptotic cleaning function in the culture. In
a direct competition assay, YCA71-mutant cells are actually
outlived by wild-type cells when aged,’® an observation
backed by the finding that YCAT disruption increases the
level of oxidized proteins.68 Altogether, these data underline
the role of YCAT in particular and metacaspases in general as
pivotal players during cell death execution. This, in addition to
the common evolutionary origin of caspases, argues for a
functional conservation between metacaspases and cas-
pases. Still, their different cleavage specificity — caspases
cleave their substrates after aspartate (an acidic residue),
metacaspases after arginine or lysine (basic residues) — has
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maintained skepticism concerning their molecular correspon-
dence. In a recent study, however, Sundstrom et al.%® have
uncovered the phylogenetically conserved protein TSN
(Tudor staphylococcal nuclease) as the first common biolo-
gical substrate of metacaspases and caspases. Their findings
establish that, beyond phylogenetic distance and differences
in their proteolytic characteristics, caspases and metacas-
pases do share natural, death-related target molecules, thus
indicating that metacaspases and caspases indeed constitute
functional homologs.

Yeast apoptosis can also occur independently of YCA1;% for
instance, during long-term development of yeast multicellular
colonies,* or when induced by defective N-glycosylation in cells
lacking Ost2p, the yeast homolog of the mammalian defender
of apoptosis-1 (DAD1) protein.*® Moreover, apoptotic death
mediated by the yeast apoptosis-inducing factor Aif1p or Nuc1p,
the yeast homolog of endonuclease-G, does not require
YCA1.%6 Even though existence of caspase-like activities other
than that of Ycalp cannot be excluded, these findings suggest
that in yeast, as in mammals, apoptosis is not synonymous to
caspase activity.*® Furthermore, the functional scope of Ycalp
has been widened outside of the realm of apoptosis by a recent
report implicating Ycalp in the regulation of the cell cycle.”®
Coupling a vital and a lethal activity in one factor seems to be
an element implanted in most if not all pro-death players. It is
possible that a change in localization (as is the case for
mitochondrial effectors such as Aifip or Nucip) or a specific
molecular alteration (which could apply to Ycalp abrogating its
vital role) may allow the functional switch from vital to lethal. The
advantage of such dual function is obvious: activation of the pro-
death function connected to simultaneous disruption of the vital
role cooperatively contributes to efficient execution of cellular
demise and impedes the easy loss of any pro-death factor.

Nuclear factors. Nma111p (nuclear mediator of apoptosis),
the yeast homolog of the proapoptotic mammalian HtrA2/
Omi, is another protease that might be involved in yeast
apoptosis. While NMA711 deletion reduces apoptotic
markers, its overexpression promotes cell death upon
hyperthermia or H,O, treatment.”! In contrast to its human
counterpart, which is localized in mitochondria, Nmai11p
resides in the nucleus and kills cells exclusively via its serine
protease activity.”" Intriguingly, Nmai111p can cleave the
cytoplasm/nucleus-located Bir1p, the only known inhibitor-of-
apoptosis (IAP) protein in yeast.”? After oxidative stress,
BIR1 disruption results in higher death rates. Consistently,
overexpression of Bir1p reduces apoptosis, an effect that can
be antagonized by simultaneous overexpression of Nma-
111p. Birlp overexpression also delays the onset of cell
death during chronological aging.”® Along with its function in
apoptosis, Bir1p, like its closest animal homologs deterin
(flies) and survivin (mammals), is involved in chromosome
segregation and cytokinesis. Nmai111p is not the only
nuclear factor that has been implied in apoptotic regulation.
Sequence comparison with apoptotic nucleases from C.
elegans led to identification of the yeast dsDNA endo-/
exonuclease Tat-D. Under mild H,O, stress conditions, Tat-
D disruptants display better survival compared with wild-type
controls, whereas overexpression of the nuclease leads to
enhanced apoptosis.”?
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Another nuclear process that contributes to eukaryotic cell
death control is histone H2B phosphorylation and, thus,
epigenetic regulation. In yeast, the histone H2B tail (H2Bt)
harbors a unidirectional cross-talk between Hos3p-directed
lysine-11 (K11) deacetylation and subsequent serine-10
(S10) phosphorylation by the Ste20p kinase. A non-deacetyl-
able H2Bt lysine mutant elicited resistance against H,Oo-
induced cell death, whereas a mutant that mimics a
permanent deacetylated state strongly induced death.”
Besides Hos3p, two additional HDACs (Rpd3p and Hda1lp)
mediate cell death independently of H2Bt deacetylation”* and
antagonize the pro-survival effect of the H2B-acetylating
enzyme Gen5p during replicative aging.”® In addition, the
kinase Ste20p has been shown to be necessary for
pheromone-induced apoptosis in yeast.'? Therefore, H2B
epigenetics may constitute a functional link between replica-
tive life-span control and the pheromone-associated MAPK
cascade.”®

Mitochondrial factors: friends when in and foes when
out. In mammals, apoptosis-inducing factor (AIF), a
flavoprotein with NADH oxidase activity normally contained
in the mitochondrial intermembrane space, can contribute to
apoptosis as a key mediator of caspase-independent cell
death. The existence of an AIF homolog in yeast® argues for
the phylogenetic conservation of caspase-independent
apoptosis pathways. Similar to its mammalian equivalent,
yeast Aifip undergoes a mitochondrial-nuclear shuttling
upon apoptosis induction (via H,O,, acetate, or aging).
Killing of yeast cells by Aiflp is dependent on yeast
cyclophilin-A, comparable to the situation in mammals.®
The AIF1 deletion mutant exhibits improved survival
following H,O, and acetate treatment as well as during
aging.® Besides its lethal role, AIF also bears a vital function
during optimal oxidative phosphorylation, which has been
shown for both mammals and yeast.”®

The NADH dehydrogenase Ndi1lp, which catalyzes
the oxidation of intramitochondrial NADH and is localized
to the inner mitochondrial membrane, represents another
mitochondrion-associated protein implicated in yeast cell
death.”” Of note, its human homolog, the AlF-homologous,
mitochondrion-associated inducer of cell death (AMID), has
been linked to caspase-independent apoptosis.’” Disruption
of NDI1 reduces ROS production and extends the chronolo-
gical life span. Although to a lower extent, knockout of NDET,
located on the outer mitochondrial membrane and responsible
for oxidation of cytosolic NADH, does also exhibit this anti-
aging effect.””

Cytochrome c¢ is a mitochondrial protein with a genuine
function in the respiratory chain and, in mammals, additionally
a well-characterized lethal factor implicated in the activation
of caspase-9 in the intrinsic pathway of apoptosis. Although
several studies have connected cytochrome c release with
yeast apoptosis,2®2” it remains elusive whether cytochrome ¢
can lead to the formation of an apoptosome-like structure and
subsequent caspase activation, as it occurs in mammalian
cells. Until now, neither homologs of the mammalian
apoptosome-associated factor Apaf nor functionally related
proteins have been identified in yeast. In fact, to date the
involvement of cytochrome c in the execution of yeast cell



death has not been completely clarified. Activation of caspase
function, in analogy to the mammalian system, is a possibility
that could involve either Ycalp or another factor exhibiting
caspase activity yet to be identified. However, cytochrome ¢
could also represent an ancestral pro-death factor, whose
lethal role could only rely on the indirect consequence of
respiratory dysfunction and subsequent ROS accumulation
upon release into the cytosol. In this case, it would not
intervene in direct execution — this would have been
developed later in evolution.

Nucip, the yeast ortholog of the proapoptotic endonu-
clease-G (EndoG), is a further cell death-inducing factor that
is located in mitochonderia.® Similar to its mammalian counter-
part, Nuc1p translocates to the nucleus upon apoptosis
induction. Consistently, apoptosis can be efficiently triggered
by a Nuc1p variant, which lacks the mitochondrial localization
sequence. Nucip-triggered death is reduced in yeast cells
that lack the homologs of the mammalian adenine translo-
cator, thus arguing for the implication of the PTP in yeast cell
death.® In addition, karyopherin Kap123p and histone H2B
(but not Ycalp and Aif1p) are necessary for Nuc1p-mediated
apoptosis.® Similar to other apoptotic players, Nuc1p exerts
lethal and vital functions as illustrated by deletion of the gene,
which inhibits apoptosis when mitochondrial respiration is
enhanced, but increases necrotic death when oxidative
phosphorylation is repressed.® In fact, a vital role of EndoG
in the maintenance of polyploid cells has been recently
described for both yeast cells and human cancer cells.”®

In humans, mitochondrial fragmentation (fission) plays a
causal role in apoptosis and is regulated by the dynamin-
related protein-1 (Drp1). Mitochondrial shape transitions are
critical for yeast cell death, as well: for instance, upon
challenge with diverse death stimuli, the yeast homolog of
Drp1 (Dnm1p) promotes apoptosis preceded by mitochondrial
fragmentation and degradation.?® In turn, deletion of DNM1
and consequently reduced mitochondrial fission has been
shown to elongate the life span.”® Two interactors of Dnm1p
with a fission function in healthy cells are also involved in cell
death regulation: (i) Mdv1p/Net2p consistently promotes cell
death, whereas (ii) Fis1p unexpectedly appears to have a pro-
survival effect, as suggested by a YCA1-dependent increase
in the death rate of FIS1-deficient cells.?®> However, a recent
report has clarified that deletion of FIS1 actually selects for a
secondary mutation in the stress-response gene WHI2 that
confers sensitivity to cell death.8® This finding actually
emphasizes the issue of secondary mutations and proper
application of the yeast knockout collection. It seems
advisable to take this issue into consideration when interpret-
ing phenotypic results, for example, upon epistatic analyses
using the yeast knockout collection, and to pursue the
identification of such cryptic mutations. In fact, such mutations
may well lead to informative new genetic interactions. Still, the
mitochondrial fission death pathway is involved in several
apoptotic scenarios, including exposure to amiodarone or
mating factor, where mitochondrial fragmentation is depen-
dent on Ysp1p, M1 virus-encoded K1 toxin, or ethanol.?

Finally, Mmiip, the vyeast ortholog of human TCTP
(translationally controlled tumor protein), which is involved in
apoptosis, translocates to mitochondria upon oxidative stress.
Deletion of MMI1 increases both resistance to H,O, and life
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span during replicative aging. Interestingly, MMI1 disruptants
show benomyl sensitivity, pointing toward a role of the protein
in stabilizing microtubules and, thus, establishing a functional
link between the cytoskeleton and mitochondria.®’

Yeast lysosomes and peroxisomes. In addition to
mitochondria, lysosomes have been shown to play an
active role in mammalian PCD regulation. On lethal insult,
hydrolases are released from the lysosomal lumen into the
cytosol following lysosomal membrane permeabilization
(LMP).82 A recent study reveals that yeast lysosomes
(vacuoles) are also directly involved in cell death.®® After
oxidative stress, the RNase T2-family member Rnyl1p is
released from the vacuole into the cytosol and then directly
promotes cell death independently of its catalytic activity. To
what extent other vacuolar factors participate in yeast cell
death regulation, remains to be explored. Vacuolar hydro-
lases are among the possible candidates. In fact, Pep4p (the
homolog of mammalian cathepsin-D) has been shown to
migrate out of the vacuoles and degrade nucleoporins upon
H,O,-induced cell death.8* However, the associated form(s)
of death remains to be accurately characterized.

Furthermore, peroxisomal function, linked to hydrogen
peroxide metabolism, may also be directly connected to cell
death pathways in yeast. For instance, deletion of PEXS,
coding for a protein essential for peroxisomal protein import,
induced necrotic cell death upon acetic acid treatment and
upon entry into the early stationary phase.® To what extent
this necrotic death might be programmed, needs to be further
elucidated. Furthermore, pexophagy (selective degradation of
peroxisomes) represents a direct connection to the process of
autophagy. The mechanistic significance of pexophagy for
autophagic cell death or other forms of cell death will need to
be clarified. It is interesting, however, that the cytoskeleton
has been described to be involved in pexophagy,®® which
invites the speculation that peroxisome function and degrada-
tion might cooperate with actin dynamics, which is a crucial
process for apoptosis.®”

Conclusion

One of the biggest challenges in modern medicine is the
comprehension of PCD in the context of cancer and
autoimmune, cardiovascular, as well as neurodegenerative
diseases. Accumulating evidence points toward the phylo-
genetic conservation of the core machinery and the core
regulators of cell death between yeast and mammals. This
has opened up the possibility to use yeast as a research tool
that can provide new clues in the elucidation of cell death
pathways in higher eukaryotes. In fact, the yeast apoptotic
model has already demonstrated its potential for application in
the human system, as exemplified by the increasing number
of studies using yeast as a model for neurotoxicity and
cancer.*"/88 Importantly, several mammalian counterparts of
yeast cell death factors play major roles in the pathogenesis of
disease. Among them are the caspases, involved in many
physiological and pathological states; AIF, whose absence
can cause neurodegeneration, skeleton muscle atrophy, and
dilated cardiomyopathy; or endonuclease-G, whose nuclear
translocation has been associated with cerebral ischemia and
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muscular atrophy. Yeast also serves as a model for aging of
post-mitotic cells (chronological aging) as well as that of stem
cells (replicative aging), and has shed light on the possibility of
fighting unicellular fungal or protozoan pathogens by the
pharmacological induction of PCD. Of note, yeast represents
a eukaryote with easily manipulable mitochondria, which are
emerging as central organelles in the regulation of apoptosis.

It is tempting to speculate that yeast cell death may not only
be regulated by its apoptotic machinery but also via other
types of PCD mechanisms. As a simple and technically
advantageous eukaryotic model organism, yeast might,
therefore, help to uncover the pathophysiological and
mechanistic implications of ‘universal’ activators, inhibitors,
and executors of PCD, including the connection of PCD-
regulatory networks to cell-cycle control, mitochondrial
metabolism, lipotoxic processes, and epigenetics. Yeast
might also help to understand the switches that determine to
which particular PCD subroutine (e.g. apoptosis, autophagy,
necrosis) cells succumb. It is as important to learn how to live
as to know how to die — at least in the context of pathology-
oriented cell biology, yeast will teach us invaluable lessons on
the mysteries of health and disease.
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