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A disturbed homeostasis of cellular lipids and the resulting lipotoxicity are considered to be key contributors to many
human pathologies, including obesity, metabolic syndrome, type 2 diabetes, cardiovascular diseases, and cancer. The yeast
Saccharomyces cerevisiae has been successfully used for uncovering molecular mechanisms through which impaired lipid
metabolism causes lipotoxicity and elicits different forms of regulated cell death. Here, we discuss mechanisms of the
“liponecrotic” mode of regulated cell death in S. cerevisiae. This mode of regulated cell death can be initiated in response to a
brief treatment of yeast with exogenous palmitoleic acid. Such treatment prompts the incorporation of exogenously added
palmitoleic acid into phospholipids and neutral lipids. This orchestrates a global remodeling of lipid metabolism and transfer in
the endoplasmic reticulum, mitochondria, lipid droplets, and the plasma membrane. Certain features of such remodeling play
essential roles either in committing yeast to liponecrosis or in executing this mode of regulated cell death. We also outline four
processes through which yeast cells actively resist liponecrosis by adapting to the cellular stress imposed by palmitoleic acid and
maintaining viability. These prosurvival cellular processes are confined in the endoplasmic reticulum, lipid droplets,
peroxisomes, autophagosomes, vacuoles, and the cytosol.

1. Introduction

Some forms of cell death are classified as “programmed” cell
death subroutines; they involve molecular machineries dedi-
cated to commit cellular “suicide” that is aimed at providing
certain benefits for development and/or survival of the entire
organism [1–6]. Other forms of cell death are actively driven
by molecular machineries that attempt to protect cells against
certain stresses (without providing benefits for organismal
development and/or survival); these forms are known as
“regulated” cell death (RCD) subroutines [1, 3]. Cells commit
RCD executed by a discrete molecular machinery because (1)
the capacity of a molecular machinery dedicated to cell pro-
tection against a certain kind of stress is not sufficient to
maintain cell viability if the intensity of such extracellular
and/or intracellular stress exceeds a threshold and/or (2)
molecular machineries driving some cellular processes that
(directly or indirectly) contribute to cell protection against

a certain kind of exogenous and/or endogenous stress are
excessively activated, thereby generating products of these
processes in concentrations that are lethal to the cell [1, 3, 7].

S. cerevisiae is a model organism most commonly and
productively used for studying different forms of RCD
elicited by perturbations in lipid metabolism [8–37]. The
detailed knowledge of mechanisms underlying the molecular
pathways of various modes of lipotoxic RCD in this yeast is
therefore instrumental to our understanding of many human
pathologies that are causally linked to dysregulated lipid
metabolism, unbalanced lipid homeostasis, lipotoxicity, and
lipid-induced cell death [31, 34, 37–41]. Among these human
pathologies are obesity, metabolic syndrome, type 2 diabetes,
insulin resistance, cardiovascular diseases, hepatic steatosis,
liver cirrhosis, and cancer [34, 38–56].

The scope of this review is to analyze mechanisms
underlying one of the modes of lipotoxic RCD. It has been
discovered in the yeast S. cerevisiae and called “liponecrosis.”
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Liponecrotic RCD can be elicited by a short-term (for 2 h)
treatment of yeast cells with exogenous palmitoleic acid
(POA), a 16-carbon monounsaturated fatty acid (16 : 1 n-7)
[57–59]. We describe different cellular processes that yeast
cells exposed to POA use for stress adaptation and viability
maintenance. We critically evaluate mechanisms (including
POA-induced oxidative stress) through which yeast cells that
are exposed to POA die of liponecrosis if the capacities of
cellular processes for protection against POA-imposed stress
become insufficient to maintain cell viability. We outline the
most important unanswered questions and suggest directions
for future research.

2. How Do Yeast Cells Die If Treated with POA
and How Do They Mount a Protective Stress
Response to Survive Such Treatment?

Amodel for the mechanism of liponecrotic RCD elicited by a
short-term treatment of yeast with POA and for the mecha-
nism protecting yeast from such RCD is schematically
depicted in Figure 1.

Yeast cells that are briefly exposed to exogenous POA use
the lipid-synthesizing and lipid-transporting enzymatic
machineries of the endoplasmic reticulum (ER), mitochon-
dria, lipid droplets (LDs), and the plasma membrane (PM)
to incorporate this fatty acid into copious amounts of two
classes of lipids [34, 59]. One of these POA-containing classes
are the so-called “neutral” (uncharged) lipids triacylglycerols
(TAGs) and ergosteryl esters (EEs), both of which are first
produced in the ER and then deposited in LDs (Figure 1)
[37, 40, 60, 61]. The other class are POA-containing phos-
pholipids (Figure 1); they include (1) phosphatidic acid
(PA), phosphatidylserine (PS), phosphatidylcholine (PC),
and phosphatidylinositol (PI), all of which are synthesized
only in the ER and then transferred to mitochondria through
mitochondria-ER junctions and to the PM through PM-
ER junctions [62–70]; (2) phosphatidylethanolamine (PE),
which is produced from ER-derived PS in the inner and outer
mitochondrial membranes (IMM and OMM, resp.) and then
transferred to the ER through mitochondria-ER junctions
and from the ER to the PM through PM-ER junctions
[62, 63, 65, 69, 71–75]; and (3) cardiolipin (CL), a signature
mitochondrial phospholipid which is generated from ER-
derived PA in a series of reactions confined to the IMM
and OMM [71, 74, 76–78]. It needs to be emphasized that
genetic interventions weakening the incorporation of exoge-
nously added POA into POA-containing phospholipids
within the ER have been shown to increase cell resistance to
POA-induced liponecrotic RCD [34, 59]. Thus, such incor-
poration is a pro-death process essential for the commitment
of yeast to liponecrotic RCD in response to treatment with
exogenous POA.

After being synthesized in the ER, the bulk quantities
of POA-containing phospholipids in yeast cells committed
to liponecrotic RCD amass in the PM (Figure 1) [34, 59].
Such accumulation of POA-containing phospholipids in
the PM activates the alkaline pH- and lipid asymmetry-
responsive Rim101 signaling pathway, which orchestrates
a series of endocytic internalization and traffic events

ultimately promoting transcription of the nuclear RSB1 gene
[79–87]. A protein product of this gene, Rsb1, is known to
regulate the bidirectional active transport of PE across the
PM bilayer; specifically, Rsb1 stimulates the Lem3-driven
transport of PE from the outer monolayer of the PM to its
inner monolayer and also slows down the Yor1-driven trans-
port of PE in the opposite direction [86, 88–91]. These effects
of Rsb1 elicit a depletion of PE in the outer monolayer of the
PM, thereby markedly rising the permeability of the PM to
small molecules (Figure 1) [34, 59]. Such increase in the per-
meability of the PM to small molecules has been shown to
play an essential role in committing yeast to POA-induced
liponecrotic RCD (Figure 1) [34, 59].

The bulk quantities of POA-containing phospholipids
initially synthesized in the ER of yeast cells that are commit-
ted to liponecrotic RCD accumulate not only in the PM but
also in both membranes enclosing mitochondria (Figure 1)
[34, 59]. This buildup of POA-containing phospholipids in
the IMM and OMMmarkedly weakens mitochondrial respi-
ratory capacity, uncouples mitochondria respiratory chain
fromATP synthesis, and lowers the electrochemical potential
across the IMM (Figure 1) [34, 59]. The resulting decline in
mitochondrial functionality plays an essential role in com-
mitting yeast to POA-induced liponecrotic RCD, likely
because these dysfunctional mitochondria cannot produce
enough ATP to support the energy-demanding, prosurvival
process of incorporating exogenous POA into neutral lipids
(see text below for discussion of this prosurvival process)
(Figure 1) [34, 59].

The buildup of POA-containing phospholipids in the
IMM and OMM of yeast committed to liponecrotic RCD
not only impairs mitochondrial functionality but also consid-
erably increases the intracellular concentration of reactive
oxygen species (ROS) that are produced in mitochondria as
by-products of respiration (Figure 1) [34, 59]. This rise of
ROS concentrations elicits an oxidative damage to different
types of molecules in two cellular locations, namely, to (1)
protein and lipid components of mitochondria and other
cellular organelles and (2) proteins in the cytosol, thereby
causing their unfolding and aggregation (Figure 1) [34, 59].
Both these types of cellular oxidative damage are essential
contributing factors either to the commitment of yeast
to POA-induced liponecrotic RCD or to an execution of
this RCD subroutine. Specifically, a massive breakdown of
numerous oxidatively damaged and dysfunctional organelles
through a nonselective macroautophagic degradation (which
is choreographed by the phagophore assembly-specific ser-
ine/threonine protein kinase Atg1, adapter protein Atg11,
and scaffold protein Atg17 [58, 59, 92–94]) plays a crucial
role in executing POA-induced liponecrotic RCD (Figure 1)
[34, 58, 59]. Moreover, the buildup of oxidatively damaged,
dysfunctional, unfolded, and aggregated proteins in the cyto-
sol of yeast cells treated with POA impairs cellular proteosta-
sis, thus committing these cells to POA-induced liponecrotic
RCD (Figure 1) [34, 59].

If the stress imposed by an exposure to POA does not
exceed a toxic threshold, yeast cells can use at least four
different processes to cope with this stress and maintain
viability (Figure 1).
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Figure 1: A model for how yeast cells exposed to exogenous palmitoleic acid (POA) either mount a protective stress response and survive or
commit to POA-induced regulated liponecrosis and die. Yeast cells briefly exposed to POA can employ four different prosurvival processes to
cope with the POA-induced cellular stress and maintain viability. These prosurvival cellular processes include the following: (1) an
assimilation of POA into neutral lipids (triacylglycerols (TAGs) and ergosteryl esters (EEs)), in the endoplasmic reticulum (ER) and the
subsequent deposition of these neutral lipids in lipid droplets (LD); (2) POA oxidation in peroxisomes (PER); (3) a macroautophagic
degradation of dysfunctional or damaged mitochondria (MIT); and (4) a proteolytic degradation of oxidatively damaged, dysfunctional,
unfolded, and aggregated proteins that accumulate in the cytosol of yeast cells. Arrows and names displayed in blue color denote
prosurvival processes, metabolites, and proteins that protect yeast from POA-induced liponecrotic regulated cell death (RCD). Yeast cells
briefly treated with POA can use four different pro-death processes to commit to POA-induced liponecrotic RCD and to execute this RCD
subroutine. These pro-death cellular processes include the following: (1) a buildup of POA-containing phospholipids (PLs) in the PM and
the ensuing increase in the permeability of the PM to small molecules; (2) the accumulation of POA-containing PLs in both
mitochondrial membranes and the resulting decline in mitochondrial functionality, which is needed to support the prosurvival process of
incorporating exogenous POA into neutral lipids; (3) a ROS-inflicted oxidative damage to mitochondria and other cellular organelles,
which stimulates a nonselective macroautophagic degradation of many kinds of organelles; and (4) a ROS-imposed oxidative damage to
cytosolic proteins, which impairs cellular proteostasis because it promotes an accumulation of oxidatively damaged, dysfunctional,
unfolded, and aggregated proteins in the cytosol. Arrows and names displayed in red color denote pro-death processes, metabolites, and
proteins that commit yeast to POA-induced RCD or execute this RCD subroutine. The up or down arrows in red color denote processes
or metabolites whose intensities or concentrations are increased or decreased (resp.) in yeast cells briefly exposed to exogenous POA. See
text for more details. ETC, mitochondrial electron transport chain; PE, phosphatidylethanolamine; PLs, phospholipids; PM, plasma
membrane; ROS, reactive oxygen species; ΔΨ, electrochemical potential across the inner mitochondrial membrane.
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One of these prosurvival cellular processes is an assimi-
lation of POA into neutral lipids (TAGs and EEs), which
occurs in the ER and is followed by a buildup of POA-
containing neutral lipids in LDs (Figure 1) [34, 58, 59]. This
process lowers the extreme cellular stress caused by the accu-
mulation of POA-containing phospholipids in the PM,
IMM, and OMM because it attenuates the flow of POA into
the pathways for the synthesis of POA-containing phospho-
lipids [34, 58, 59]. The assimilation of POA into neutral
lipids is essential for protecting yeast from POA-induced
liponecrotic RCD, as demonstrated by the finding that
genetic interventions weakening the incorporation of exoge-
nously added POA into POA-containing neutral lipids
increase the susceptibility of yeast to this subroutine of
RCD [58].

Another prosurvival cellular process is the β-oxidation of
POA in peroxisomes of yeast exposed to this monounsatu-
rated free fatty acid (Figure 1) [34, 57–59]. Peroxisomal oxi-
dation of POA mitigates POA-induced liponecrotic RCD
because it weakens the incorporation of POA into phospho-
lipids, thereby relieving the excessive cellular stress instigated
by the buildup of POA-containing phospholipids in the PM,
IMM, and OMM [34, 58, 59]. In support of an essential role
of peroxisomal oxidation of POA in the protection of yeast
from POA-induced liponecrotic RCD, yeast strains that carry
the single-gene-deletion mutations pex5Δ and fox1Δ attenu-
ating oxidative degradation of POA in peroxisomes are more
susceptible to this mode of RCD than an otherwise isogenic
wild-type strain [34, 57–59].

Macromitophagy, a macroautophagic degradation of
dysfunctional or damaged mitochondria, is also a prosurvival
process that allows yeast to cope with the POA-induced cel-
lular stress [34, 58, 59]. Macromitophagy protects yeast from
POA-induced liponecrotic RCD because, by selectively
degrading dysfunctional mitochondria, it helps to maintain
a population of functionally active mitochondria that are
needed to generate enough ATP to support the prosurvival
process of assimilating POA into neutral lipids (Figure 1)
[34, 58, 59]. The Atg32Δ-dependent mutational block of
macromitophagy impairs the accumulation of LD-deposited
neutral lipids and sensitizes yeast to POA-induced lipone-
crotic RCD [58]; thus, macromitophagy plays an essential
role in protecting yeast from this subroutine of RCD.

The degradation of oxidatively damaged, dysfunctional,
unfolded, and aggregated proteins that accumulate in the
cytosol of yeast cells treated with POA is another prosurvival
process in these cells; this proteolytic degradation is catalyzed
by the metacaspase Yca1 and serine protease Nma111,
two protein components of the caspase-dependent apoptotic
RCD pathway (Figure 1) [34, 59, 95–97]. This Yca1- and
Nma111-driven proteolysis of oxidatively damaged, dys-
functional, unfolded, and aggregated proteins slows down
a progression of POA-induced liponecrotic RCD because
it allows to sustain efficient cellular proteostasis, thereby
weakening proteostatic cellular stress (Figure 1) [34, 59].
In support of an essential role of such proteolysis in the
protection of yeast from POA-induced liponecrotic RCD,
lack of Yca1 or Nma111 increases the susceptibility of yeast
to this mode of RCD [34, 59].

3. What Are the Relations among Different
Processes Involved in Cell Death or Cell
Adaptation in Yeast Treated with POA and
How Is a Balance between Pro-death and
Prosurvival Processes Regulated?

As outlined in the previous section, pro-death cellular pro-
cesses in yeast treated with POA are direct or indirect due
to the initial incorporation of this fatty acid into bulk quanti-
ties of POA-containing phospholipids. Two direct pro-death
processes include the following: (1) the buildup of POA-
containing phospholipids in the PM and the ensuing increase
in the permeability of the PM to small molecules and (2) the
accumulation of POA-containing phospholipids in both
mitochondrial membranes and the resulting decline in mito-
chondrial functionality, which is needed to support the pro-
survival process of incorporating exogenous POA into
neutral lipids (Figure 1). Two other pro-death processes only
indirectly caused the buildup of POA-containing phospho-
lipids in both mitochondrial membranes because such
buildup elicits a rise in the intracellular concentration of
ROS initially produced in mitochondria. These indirect
pro-death processes are as follows: (1) the ROS-inflicted oxi-
dative damage to mitochondria and other cellular organelles,
which stimulates a nonselective macroautophagic degrada-
tion of many kinds of organelles and (2) the ROS-imposed
oxidative damage to cytosolic proteins, which impairs cellu-
lar proteostasis because it promotes the accumulation of oxi-
datively damaged, dysfunctional, unfolded, and aggregated
proteins in the cytosol (Figure 1). Thus, the four pro-death
processes relate because they all are initiated in response to
the buildup of POA-containing phospholipids. We hypothe-
size that (1) the direct pro-death processes may precede in
time the indirect ones and (2) the relative contribution of
each direct or indirect pro-death process into POA-induced
liponecrotic RCD may be defined by the relative rates with
which POA-containing phospholipids are transferred from
the ER to the PM and mitochondria, mitochondria generate
ROS, mitochondria and other cellular organelles undergo
ROS-inflicted oxidative damage, oxidatively damaged cellu-
lar organelles are subjected to nonselective macroautophagic
degradation, cytosolic proteins are oxidatively damaged by
mitochondrially produced ROS, and oxidatively damaged
cytosolic proteins unfold and aggregate. In our hypothesis,
none of the pro-death processes may be considered as an
individual pro-death pathway. In contrast, our hypothesis
posits that all four pro-death processes are likely to be
nodes of a branched subnetwork that integrates the flow
of POA-containing phospholipids from the ER to the
PM and mitochondria, mitochondrial ROS formation, the
ROS-imposed oxidative damage to organelles and cytosolic
proteins, the nonselective macroautophagic breakdown of
different kinds of oxidatively damaged organelles, and the
unfolding and aggregation of oxidatively damaged proteins
in the cytosol.

Our hypothesis further suggests that prosurvival pro-
cesses are likely to be nodes of the same branched subnet-
work integrating the four pro-death processes. Two direct
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prosurvival processes relieve the extreme cellular stress by
preventing the buildup of POA-containing phospholipids
in the PM and mitochondria; they include the following:
(1) the assimilation of POA into neutral lipids in the ER
and the subsequent buildup of POA-containing neutral lipids
in LDs and (2) peroxisomal oxidation of POA (Figure 1).
Two indirect prosurvival processes are activated to lower
the extreme cellular stress created by the buildup of POA-
containing phospholipids in both mitochondrial membranes
and by the resulting decline in mitochondrial functionality
and rise in mitochondrially produced ROS; they are as fol-
lows: (1) the selective macroautophagic degradation of oxida-
tively damaged and dysfunctional mitochondria, which helps
to maintain a population of functionally active mitochondria
generating sufficient quantities of ATP and producing ROS
in nontoxic concentrations and (2) the Yca1- and Nma111-
driven proteolysis of oxidatively damaged and aggregated
cytosolic proteins, which allows to sustain efficient cellular
proteostasis (Figure 1). Akin to pro-death processes, the four
prosurvival processes relate because they all are stimulated in
attempt to relieve the extreme cellular stress that is generated
(directly or indirectly) by the initial incorporation of POA
into POA-containing phospholipids. Our hypothesis posits
that (1) the direct prosurvival processes may occur earlier
than the indirect ones and (2) the relative contribution of
each direct or indirect prosurvival process into cell protection
from POA-induced liponecrosis may depend on the relative
rates with which POA is assimilated into neutral lipids in
the ER, POA-containing neutral lipids are transferred from
the ER to LDs, POA is oxidized in peroxisomes, oxidatively
damaged and dysfunctional mitochondria are subjected
to selective macroautophagic degradation, and oxidatively
damaged and aggregated cytosolic proteins undergo proteo-
lytic degradation.

In sum, the above hypothesis posits the following: (1)
the balance between different pro-death and prosurvival
processes may be regulated by their relative rates and (2)
these relative rates may be defined by the extracellular and/
or intracellular concentrations of POA, nutrient availability,
the metabolic state of a yeast cell, and the chronological age
of a yeast cell.

4. Is the Subnetwork of Liponecrotic RCD
Integrated into a Signaling Network
Orchestrating Different RCD Scenarios in
Yeast Cells?

Yeast cells undergoing POA-induced liponecrotic RCD

exhibit characteristic morphological and biochemical traits

[34, 58, 59]. Some of these traits are unique to liponecrotic

RCD, whereas other traits are shared by this and certain

other modes of RCD (Table 1).
While yeast cells committed to POA-induced lipone-

crotic RCD do not display such characteristic traits of apo-
ptotic RCD as nuclear fragmentation and PS externalization
within the PM bilayer, the metacaspase Yca1 and serine pro-
tease Nma111 play essential roles in both liponecrotic and
caspase-dependent apoptotic modes of RCD [34, 59]. How-
ever, the roles Yca1 and Nma111 play in each of these two
RCD modes are quite different (Table 1). As mentioned
above, the Yca1- and Nma111-dependent proteolysis of oxi-
datively damaged, dysfunctional, unfolded, and aggregated
proteins in the cytosol of yeast cells is a prosurvival process
in POA-induced liponecrotic RCD [34, 59]. Such prosurvival
role of Yca1 in sustaining efficient cellular proteostasis is well
known [98–105]. In contrast, the Yca1- and Nma111-driven
degradation of various cellular proteins is an executing, pro-
death process in several caspase-dependent modalities of
apoptotic RCD in yeast exposed to certain exogenous
stimuli [95–97, 106–110].

While yeast cells undergoing POA-induced liponecrotic
RCD do not display such hallmark trait of autophagic RCD
as extreme cytoplasmic vacuolization instigated by a buildup
of double-membrane vesicles called autophagosomes [34, 58,
59], both liponecrotic and autophagic modes of RCD (1)
exhibit a nonselective massive degradation of various cellular
organelles and (2) depend on the phagophore assembly-
specific serine/threonine protein kinase Atg1 for executing
these RCD modes (Table 1) [1, 58, 59, 111–113].

While yeast cells undergoing POA-induced liponecrotic
RCD do not exhibit such hallmark feature of necrotic
RCD as a severe fracture of the PM [34, 58, 59], both

Table 1: Some of the morphological and biochemical traits characteristic of palmitoleic acid- (POA-) induced liponecrotic regulated cell
death (RCD) are unique to this mode of RCD, whereas other traits are shared by this mode and other (i.e., caspase-dependent apoptotic,
autophagic, and necrotic) RCD modes. LDs, lipid droplets; PM, plasma membrane; PS, phosphatidylserine.

Trait
Caspase-dependent

apoptotic
RCD [references]

Autophagic RCD
[references]

Necrotic RCD
[references]

POA-induced
liponecrotic

RCD [references]

Nuclear fragmentation + [126] − − − [58]

PS externalization within the PM + [126] − − − [58]

Role of Yca1 and Nma111
+ (pro-death role)

[106, 107]
− − + (prosurvival role) [59]

Excessive cytoplasmic vacuolization − + [127] − − [58]

Massive degradation of various cellular organelles − + [127] − + [58]

Rupture of the PM − − + [114] − [58]

Permeability of the PM to small molecules − − + [114] + [59]

Excessive accumulation of LDs − − − + [58]
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liponecrotic and necrotic modes of RCD display substan-
tially increased permeability of the PM to small molecules
(Table 1) [31, 58, 59, 114–116].

A trait which is unique to POA-induced liponecrotic
RCD is a buildup of POA-containing neutral lipids in
numerous LDs, a feature that has not been reported for apo-
ptotic, autophagic, or necrotic subroutine of RCD (Table 1)
[1, 58, 59, 96, 111–113, 115].

Because POA-induced liponecrotic RCD has several
different traits in common with apoptotic, autophagic, and
necrotic modes of RCD, we hypothesize that the molecular
subnetwork of POA-induced liponecrotic RCD is integrated
into a signaling network that orchestrates different RCD
scenarios in yeast cells. Other pathways and subnetworks
integrated into this signaling network may include apoptotic,
autophagic, and necrotic pathways and subnetworks of
RCD. In our hypothesis, the molecular subnetwork of
POA-induced liponecrotic RCD only partially overlaps with
apoptotic, autophagic, and necrotic RCD pathways and sub-
networks of the network. Our hypothesis satisfactorily
explains the observed existence of several proteins that are
common to liponecrotic, apoptotic, autophagic, and necrotic
modes of RCD [34, 58, 59]. Furthermore, as our hypothesis
suggests, some of the morphological and biochemical traits
characteristic of POA-induced liponecrotic RCD are shared
by this mode of RCD and other (i.e., apoptotic, autophagic,
and necrotic) RCD modes integrated into the network
[34, 58, 59]. Moreover, in agreement with our hypothesis
on only a partial overlap between liponecrotic and other
pathways and subnetworks of RCD, at least one trait charac-
teristic of liponecrotic RCD is unique to this mode of RCD;
this trait is the accumulation of POA-containing neutral
lipids in many LDs [34, 58, 59].

Our hypothesis on the existence of an RCD signaling net-
work orchestrating different RCD scenarios in yeast cells is
reminiscent of the hypothesis on the global programmed cell
death (PCD) network that has been proposed and then con-
firmed for mammalian cells [117–120]. A systems biology
platform has been developed for defining the topology of
such network operating in mammalian cells; this platform
employs cell biological and computational approaches for
measuring and computing the effects of single and double
genetic interventions on the molecular events characteristic
of different PCD modes that are integrated into the network
[119]. The use of such platform, possibly in combination
with powerful tools of proteomic and metabolomic analyses
recently applied for molecular analyses of RCD in yeast
[104, 105], will allow to test our hypothesis on the global
RCD signaling network in yeast and, perhaps, to dissect the
architecture of such network in the near future.

5. Does Liponecrotic RCD Contribute to Yeast
Chronological Aging?

POA-induced liponecrotic RCD is an age-related mode of
RCD, as the susceptibility of a population of yeast cells to
POA-induced liponecrosis increases with the chronological
age of this population [34, 58, 59, 121]. Furthermore, the sus-
ceptibility of yeast cells to POA-induced liponecrotic RCD

can be significantly decreased by some aging-delaying dietary
and pharmacological interventions. These interventions
include caloric restriction (CR) and lithocholic bile acid
(LCA), each implemented at the time of cell inoculation into
growth medium [57, 60, 121].

Our recent unpublished findings indicate that in yeast
cultured under non-CR conditions on 1% or 2% glucose,
the risk of age-related death depends not only on the POA-
induced liponecrotic mode of RCD but also on ROS-
induced apoptotic RCD mode. Moreover, we found that the
liponecrotic and apoptotic modes of RCD have different rel-
ative contributions to age-related death of non-CR yeast at
different periods of chronological lifespan (CLS). The apo-
ptotic mode of RCD predominates during diauxic (D) phase,
apoptotic and liponecrotic RCD modes equally increase the
risk of death during post-diauxic (PD) phase, whereas the
liponecrotic mode of RCD prevails during stationary (ST)
phase of culturing under non-CR conditions (our unpub-
lished data). The longevity-defining mode of liponecrotic
RCD is elicited by the accumulation of POA and other free
fatty acids in chronologically aging non-CR yeast cells that
progress through PD and ST phases of culturing (our unpub-
lished data). In contrast, the longevity-defining mode of
apoptotic RCD is caused by the rapid decline of mitochon-
drial functionality and rise of mitochondrially generated
ROS in chronologically aging non-CR yeast cells progressing
through D and PD phases of culturing (our unpublished
data). CR diet, which is implemented by culturing yeast on
0.2% or 0.5% glucose, decreases the risk of age-related death
by attenuating liponecrotic and apoptotic RCD modes
during D, PD, and ST phases; these effects of CR are due to
its abilities to (1) decrease free fatty acid (including POA)
concentrations during PD and ST phases of culturing and
to (2) improve mitochondrial functionality and to lessen
concentrations of mitochondrially generated ROS during
D and PD phases of culturing (our unpublished data).

LCA is a geroprotective chemical compound that delays
yeast chronological aging mainly under CR conditions [57].
LCA exhibits the following effects on yeast susceptibility to
POA-induced liponecrotic RCD: (1) it decreases such sus-
ceptibility only if added to growth medium at the time of cell
inoculation, during logarithmic (L) or D phase of culturing;
(2) it increases such susceptibility if added during PD phase;
and (3) it has no effect on such susceptibility if added during
ST phase [121]. Taken together, these findings suggest that
liponecrotic RCD may be an essential longevity-limiting
(i.e., proaging) factor in chronologically “young” yeast, may
somehow contribute to longevity extension (i.e., aging delay)
in chronologically “middle-aged” yeast, and may have no
influence on longevity (i.e., on the pace of aging) of chrono-
logically “old” yeast. Noteworthy, all these age-related varia-
tions in yeast susceptibility to POA-induced liponecrotic
RCD coincide with age-related changes in yeast resistance
to chronic oxidative, thermal, and osmotic stresses [121]. In
the future, it would be important to explore mechanisms that
underlie the observed age-related coincidence between yeast
susceptibility to POA-induced liponecrotic RCD and yeast
resistance to long-term stresses. Moreover, it remains to be
determined if and how the concentrations of endogenously
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produced free fatty acids (including POA) influence the
extent of liponecrotic RCD at different stages of yeast chro-
nological aging.

Of note, LCA decreases yeast susceptibility to the mito-
chondria-controlled, ROS-induced mode of apoptotic RCD
if added to growth medium at the time of cell inoculation
and during L, D, PD, or ST phase of culturing [121]. In yeast
cultured under CR conditions, exogenous LCA enters cells,
is sorted to mitochondria, amasses primarily in the IMM
and also resides in the OMM, alters the concentrations of
certain mitochondrial membrane phospholipids, elicits a
major enlargement of mitochondria, significantly decreases
mitochondrial number, prompts an intramitochondrial
accumulation of cristae disconnected from the IMM, triggers
substantial alterations in mitochondrial proteome, decreases
the frequencies of deletion and point mutations in mitochon-
drial DNA, and leads to changes in vital aspects of mitochon-
drial functionality [66, 68, 122, 123]. In the future, it would be
important to explore how all these aging-delaying effects of
LCA are linked to yeast susceptibility to the mitochondria-
controlled, ROS-induced mode of apoptotic RCD at different
stages of chronological aging.

In sum, it is conceivable that liponecrotic and apoptotic
modes of RCD may have different effects on yeast CLS at
different periods of life. This is similar to the “P” (“big P”)
and “p” (“small p”) modes of death in the nematode Caenor-
habditis elegans, which define lifespan earlier or later in life
(resp.) [124]. The P mode of death is manifested as a substan-
tial enlargement of the posterior pharyngeal bulb caused by
intensified pharyngeal pumping, whereas the p mode of
death is due to the complete atrophy of pharynx [124].

6. How Does Liponecrotic RCD Differ from
Other Modes of Lipotoxic RCD in Yeast?

Several exogenously added lipids [8–16], as well as different
genetic [11–13, 15–25] and pharmacological [24, 26–30]
interventions that impair certain aspects of lipid metabolism,
have been shown to elicit apoptotic and/or necrotic modes of
lipotoxic RCD in yeast. These modes have been extensively
reviewed elsewhere [31, 32, 37, 41, 125]. In brief, yeast cells
committed to POA-induced liponecrotic RCD exhibit a
unique combination of morphological and biochemical traits
that is not characteristic of any of these other modes of
lipotoxic RCD. Moreover, some of these other modes of
lipotoxic RCD differ from each other with respect to (1)
structural and/or functional features of yeast committed to
a particular mode of RCD; (2) classes of lipids whose concen-
trations are altered (or are expected to be altered) in yeast
committed to a particular mode of RCD; and (3) proteins
that are involved in committing to and/or executing a partic-
ular mode of RCD [8–32, 37, 41, 125].

Altogether, these findings further support our hypothesis
(which is outlined in Section 4) on the possible existence of a
global signaling network that integrates partially overlapping
molecular pathways and subnetworks of lipotoxic RCD, each
pathway and subnetwork being differently responsive to cer-
tain perturbations in diverse aspects of lipid metabolism
within a yeast cell. The key challenge for the future is to

explore mechanisms through which such perturbations in
lipid metabolism (1) modulate individual molecular path-
ways and subnetworks of lipotoxic RCD and (2) orchestrate
the integration of these individual pathways and subnet-
works into the global signaling network of lipotoxic RCD.
To address this challenge, the systems biology platform
(which is discussed in Section 4) exploited for mammalian
cells [119] can be used in combination with proteomic and
metabolomic analyses of molecular signatures [104, 105]
characteristic of different lipotoxic RCD modes.

7. Conclusions

To cope with the lipotoxic stress imposed by an exposure to
POA, S. cerevisiae cells use several different mechanisms to
mount a protective stress response and maintain viability.
This complex stress response consists in remodeling of at
least four cellular processes. If the POA-induced lipotoxic
stress exceeds a threshold, yeast cells commit suicide that is
assisted by a complex molecular machinery. This molecular
machinery alters the spatiotemporal dynamics of several cel-
lular processes to execute a liponecrotic subroutine of RCD.
The liponecrotic mode of POA-induced RCD plays an essen-
tial role in defining longevity of chronologically aging yeast,
likely in coordination with an apoptotic mode of RCD. The
molecular subnetwork of POA-induced liponecrotic RCD
may be integrated into a global signaling network of partially
overlapping molecular pathways and subnetworks, each exe-
cuting a different mode of lipotoxic or nonlipotoxic RCD.

Conflicts of Interest

The authors declare no conflict of interests.

Acknowledgments

The authors are grateful to other members of the Titorenko
laboratory for discussions.

References

[1] L. Galluzzi, I. Vitale, J. M. Abrams et al., “Molecular defini-
tions of cell death subroutines: recommendations of the
nomenclature committee on cell death 2012,” Cell Death
and Differentiation, vol. 19, no. 1, pp. 107–120, 2012.

[2] Y. Fuchs and H. Steller, “Live to die another way: modes of
programmed cell death and the signals emanating from dying
cells,” Nature Reviews Molecular Cell Biology, vol. 16, no. 6,
pp. 329–344, 2015.

[3] L. Galluzzi, J. M. Bravo-San Pedro, O. Kepp, and G. Kroemer,
“Regulated cell death and adaptive stress responses,” Cellular
and Molecular Life Sciences, vol. 73, no. 11-12, pp. 2405–
2410, 2016.

[4] B. Ke, M. Tian, J. Li, B. Liu, and G. He, “Targeting pro-
grammed cell death using small-molecule compounds to
improve potential cancer therapy,” Medicinal Research
Reviews, vol. 36, no. 6, pp. 983–1035, 2016.

[5] D. Wallach, T. B. Kang, C. P. Dillon, and D. R. Green, “Pro-
grammed necrosis in inflammation: toward identification of

7Oxidative Medicine and Cellular Longevity



the effector molecules,” Science, vol. 352, no. 6281, article
aaf2154, 2016.

[6] J. Shi, W. Gao, and F. Shao, “Pyroptosis: gasdermin-mediated
programmed necrotic cell death,” Trends in Biochemical
Sciences, vol. 42, no. 4, pp. 245–254, 2017.

[7] D. R. Green and B. Victor, “The pantheon of the fallen:
why are there so many forms of cell death?,” Trends in Cell
Biology, vol. 22, no. 11, pp. 555-556, 2012.

[8] M. Stratford and P. A. Anslow, “Comparison of the inhibitory
action on Saccharomyces cerevisiae of weak-acid preserva-
tives, uncouplers, and medium-chain fatty acids,” FEMS
Microbiology Letters, vol. 142, no. 1, pp. 53–58, 1996.

[9] K. Mitsui, D. Nakagawa, M. Nakamura, T. Okamoto, and
K. Tsurugi, “Valproic acid induces apoptosis dependent of
Yca1p at concentrations that mildly affect the proliferation
of yeast,” FEBS Letters, vol. 579, no. 3, pp. 723–727, 2005.

[10] Q. Sun, L. Bi, X. Su, K. Tsurugi, and K. Mitsui, “Valproate
induces apoptosis by inducing accumulation of neutral lipids
which was prevented by disruption of the SIR2 gene in
Saccharomyces cerevisiae,” FEBS Letters, vol. 581, no. 21,
pp. 3991–3995, 2007.

[11] J. Garbarino, M. Padamsee, L. Wilcox et al., “Sterol and
diacylglycerol acyltransferase deficiency triggers fatty acid-
mediated cell death,” The Journal of Biological Chemistry,
vol. 284, no. 45, pp. 30994–31005, 2009.

[12] J. Petschnigg, H. Wolinski, D. Kolb et al., “Good fat, essential
cellular requirements for triacylglycerol synthesis to maintain
membrane homeostasis in yeast,” The Journal of Biological
Chemistry, vol. 284, no. 45, pp. 30981–30993, 2009.

[13] P. Rockenfeller, J. Ring, V. Muschett et al., “Fatty acids trigger
mitochondrion-dependent necrosis,” Cell Cycle, vol. 9, no. 14,
pp. 2836–2842, 2010.

[14] D. Carmona-Gutierrez, A. Reisenbichler, P. Heimbucher
et al., “Ceramide triggers metacaspase-independent mito-
chondrial cell death in yeast,” Cell Cycle, vol. 10, no. 22,
pp. 3973–3978, 2011.

[15] S. Fakas, Y. Qiu, J. L. Dixon et al., “Phosphatidate phos-
phatase activity plays key role in protection against fatty
acid-induced toxicity in yeast,” The Journal of Biological
Chemistry, vol. 286, no. 33, pp. 29074–29085, 2011.

[16] L. Galluzzi, I. Vitale, L. Senovilla et al., “Independent tran-
scriptional reprogramming and apoptosis induction by cis-
platin,” Cell Cycle, vol. 11, no. 18, pp. 3472–3480, 2012.

[17] M. M. Nagiec, E. E. Nagiec, J. A. Baltisberger, G. B. Wells,
R. L. Lester, and R. C. Dickson, “Sphingolipid synthesis as a
target for antifungal drugs. Complementation of the inositol
phosphorylceramide synthase defect in a mutant strain of
Saccharomyces cerevisiae by the AUR1 gene,” The Journal of
Biological Chemistry, vol. 272, no. 15, pp. 9809–9817, 1997.

[18] H. Kitagaki, L. A. Cowart, N. Matmati et al., “Isc1 regulates
sphingolipid metabolism in yeast mitochondria,” Biochimica
et Biophysica Acta (BBA) - Biomembranes, vol. 1768, no. 11,
pp. 2849–2861, 2007.

[19] A. M. Aerts, P. Zabrocki, I. E. J. A. François et al., “Ydc1p
ceramidase triggers organelle fragmentation, apoptosis and
accelerated ageing in yeast,” Cellular and Molecular Life Sci-
ences, vol. 65, no. 12, pp. 1933–1942, 2008.

[20] T. Almeida, M. Marques, D. Mojzita et al., “Isc1p plays a key
role in hydrogen peroxide resistance and chronological life-
span through modulation of iron levels and apoptosis,”
Molecular Biology of the Cell, vol. 19, no. 3, pp. 865–876, 2008.

[21] E. Bener Aksam, H. Jungwirth, S. D. Kohlwein et al.,
“Absence of the peroxiredoxin Pmp20 causes peroxisomal
protein leakage and necrotic cell death,” Free Radical Biology
& Medicine, vol. 45, no. 8, pp. 1115–1124, 2008.

[22] H. Jungwirth, J. Ring, T. Mayer et al., “Loss of peroxisome
function triggers necrosis,” FEBS Letters, vol. 582, no. 19,
pp. 2882–2886, 2008.

[23] A. D. Barbosa, H. Osório, K. J. Sims et al., “Role for Sit4p-
dependent mitochondrial dysfunction in mediating the
shortened chronological lifespan and oxidative stress sensi-
tivity of Isc1p-deficient cells,” Molecular Microbiology,
vol. 81, no. 2, pp. 515–527, 2011.

[24] X. Huang, J. Liu, and R. C. Dickson, “Down-regulating sphin-
golipid synthesis increases yeast lifespan,” PLoS Genetics,
vol. 8, no. 2, article e1002493, 2012.

[25] J. Tulha, F. Faria-Oliveira, C. Lucas, and C. Ferreira, “Pro-
grammed cell death in Saccharomyces cerevisiae is hampered
by the deletion of GUP1 gene,” BMC Microbiology, vol. 12,
no. 1, p. 80, 2012.

[26] V. Zaremberg, C. Gajate, L. M. Cacharro, F. Mollinedo,
and C. R. McMaster, “Cytotoxicity of an anti-cancer lysopho-
spholipid through selective modification of lipid raft compo-
sition,” The Journal of Biological Chemistry, vol. 280, no. 45,
pp. 38047–38058, 2005.

[27] H. Zhang, C. Gajate, L. P. Yu, Y. X. Fang, and F. Mollinedo,
“Mitochondrial-derived ROS in edelfosine-induced apoptosis
in yeasts and tumor cells,” Acta Pharmacologica Sinica,
vol. 28, no. 6, pp. 888–894, 2007.

[28] V. Cerantola, I. Guillas, C. Roubaty et al., “Aureobasidin
A arrests growth of yeast cells through both ceramide
intoxication and deprivation of essential inositolphosphor-
ylceramides,” Molecular Microbiology, vol. 71, no. 6,
pp. 1523–1537, 2009.

[29] K. Kajiwara, T. Muneoka, Y. Watanabe, T. Karashima,
H. Kitagaki, and K. Funato, “Perturbation of sphingolipid
metabolism induces endoplasmic reticulum stress-mediated
mitochondrial apoptosis in budding yeast,”Molecular Micro-
biology, vol. 86, no. 5, pp. 1246–1261, 2012.

[30] O. Czyz, T. Bitew, A. Cuesta-Marbán, C. R. McMaster,
F. Mollinedo, and V. Zaremberg, “Alteration of plasma mem-
brane organization by an anticancer lysophosphatidylcholine
analogue induces intracellular acidification and internaliza-
tion of plasma membrane transporters in yeast,” The Journal
of Biological Chemistry, vol. 288, no. 12, pp. 8419–8432, 2013.

[31] T. Eisenberg and S. Büttner, “Lipids and cell death in yeast,”
FEMS Yeast Research, vol. 14, no. 1, pp. 179–197, 2014.

[32] A. Rego, D. Trindade, S. R. Chaves et al., “The yeast model
system as a tool towards the understanding of apoptosis reg-
ulation by sphingolipids,” FEMS Yeast Research, vol. 14,
no. 1, pp. 160–178, 2014.

[33] K. V. Ruggles, J. Garbarino, Y. Liu et al., “A functional,
genome-wide evaluation of liposensitive yeast identifies the
“ARE2 required for viability” (ARV1) gene product as a major
component of eukaryotic fatty acid resistance,” The Journal of
Biological Chemistry, vol. 289, no. 7, pp. 4417–4431, 2014.

[34] A. Arlia-Ciommo, V. Svistkova, S. Mohtashami, and V. I.
Titorenko, “A novel approach to the discovery of anti-
tumor pharmaceuticals: searching for activators of liponecro-
sis,” Oncotarget, vol. 7, no. 5, pp. 5204–5225, 2016.

[35] M. Valachovic, M. Garaiova, R. Holic, and I. Hapala, “Squa-
lene is lipotoxic to yeast cells defective in lipid droplet

8 Oxidative Medicine and Cellular Longevity



biogenesis,” Biochemical and Biophysical Research Communi-
cations, vol. 469, no. 4, pp. 1123–1128, 2016.

[36] L. K. Liu, V. Choudhary, A. Toulmay, and W. A. Prinz,
“An inducible ER-Golgi tether facilitates ceramide trans-
port to alleviate lipotoxicity,” The Journal of Cell Biology,
vol. 216, no. 1, pp. 131–147, 2017.

[37] D. Mitrofanova, P. Dakik, M. McAuley, Y. Medkour,
K. Mohammad, and V. I. Titorenko, “Lipid metabolism and
transport define longevity of the yeast Saccharomyces cerevi-
siae,” Frontiers in Bioscience, vol. 23, no. 3, pp. 1166–1194,
2018.

[38] S. D. Kohlwein and J. Petschnigg, “Lipid-induced cell dys-
function and cell death: lessons from yeast,” Current Hyper-
tension Reports, vol. 9, no. 6, pp. 455–461, 2007.

[39] P. Rockenfeller and F. Madeo, “Ageing and eating,” Biochi-
mica et Biophysica Acta, vol. 1803, no. 4, pp. 499–506, 2010.

[40] S. D. Kohlwein, M. Veenhuis, and I. J. van der Klei, “Lipid
droplets and peroxisomes: key players in cellular lipid
homeostasis or a matter of fat - store ‘em up or burn ‘em
down,” Genetics, vol. 193, no. 1, pp. 1–50, 2012.

[41] K. Natter and S. D. Kohlwein, “Yeast and cancer cells - com-
mon principles in lipid metabolism,” Biochimica et Biophy-
sica Acta (BBA) - Molecular and Cell Biology of Lipids,
vol. 1831, no. 2, pp. 314–326, 2013.

[42] P. G. Kopelman, “Obesity as a medical problem,” Nature,
vol. 404, no. 6778, pp. 635–643, 2000.

[43] R. H. Unger, “Lipotoxic diseases,” Annual Review of Medi-
cine, vol. 53, no. 1, pp. 319–336, 2002.

[44] J. E. Schaffer, “Lipotoxicity: when tissues overeat,” Current
Opinion in Lipidology, vol. 14, no. 3, pp. 281–287, 2003.

[45] R. H. Unger, “Longevity, lipotoxicity and leptin: the adi-
pocyte defense against feasting and famine,” Biochimie,
vol. 87, no. 1, pp. 57–64, 2005.

[46] R. T. Brookheart, C. I. Michel, and J. E. Schaffer, “As a matter
of fat,” Cell Metabolism, vol. 10, no. 1, pp. 9–12, 2009.

[47] J. Garbarino and S. L. Sturley, “Saturated with fat: new per-
spectives on lipotoxicity,” Current Opinion in Clinical Nutri-
tion and Metabolic Care, vol. 12, no. 2, pp. 110–116, 2009.

[48] C. M. Kusminski, S. Shetty, L. Orci, R. H. Unger, and P. E.
Scherer, “Diabetes and apoptosis: lipotoxicity,” Apoptosis,
vol. 14, no. 12, pp. 1484–1495, 2009.

[49] S. López, B. Bermúdez, R. Abia, and F. J. Muriana, “The influ-
ence of major dietary fatty acids on insulin secretion and
action,” Current Opinion in Lipidology, vol. 21, no. 1,
pp. 15–20, 2010.

[50] R. H. Unger and P. E. Scherer, “Gluttony, sloth and the met-
abolic syndrome: a roadmap to lipotoxicity,” Trends in Endo-
crinology and Metabolism, vol. 21, no. 6, pp. 345–352, 2010.

[51] R. Zechner, R. Zimmermann, T. O. Eichmann et al., “FAT
SIGNALS - lipases and lipolysis in lipid metabolism and sig-
naling,” Cell Metabolism, vol. 15, no. 3, pp. 279–291, 2012.

[52] E. Currie, A. Schulze, R. Zechner, T. C. Walther, and R. V.
Farese Jr, “Cellular fatty acid metabolism and cancer,” Cell
Metabolism, vol. 18, no. 2, pp. 153–161, 2013.

[53] L. Galluzzi, O. Kepp, M. G. Vander Heiden, and G. Kroemer,
“Metabolic targets for cancer therapy,” Nature Reviews Drug
Discovery, vol. 12, no. 11, pp. 829–846, 2013.

[54] G. Zadra, C. Photopoulos, and M. Loda, “The fat side of
prostate cancer,” Biochimica et Biophysica Acta (BBA) -
Molecular and Cell Biology of Lipids, vol. 1831, no. 10,
pp. 1518–1532, 2013.

[55] J. Park, T. S. Morley, M. Kim, D. J. Clegg, and P. E. Scherer,
“Obesity and cancer - mechanisms underlying tumour pro-
gression and recurrence,” Nature Reviews Endocrinology,
vol. 10, no. 8, pp. 455–465, 2014.

[56] A. Piano and V. I. Titorenko, “The intricate interplay
between mechanisms underlying aging and cancer,” Aging
and Disease, vol. 6, no. 1, pp. 56–75, 2015.

[57] A. A. Goldberg, V. R. Richard, P. Kyryakov et al., “Chemical
genetic screen identifies lithocholic acid as an anti-aging
compound that extends yeast chronological life span in a
TOR-independent manner, by modulating housekeeping
longevity assurance processes,” Aging, vol. 2, no. 7, pp. 393–
414, 2010.

[58] S. Sheibani, V. R. Richard, A. Beach et al., “Macromitophagy,
neutral lipids synthesis, and peroxisomal fatty acid oxidation
protect yeast from “liponecrosis”, a previously unknown
form of programmed cell death,” Cell Cycle, vol. 13, no. 1,
pp. 138–147, 2014.

[59] V. R. Richard, A. Beach, A. Piano et al., “Mechanism of lipo-
necrosis, a distinct mode of programmed cell death,” Cell
Cycle, vol. 13, no. 23, pp. 3707–3726, 2014.

[60] A. A. Goldberg, S. D. Bourque, P. Kyryakov et al., “A novel
function of lipid droplets in regulating longevity,” Biochemi-
cal Society Transactions, vol. 37, no. 5, pp. 1050–1055, 2009.

[61] L. Klug and G. Daum, “Yeast lipid metabolism at a glance,”
FEMS Yeast Research, vol. 14, no. 3, pp. 369–388, 2014.

[62] S. Carrasco and T. Meyer, “STIM proteins and the endoplas-
mic reticulum-plasma membrane junctions,” Annual Review
of Biochemistry, vol. 80, no. 1, pp. 973–1000, 2011.

[63] J. R. Friedman and G. K. Voeltz, “The ER in 3D: a multifunc-
tional dynamic membrane network,” Trends in Cell Biology,
vol. 21, no. 12, pp. 709–717, 2011.

[64] S. A. Henry, S. D. Kohlwein, and G. M. Carman, “Metabolism
and regulation of glycerolipids in the yeast Saccharomyces
cerevisiae,” Genetics, vol. 190, no. 2, pp. 317–349, 2012.

[65] A. A. Rowland and G. K. Voeltz, “Endoplasmic reticulum-
mitochondria contacts: function of the junction,” Nature
Reviews. Molecular Cell Biology, vol. 13, no. 10, pp. 607–
625, 2012.

[66] A. Beach, V. R. Richard, A. Leonov et al., “Mitochondrial
membrane lipidome defines yeast longevity,” Aging, vol. 5,
no. 7, pp. 551–574, 2013.

[67] A. Leonov and V. I. Titorenko, “A network of interorganellar
communications underlies cellular aging,” IUBMB Life,
vol. 65, no. 8, pp. 665–674, 2013.

[68] V. R. Richard, A. Leonov, A. Beach et al., “Macromitophagy is
a longevity assurance process that in chronologically aging
yeast limited in calorie supply sustains functional mitochon-
dria and maintains cellular lipid homeostasis,” Aging, vol. 5,
no. 4, pp. 234–269, 2013.

[69] S. Tavassoli, J. T. Chao, B. P. Young et al., “Plasma
membrane-endoplasmic reticulum contact sites regulate
phosphatidylcholine synthesis,” EMBO Reports, vol. 14,
no. 5, pp. 434–440, 2013.

[70] P. Dakik and V. I. Titorenko, “Communications between
mitochondria, the nucleus, vacuoles, peroxisomes, the endo-
plasmic reticulum, the plasma membrane, lipid droplets
and the cytosol during yeast chronological aging,” Frontiers
in Genetics, vol. 7, 2016.

[71] S. E. Horvath and G. Daum, “Lipids of mitochondria,” Prog-
ress in Lipid Research, vol. 52, no. 4, pp. 590–614, 2013.

9Oxidative Medicine and Cellular Longevity



[72] M. J. Aaltonen, J. R. Friedman, C. Osman et al., “MICOS and
phospholipid transfer by Ups2-Mdm35 organize membrane
lipid synthesis in mitochondria,” The Journal of Cell Biology,
vol. 213, no. 5, pp. 525–534, 2016.

[73] N. Miyata, Y. Watanabe, Y. Tamura, T. Endo, and
O. Kuge, “Phosphatidylserine transport by Ups2-Mdm35
in respiration-active mitochondria,” The Journal of Cell
Biology, vol. 214, no. 1, pp. 77–88, 2016.

[74] K. S. Dimmer and D. Rapaport, “Mitochondrial contact sites
as platforms for phospholipid exchange,” Biochimica et Bio-
physica Acta (BBA) - Molecular and Cell Biology of Lipids,
vol. 1862, no. 1, pp. 69–80, 2017.

[75] C. U. Mårtensson, K. N. Doan, and T. Becker, “Effects of
lipids on mitochondrial functions,” Biochimica et Biophysica
Acta (BBA) - Molecular and Cell Biology of Lipids, vol. 1862,
no. 1, pp. 102–113, 2017.

[76] M. Connerth, T. Tatsuta, M. Haag, T. Klecker,
B. Westermann, and T. Langer, “Intramitochondrial trans-
port of phosphatidic acid in yeast by a lipid transfer protein,”
Science, vol. 338, no. 6108, pp. 815–818, 2012.

[77] M. G. Baile, Y. W. Lu, and S. M. Claypool, “The topology and
regulation of cardiolipin biosynthesis and remodeling in
yeast,” Chemistry and Physics of Lipids, vol. 179, pp. 25–31,
2014.

[78] T. Tatsuta and T. Langer, “Intramitochondrial phospholipid
trafficking,” Biochimica et Biophysica Acta, vol. 1862, no. 1,
pp. 81–89, 2017.

[79] M. Babst, D. J. Katzmann, E. J. Estepa-Sabal, T. Meerloo, and
S. D. Emr, “Escrt-III: an endosome-associated heterooligo-
meric protein complex required for MVB sorting,” Develop-
mental Cell, vol. 3, no. 2, pp. 271–282, 2002.

[80] T. M. Lamb and A. P. Mitchell, “The transcription factor
Rim101p governs ion tolerance and cell differentiation by
direct repression of the regulatory genes NRG1 and SMP1
in Saccharomyces cerevisiae,”Molecular and Cellular Biology,
vol. 23, no. 2, pp. 677–686, 2003.

[81] W. Xu, F. J. Smith Jr, R. Subaran, and A. P. Mitchell,
“Multivesicular body-ESCRT components function in pH
response regulation in Saccharomyces cerevisiae and Candida
albicans,” Molecular Biology of the Cell, vol. 15, no. 12,
pp. 5528–5537, 2004.

[82] K. J. Barwell, J. H. Boysen, W. Xu, and A. P. Mitchell, “Rela-
tionship of DFG16 to the Rim101p pH response pathway in
Saccharomyces cerevisiae and Candida albicans,” Eukaryotic
Cell, vol. 4, no. 5, pp. 890–899, 2005.

[83] M. Hayashi, T. Fukuzawa, H. Sorimachi, and T. Maeda,
“Constitutive activation of the pH-responsive Rim101 path-
way in yeast mutants defective in late steps of the MVB/
ESCRT pathway,” Molecular and Cellular Biology, vol. 25,
no. 21, pp. 9478–9490, 2005.

[84] P. Weiss, S. Huppert, and R. Kölling, “Analysis of the dual
function of the ESCRT-III protein Snf7 in endocytic traffick-
ing and in gene expression,” The Biochemical Journal,
vol. 424, no. 1, pp. 89–97, 2009.

[85] A. K. Shukla, K. Xiao, and R. J. Lefkowitz, “Emerging
paradigms of β-arrestin-dependent seven transmembrane
receptor signaling,” Trends in Biochemical Sciences, vol. 36,
no. 9, pp. 457–469, 2011.

[86] T. Maeda, “The signaling mechanism of ambient pH sensing
and adaptation in yeast and fungi,” The FEBS Journal,
vol. 279, no. 8, pp. 1407–1413, 2012.

[87] K. Obara, H. Yamamoto, and A. Kihara, “Membrane protein
Rim21 plays a central role in sensing ambient pH in Saccha-
romyces cerevisiae,” The Journal of Biological Chemistry,
vol. 287, no. 46, pp. 38473–38481, 2012.

[88] U. Kato, K. Emoto, C. Fredriksson et al., “A novel membrane
protein, Ros3p, is required for phospholipid translocation
across the plasma membrane in Saccharomyces cerevisiae,”
The Journal of Biological Chemistry, vol. 277, no. 40,
pp. 37855–37862, 2002.

[89] A. Kihara and Y. Igarashi, “Identification and characteriza-
tion of a Saccharomyces cerevisiae gene, RSB1, involved in
sphingoid long-chain base release,” The Journal of Biological
Chemistry, vol. 277, no. 33, pp. 30048–30054, 2002.

[90] A. Kihara and Y. Igarashi, “Cross talk between sphingolipids
and glycerophospholipids in the establishment of plasma
membrane asymmetry,” Molecular Biology of the Cell,
vol. 15, no. 11, pp. 4949–4959, 2004.

[91] M. Ikeda, A. Kihara, A. Denpoh, and Y. Igarashi, “The
Rim101 pathway is involved in Rsb1 expression induced by
altered lipid asymmetry,” Molecular Biology of the Cell,
vol. 19, no. 5, pp. 1922–1931, 2008.

[92] F. Reggiori and D. J. Klionsky, “Autophagic processes in
yeast: mechanism, machinery and regulation,” Genetics,
vol. 194, no. 2, pp. 341–361, 2013.

[93] Y. Feng, D. He, Z. Yao, and D. J. Klionsky, “The machinery of
macroautophagy,” Cell Research, vol. 24, no. 1, pp. 24–41,
2014.

[94] D. J. Klionsky, K. Abdelmohsen, A. Abe et al., “Guidelines for
the use and interpretation of assays for monitoring autoph-
agy (3rd edition),” Autophagy, vol. 12, no. 1, pp. 1–222, 2016.

[95] A. Beach, A. Leonov, A. Arlia-Ciommo, V. Svistkova,
V. Lutchman, and V. I. Titorenko, “Mechanisms by which
different functional states of mitochondria define yeast lon-
gevity,” International Journal of Molecular Sciences, vol. 16,
no. 3, pp. 5528–5554, 2015.

[96] D. Carmona-Gutierrez, T. Eisenberg, S. Büttner,
C. Meisinger, G. Kroemer, and F. Madeo, “Apoptosis in yeast:
triggers, pathways, subroutines,” Cell Death and Differentia-
tion, vol. 17, no. 5, pp. 763–773, 2010.

[97] F. Madeo, D. Carmona-Gutierrez, J. Ring, S. Büttner,
T. Eisenberg, and G. Kroemer, “Caspase-dependent and
caspase-independent cell death pathways in yeast,” Biochem-
ical and Biophysical Research Communications, vol. 382,
no. 2, pp. 227–231, 2009.

[98] M. A. S. Khan, P. B. Chock, and E. R. Stadtman, “Knockout of
caspase-like gene, YCA1, abrogates apoptosis and elevates
oxidized proteins in Saccharomyces cerevisiae,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 102, no. 48, pp. 17326–17331, 2005.

[99] R. E. C. Lee, S. Brunette, L. G. Puente, and L. A. Megeney,
“Metacaspase Yca1 is required for clearance of insoluble
protein aggregates,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 107, no. 30,
pp. 13348–13353, 2010.

[100] S. Lefevre, D. Sliwa, F. Auchère et al., “The yeast metacaspase
is implicated in oxidative stress response in frataxin-deficient
cells,” FEBS Letters, vol. 586, no. 2, pp. 143–148, 2012.

[101] A. Shrestha, L. G. Puente, S. Brunette, and L. A. Megeney,
“The role of Yca1 in proteostasis. Yca1 regulates the compo-
sition of the insoluble proteome,” Journal of Proteomics,
vol. 81, pp. 24–30, 2013.

10 Oxidative Medicine and Cellular Longevity



[102] S. M. Hill, X. Hao, B. Liu, and T. Nyström, “Life-span exten-
sion by a metacaspase in the yeast Saccharomyces cerevisiae,”
Science, vol. 344, no. 6190, pp. 1389–1392, 2014.

[103] S. M. Hill and T. Nyström, “The dual role of a yeast metacas-
pase: what doesn’t kill you makes you stronger,” BioEssays,
vol. 37, no. 5, pp. 525–531, 2015.

[104] V. Longo, M. Ždralević, N. Guaragnella, S. Giannattasio,
L. Zolla, and A. M. Timperio, “Proteome and metabolome
profiling of wild-type and YCA1-knock-out yeast cells during
acetic acid-induced programmed cell death,” Journal of Pro-
teomics, vol. 128, pp. 173–188, 2015.

[105] M. Ždralević, V. Longo, N. Guaragnella, S. Giannattasio,
A. M. Timperio, and L. Zolla, “Differential proteome-
metabolome profiling of YCA1-knock-out and wild type cells
reveals novel metabolic pathways and cellular processes
dependent on the yeast metacaspase,” Molecular BioSystems,
vol. 11, no. 6, pp. 1573–1583, 2015.

[106] F. Madeo, E. Herker, C. Maldener et al., “A caspase-related
protease regulates apoptosis in yeast,” Molecular Cell, vol. 9,
no. 4, pp. 911–917, 2002.

[107] B. Fahrenkrog, U. Sauder, and U. Aebi, “The S. cerevisiae
HtrA-like protein Nma111p is a nuclear serine protease that
mediates yeast apoptosis,” Journal of Cell Science, vol. 117,
no. 1, pp. 115–126, 2004.

[108] D. Walter, S. Wissing, F. Madeo, and B. Fahrenkrog, “The
inhibitor-of-apoptosis protein Bir1p protects against apopto-
sis in S. cerevisiae and is a substrate for the yeast homologue
of Omi/HtrA2,” Journal of Cell Science, vol. 119, no. 9,
pp. 1843–1851, 2006.

[109] D. Wilkinson and M. Ramsdale, “Proteases and caspase-like
activity in the yeast Saccharomyces cerevisiae,” Biochemical
Society Transactions, vol. 39, no. 5, pp. 1502–1508, 2011.

[110] C. Falcone and C. Mazzoni, “External and internal triggers of
cell death in yeast,” Cellular and Molecular Life Sciences,
vol. 73, no. 11-12, pp. 2237–2250, 2016.

[111] N. Kourtis and N. Tavernarakis, “Autophagy and cell death in
model organisms,” Cell Death and Differentiation, vol. 16,
no. 1, pp. 21–30, 2008.

[112] H. M. Shen and P. Codogno, “Autophagic cell death: Loch
Ness monster or endangered species?,” Autophagy, vol. 7,
no. 5, pp. 457–465, 2011.

[113] D. Denton, S. Nicolson, and S. Kumar, “Cell death by autoph-
agy: facts and apparent artefacts,” Cell Death and Differentia-
tion, vol. 19, no. 1, pp. 87–95, 2012.

[114] T. Eisenberg, H. Knauer, A. Schauer et al., “Induction of
autophagy by spermidine promotes longevity,” Nature Cell
Biology, vol. 11, no. 11, pp. 1305–1314, 2009.

[115] T. Eisenberg, D. Carmona-Gutierrez, S. Büttner,
N. Tavernarakis, and F. Madeo, “Necrosis in yeast,” Apopto-
sis, vol. 15, no. 3, pp. 257–268, 2010.

[116] P. Vandenabeele, L. Galluzzi, T. Vanden Berghe, and
G. Kroemer, “Molecular mechanisms of necroptosis: an
ordered cellular explosion,” Nature Reviews Molecular Cell
Biology, vol. 11, no. 10, pp. 700–714, 2010.

[117] S. Bialik, E. Zalckvar, Y. Ber, A. D. Rubinstein, and A. Kimchi,
“Systems biology analysis of programmed cell death,” Trends
in Biochemical Sciences, vol. 35, no. 10, pp. 556–564, 2010.

[118] E. Zalckvar, S. Bialik, and A. Kimchi, “The road not taken: a
systems level strategy for analyzing the cell death network,”
Autophagy, vol. 6, no. 6, pp. 813–815, 2010.

[119] E. Zalckvar, N. Yosef, S. Reef et al., “A systems level strategy
for analyzing the cell death network: implication in exploring
the apoptosis/autophagy connection,” Cell Death and Differ-
entiation, vol. 17, no. 8, pp. 1244–1253, 2010.

[120] A. D. Rubinstein and A. Kimchi, “Life in the balance - a
mechanistic view of the crosstalk between autophagy and
apoptosis,” Journal of Cell Science, vol. 125, no. 22,
pp. 5259–5268, 2012.

[121] M. T. Burstein, P. Kyryakov, A. Beach et al., “Lithocholic
acid extends longevity of chronologically aging yeast only
if added at certain critical periods of their lifespan,” Cell
Cycle, vol. 11, no. 18, pp. 3443–3462, 2012.

[122] A. Beach, V. R. Richard, S. Bourque et al., “Lithocholic bile
acid accumulated in yeast mitochondria orchestrates a
development of an anti-aging cellular pattern by causing
age-related changes in cellular proteome,” Cell Cycle,
vol. 14, no. 11, pp. 1643–1656, 2015.

[123] A. Leonov, A. Arlia-Ciommo, S. D. Bourque et al., “Specific
changes in mitochondrial lipidome alter mitochondrial pro-
teome and increase the geroprotective efficiency of lithocholic
acid in chronologically aging yeast,”Oncotarget, vol. 8, no. 19,
pp. 30672–30691, 2017.

[124] Y. Zhao, A. F. Gilliat, M. Ziehm et al., “Two forms of death
in ageing Caenorhabditis elegans,” Nat Commun, vol. 8,
article 15458, 2017.

[125] S. D. Kohlwein, “Obese and anorexic yeasts: experimental
models to understand the metabolic syndrome and lipotoxi-
city,” Biochimica et Biophysica Acta (BBA) - Molecular and
Cell Biology of Lipids, vol. 1801, no. 3, pp. 222–229, 2010.

[126] F. Madeo, E. Fröhlich, and K. U. Fröhlich, “A yeast mutant
showing diagnostic markers of early and late apoptosis,”
The Journal of Cell Biology, vol. 139, no. 3, pp. 729–734, 1997.

[127] A. Abudugupur, K. Mitsui, S. Yokota, and K. Tsurugi, “An
ARL1 mutation affected autophagic cell death in yeast,
causing a defect in central vacuole formation,” Cell Death
and Differentiation, vol. 9, no. 2, pp. 158–168, 2002.

11Oxidative Medicine and Cellular Longevity



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi

www.hindawi.com Volume 2018

MEDIATORS

INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at

www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

