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Macromitophagy, neutral lipids synthesis, and
peroxisomal fatty acid oxidation protect yeast
from “liponecrosis”, a previously unknown form
of programmed cell death

Sara Sheibani'?, Vincent R Richard?, Adam Beach?, Anna Leonov?, Rachel Feldman?, Sevan Mattie?, Leila Khelghatybana?,
Amanda Piano?, Michael Greenwood? Hojatollah Vali', and Vladimir | Titorenko®*

"Department of Anatomy and Cell Biology; McGill University; Montreal, Quebec, Canada; 2Department of Chemistry and Chemical Engineering; Royal Military College
of Canada; Kingston, Ontario, Canada; *Department of Biology; Concordia University; Montreal, Quebec, Canada

Keywords: mechanisms of programmed cell death, yeast, autophagy, autophagic cell death, mitophagy, apoptosis,

necrosis, fatty acids, peroxisomes, lipid droplets

Abbreviations: CFU, colony forming units; EE, ergosteryl esters; EM, electron microscopy; FM, fluorescence microscopy;
LD, lipid droplets; PCD, programmed cell death; PI, propidium iodide; POA, palmitoleic fatty acid;
PS, phosphatidylserine; TAG, triacylglycerols

We identified a form of cell death called “liponecrosis.” It can be elicited by an exposure of the yeast Saccharomyces
cerevisiae to exogenous palmitoleic acid (POA). Our data imply that liponecrosis is: (1) a programmed, regulated form
of cell death rather than an accidental, unregulated cellular process and (2) an age-related form of cell death. Cells
committed to liponecrotic death: (1) do not exhibit features characteristic of apoptotic cell death; (2) do not display
plasma membrane rupture, a hallmark of programmed necrotic cell death; (3) akin to cells committed to necrotic cell
death, exhibit an increased permeability of the plasma membrane for propidium iodide; (4) do not display excessive
cytoplasmic vacuolization, a hallmark of autophagic cell death; (5) akin to cells committed to autophagic death, exhibit
a non-selective en masse degradation of cellular organelles and require the cytosolic serine/threonine protein kinase
Atg1p for executing the death program; and (6) display a hallmark feature that has not been reported for any of the
currently known cell death modalities—namely, an excessive accumulation of lipid droplets where non-esterified fatty
acids (including POA) are deposited in the form of neutral lipids. We therefore concluded that liponecrotic cell death
subroutine differs from the currently known subroutines of programmed cell death. Our data suggest a hypothesis that
liponecrosis is a cell death module dynamically integrated into a so-called programmed cell death network, which also
includes the apoptotic, necrotic, and autophagic modules of programmed cell death. Based on our findings, we propose

a mechanism underlying liponecrosis.

Introduction

In multicellular organisms, the homeostasis of cell number
in various tissues and in the entire organism is sustained via a
regulated balance between the fundamental biological processes
of cell division, cell differentiation, and programmed cell death
(PCD).! The term “PCD” refers to a genetically programmed,
regulated form of cell death—as opposed to an accidental,
unregulated cellular process.? As a genetically programmed,
regulated cellular process, a PCD subroutine should be intensified
or attenuated by genetic manipulations that alter the abundancies
and/or activities of only certain proteins.>? Furthermore, a PCD
subroutine should be a cellular process comprised of a cascade
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of consecutive cellular events initiated in response to a certain
stimulus, following each other in a certain order and orchestrated
by a certain signaling pathway or network.”* Moreover, a PCD
subroutine should be a cellular process that provides a certain
benefit for development, survival, and/or stress resistance of a
cell population or an organism.>* Several PCD subroutines are
presently known; these subroutines have different underlying
mechanisms, exhibit different morphological and biochemical
traits, and are orchestrated by different (although partially
overlapping) signaling pathways.”> The initial classification of
various types of PCD into apoptosis, autophagic cell death,
and necrosis was based mostly on morphological differences
between cells committed to these different PCD subroutines.?*
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The most recent classification of PCD subroutines is based on a
combination of numerous morphological and biochemical traits
typical of each of them; the well-characterized PCD subroutines
include extrinsic apoptosis, caspase-dependent or -independent
intrinsic apoptosis, regulated necrosis, autophagic cell death,
and mitotic catastrophe.’ Some of the currently known PCD
subroutines are characterized in much less detail with respect
to their morphological traits and biochemical features; these
other PCD subroutines include anoikis, excitotoxicity, Wallerian
degeneration, paraptosis, pyroptosis, pyronecrosis, entosis,
parthanatos, netosis, and cornification.” Molecular mechanisms
underlying these PCD subroutines and integrating them into a
PCD network remain to be established.

The budding yeast Saccharomyces cerevisiae is a unicellular
eukaryote amenable to comprehensive biochemical, genetic,
cell biological, chemical biological, and system biological
analyses.” The use of yeast as an advantageous model organism
in cell death research has already greatly contributed to
the current understanding of the molecular and cellular
mechanisms underlying various PCD subroutines.*" We
recently demonstrated that a short-term exposure of yeast cells
to exogenously added palmitoleic fatty acid (POA) causes their
death."" In this study, we provide evidence that POA-induced
cell death in yeast is an age-related subroutine of genetically
programmed, regulated cell death rather than an accidental,
unregulated cellular process. We concluded that POA-induced
cell death is a PCD subroutine, because: (1) it is intensified or
attenuated by genetic manipulations that eliminate only certain
proteins involved in maintaining functional mitochondria,
metabolizing lipids, or macroautophagically degrading cellular
constituents; and (2) it represents a cascade of consecutive cellular
events that are initiated in response to POA and follow each
other in a certain order. We call this previously unknown PCD
subroutine “liponecrosis”. Based on our findings, we propose a
model for molecular mechanisms underlying liponecrosis. Our
data suggest that liponecrosis represents a cell death module
dynamically integrated into a so-called PCD network; this
network also includes the apoptotic, necrotic, and autophagic

modules of PCD.

Results

Macromitophagy protects yeast from a mode of cell death
triggered by exogenous palmitoleic fatty acid (POA)

A short-term (for 2 h) exposure of wild-type (WT) yeast cells
to exogenous POA has been shown to cause their death, thereby
significantly reducing clonogenic survival of these cells in a POA
concentration-dependent manner.'*> Noteworthy, the pex5A
mutation, previously known for its ability to impair peroxisomal
fatty acid oxidation,'® has been recently demonstrated not only to
greatly reduce mitochondrial functionality, but also to enhance
the susceptibility of yeast to a form of cell death elicited by a brief
exposure to exogenous POA." This finding suggested that the
maintenance of a healthy population of functional mitochondria
may protect yeast from POA-induced cell death modality.
Macromitophagy, a selective macroautophagic degradation of
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dysfunctional mitochondria, is known to sustain such healthy
population of functional mitochondria in chronologically aging
yeast cells.'” We therefore sought to investigate the importance of
macromitophagy in protecting yeast from a mode of cell death
triggered by exogenous POA. To attain this objective, we used the
single-gene-deletion mutant strain azg32A. Because this mutant
strain lacks a mitochondrial receptor for macromitophagy, it is
known to be impaired only in the mitophagic pathway of selective
macroautophagy but not in other pathways of selective or non-
selective macroautophagy.'" We found that the #2¢32A mutation
significantly reduces clonogenic survival of yeast cells briefly
exposed to various concentrations of POA (Fig. 1A—C). Thus, by
removing dysfunctional mitochondria, macromitophagy protects
yeast from a form of cell death triggered by this monounsaturated
fatty acid. Of note, the susceptibility of both WT and azg32A
cells to a death mode elicited by exogenous POA increased with
the chronological age of these cells (Fig. 1A—C). Because the
degree to which this death mode reduces cell viability appears to
progress with the chronological age of a yeast cell, we concluded
that it is an age-related modality of cell death.

Notably, we found that the 2£¢32A mutation also significantly
reduces clonogenic survival of yeast cells following their short-
term (2-h) exposure to various concentrations of exogenous
hydrogen peroxide (Fig. 1D-F). The susceptibility of WT
cells to a death mode elicited by exogenous hydrogen peroxide
decreased with the chronological age of these cells, whereas the
opposite trend was seen for chronologically aging azg32A cells
(Fig. 1D-F). Hence, a selective macroautophagic degradation of
dysfunctional mitochondria protects yeast from an age-related
form of cell death triggered by exogenous hydrogen peroxide.

POA induces “liponecrosis,” a mode of cell death that differs
from apoptotic, regulated necrotic, and autophagic cell death
subroutines

To provide a mechanistic insight into the demonstrated essential
role of macromitophagy in protecting yeast from a POA-induced
mode of cell death, we used electron and fluorescence microscopies
(EM and FM, respectively) to examine WT and azg32A cells
exposed to various concentration of this monounsaturated fatty
acid. Our objectives were: (1) to define morphological traits
characteristic of the cell death subroutine triggered by exogenous
POA; and (2) to compare these traits to the well-established*¢71%:20
morphological features of the currently known apoptotic, regulated
necrotic, and autophagic cell death modalities.

We found that only minor fractions of WT and azg32A
cells treated with various concentrations of POA exhibit such
characteristic traits ofa mitochondria-controlled mode ofapoptotic
cell death as nuclear fragmentation and phosphatidylserine (PS)
translocation from the inner to the outer leaflet of the plasma
membrane (Figs. 2A and 3A; Fig. S1A and B). Thus, a mode of
cell death elicited by an exposure of both WT and azg32A cells to
exogenous POA is not an apoptotic cell death subroutine.

Of note, significant portions of WT and a£g32A cells exposed
to exogenous hydrogen peroxide displayed fragmented nucleus
and externalized PS (Figs. 2B and 3A; Fig. S1A and B). Although
the percentages of both WT and a2g32A cells exhibiting these
hallmarks of the apoptotic cell death subroutine following
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treatment with hydrogen peroxide were proportional to its
concentration, the 2£¢32A mutation significantly increased the
fraction of such cells (Figs. 2B and 3A; Fig. S1A and B). In sum,
these microscopical analyses imply that: (1) a short-term exposure
of both WT and a#g32A cells to exogenous hydrogen peroxide
added at the concentrations ranging from 0.5 mM to 2.5 mM
triggers an apoptotic form of cell death, and (2) macromitophagy
protects yeast from this form of cell death.

Furthermore, our EM analysis revealed that WT and azg32A
cells treated with various concentrations of POA do not exhibit
rupture of the plasma membrane (Figs. 2A and 3B), a hallmark
trait of a necrotic mode of programmed cell death.®?' However,
our FM analysis demonstrated that significant portions of WT'

and azg32A cells exposed to exogenous POA display propidium
iodide (PI)-positive staining (Fig. SIC). This staining pattern
is characteristic of a significantly increased permeability of the
plasma membrane for PI and other small molecules, a hallmark
trait of a necrotic mode of programmed cell death.®?' Altogether,
these EM and FM analyses demonstrate that a form of cell
death triggered by an exposure of both WT and azg32A cells to
exogenous POA is not a typical necrotic cell death subroutine.
Indeed, (1) unlike conventional necrotic cell death, this POA-
induced form of cell death does not lead to plasma membrane
rupture; but (2) akin to conventional necrotic cell death, this
POA-induced form of cell death significantly increases plasma
membrane permeability for PI and other small molecules.
Importantly, our EM and FM analyses uncovered that
WT cells treated with various concentrations of POA

exhibit an excessive accumulation of lipid droplets (LD)
(Figs. 2A and 3C; Fig. SID); LD are known to serve as
a deposition site for stockpiling non-esterified (“free”)
fatty acids and sterols in the forms of triacylglycerols
(TAG) and ergosteryl esters (EE), the 2 major neutral
lipids synthesized in the endoplasmic reticulum.?>* This
hallmark morphological feature of a POA-induced form
3 of cell death has not been reported for any of the currently

known apoptotic, regulated necrotic, and autophagic cell
death modalities.>*#2**% We therefore concluded that
POA triggers a previously unknown form of cell death in
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yeast. We call this novel cell death modality “liponecrosis”.

Macromitophagy, functional mitochondria, and
neutral lipids synthesis protect yeast from liponecrotic
cell death elicited by POA

It should be stressed that the azg32A-dependent
mutational block of macromitophagy abolished the
accumulation of LD in yeast cells committed to
liponecrotic death triggered by cell exposure to POA
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(Fig. 1A-C). Based on these findings, we hypothesized
that: (1) the excessive accumulation of LD, a deposition
site for stockpiling non-esterified fatty acids (including
POA), protects yeast from a liponecrotic mode of cell
death; (2) functional mitochondria are required for such
accumulation of LD, likely because these organelles provide
energy needed for a pro-survival process of depositing non-
esterified fatty acids (including POA) within LD; and (3)

macromitophagy protects yeast cells from liponecrotic
death by sustaining a healthy population of functional
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mitochondria capable of providing energy for depositing
non-esterified fatty acids (including POA) within LD. In

support of this hypothesis, we found that the single-gene-

exogenous POA (A-C) or hydrogen peroxide (D-F).

Figure 1. By removing dysfunctional mitochondria, macromitophagy protects
yeast from age-related forms of cell death elicited by a short-term exposure to
exogenous POA or hydrogen peroxide. WT and atg32A cells were recovered at
days 1,2, and 4 of culturing in a nutrient-rich YP medium initially containing 0.2%
glucose as carbon source. Cell survival was assessed by measuring the clonoge-
nicity of WT and atg32A cells after 2 h of treatment with various concentrations of

deletion mutations dgalA and are2A reduce clonogenic
survival of yeast cells committed to POA-induced
liponecrotic death (Fig. S2A and B); these 2 mutations
are known to attenuate LD formation by eliminating
redundant enzymes involved in the synthesis of TAG and
EE (respectively), the 2 major neutral lipids synthesized in
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the ER.? Furthermore, this hypothesis is also supported by our
observation that the single-gene-deletion mutation ¢ye3A reduces
clonogenic survival of yeast cells committed to liponecrotic death
triggered by POA (Fig. S2A and B); this mutation is known to
abolish mitochondrial respiration by eliminating cytochrome ¢
heme lyase and thereby impairing cytochrome ¢ functionality.”
these findings validate our hypothesis that
macromitophagy protects yeast cells from liponecrosis by
maintaining a healthy population of functional mitochondria
capable of providing energy that is needed for a pro-survival process
of depositing non-esterified fatty acids (including POA) within LD.

Peroxisomal fatty acid oxidation protects yeast from
liponecrotic cell death triggered by POA

We previously demonstrated that the single-gene-deletion
mutation pex5A decreases clonogenic survival of yeast cells exposed
to POA;' this mutation is known to impair peroxisomal import
of the first 2 enzymes of the fatty acid B-oxidation pathway,'®
thereby decelerating a conversion of immature (dysfunctional)
peroxisomal precursors to mature (functional) peroxisomes.** We
therefore hypothesized that B-oxidation of non-esterified fatty
acids (including POA) within functional peroxisomes may protect

In sum,

yeast from liponecrotic cell death by operating as a pro-survival
process of reducing the cellular level of POA. In support of this
hypothesis, we found that the single-gene-deletion mutation fox/A
reduces clonogenic survival of yeast committed to POA-induced
liponecrotic death (Fig. $2D); this mutation is known to eliminate
the first enzyme of the fatty acid B-oxidation pathway, thereby
abolishing B-oxidation of non-esterified fatty acids (including
POA) within functional peroxisomes.'®

Non-selective macroautophagy executes liponecrotic cell
death elicited by POA

Our EM analysis revealed that an exposure of WT cells to
various concentrations of POA caused a POA concentration-
dependent rise in the fraction of cells lacking all cellular
organelles (Figs. 2 and 3D). Importantly, we found that
the atg32A mutation significantly increases the portion of
such organelle-less cells that are committed to POA-induced
liponecrotic death (Figs. 2 and 3D). Of note, the percentages of
WT and ag32A cells lacking all cellular organelles following an
exposure to POA increased with the chronological age of these
cells (Figs. 2 and 3D). Based on these findings, we hypothesized
that a non-selective en masse degradation of cellular organelles
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Figure 2. Morphological traits characteristic of the cell death subroutines triggered by a short-term exposure to exogenous POA or hydrogen peroxide.
WT and atg32A cells were recovered at day 1 of culturing in a nutrient-rich YP medium initially containing 0.2% glucose as carbon source. Transmission
electron micrographs of WT and atg32A cells after 2 h of treatment with various concentrations of exogenous POA (A) or hydrogen peroxide (B) are
presented. Bar, 1 um. Abbreviations: ER, endoplasmic reticulum; LD, lipid droplet; N, nucleus; V, vacuole.
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executes a liponecrotic form of cell death. This hypothesis is
supported by our observation that the single-gene-deletion
mutation azgIA increases clonogenic survival of yeast cells
committed to liponecrotic death triggered by POA (Fig. 4A-C).
This mutation is known to abolish all pathways of non-selective
and selective autophagic degradation of cellular organelles and
macromolecules in yeast cells by eliminating a cytosolic serine/
threonine protein kinase that governs these pathways.”” We
therefore concluded that liponecrosis is an age-related form
of programmed cell death that is executed by a non-selective
en masse autophagic degradation of cellular organelles and
macromolecules in a process orchestrated by the cytosolic serine/
threonine protein kinase Atglp.

Of note, unlike the effect of azg/ A on POA-elicited liponecrotic
cell death, this mutation significantly reduced clonogenic survival
of yeast cells following an exposure to various concentrations
of exogenous hydrogen peroxide (Fig. 4D-F). This study
demonstrated that a short-term exposure of yeast to exogenous
hydrogen peroxide added at the concentrations ranging from
0.5 mM to 2.5 mM triggers an apoptotic form of cell death (see
above). Thus, although a non-selective en masse autophagic
degradation of cellular organelles and macromolecules executes
an orchestrated by Atglp form of POA-induced liponecrotic cell
death, such degradation operates as a pro-survival process in yeast
committed to apoptotic death that is triggered by cell exposure to
exogenous hydrogen peroxide.
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are presented as means + SEM (n = 3; *P < 0.01).

Figure 3. Percentage of WT and atg32A cells that display nuclear fragmentation (A), plasma membrane rupture (B), LD accumulation (C) or lack of all
cellular organelles (D). WT and atg32A cells were recovered at days 1, 2, and 4 of culturing in a nutrient-rich YP medium initially containing 0.2% glucose
as carbon source. Transmission electron micrographs of WT and atg32A cells after 2 h of treatment with various concentrations of exogenous POA or
hydrogen peroxide were used for morphometric analysis; at least 100 cells of each strain were used for morphometric analysis at each time-point. Data
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Discussion

This study revealed a previously unknown form of cell
death, which we call “liponecrosis”. Liponecrosis is initiated in
response to a short-term exposure of yeast to exogenous POA, a
monounsaturated fatty acid. We demonstrate that: (1) mutations
eliminating certain proteins involved in maintaining functional
mitochondria, metabolizing lipids, and macroautophagically
degrading cellular constituents either enhance or attenuate
liponecrosis, and (2) liponecrosis is a cascade of consecutive cellular
events that are initiated in response to POA and follow each other
in a certain order. Thus, akin to apoptotic, regulated necrotic and

autophagic cell death modalities,**®*"** liponecrosis is

morphological trait of the liponecrotic cell death subroutine
has not been reported for any of the currently known apoptotic,
regulated necrotic and autophagic cell death modalities.>¢#2-4
A body of recent evidence supports the view that the individual
pathways known to orchestrate the apoptotic, regulated necrotic
and autophagic subroutines of cell death constitute modules that
are dynamically integrated into a so-called programmed cell death
(PCD) network.'>*-% The concept of a PCD network provides
a suitable explanation for the reported here and in several recent
studies observations that: (1) in response to some death triggers,
in certain cell types and/or under specific circumstances a cell
committed to a programmed death subroutine can exhibit a mix

a programmed, regulated form of cell death rather than A D
an accidental, unregulated cellular process. Moreover, 100 100
liponecrosis is an age-related form of cell death. Indeed, < 80 < 80 ]
we found that the degree to which it reduces cell viability %’ " %’ 60 |
progresses with the chronological age of a yeast cell. é é ]
Our conclusion that the liponecrotic cell death | 2 40 2 40
modality differs from the currently known apoptotic, 20 1 20 |
regulated necrotic and autophagic cell death subroutines 1 0 o
is based on the following findings. First, yeast cells 0 0 005 01 o015 0 0 05 1 15 5 s
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exhibit nuclear fragmentation and PS externalization; 22
these 2 morphological features are known to be hallmarks B 57 | E Day 3

of the apoptotic cell death subroutine.® Second, yeast

100

100
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not display plasma membrane rupture, a morphological | < S
trait known to be characteristic of a necrotic cell death Té 60 E
subroutine.*? However, it should be stressed that g 40 :n; 40
liponecrosis and regulated necrosis have at least one s 20 20
common feature, specifically a significantly increased
permeability of the plasma membrane for PL®?' Our 0 — T T 0
unpublished data suggest that the abnormally high 0 0.05 0.1 0.5
permeability of the plasma membrane for PI and other POA (mM)
small molecules in yeast cells committed to POA-induced C bwd | F
liponecrotic death is likely due to: (1) a specific remodeling 100 100
of the plasma membrane lipidome and (2) an excessive = 80 = 80 ]
internalization of phosphatidylethanolamine caused by | < 3} ;
its translocation from the outer to the inner leaflet of the | £ 60 g 607
plasma membrane (Richard et al., in preparation). Third, (% 40 § 40
yeast cells committed to POA-induced liponecrotic 50 | 20 ]
death do not exhibit excessive cytoplasmic vacuolization ! ¢
caused by the accumulation of autophagosomes; this 0 — T T 0+
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autophagic cell death subroutine.*”?*** However, it needs POA (mM) H20, (mM)
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death share at least 2 characteristic features, including: (1)

a non-selective en masse degradation of cellular organelles

and (2) a requirement for Atglp, a cytosolic serine/
threonine protein kinase that orchestrates both these
subroutines of programmed cell death.>”**** Fourth,
yeast cells committed to POA-induced liponecrotic death
exhibit an excessive accumulation of LD, a deposition
site for stockpiling non-esterified fatty acids (including
POA) in the form of neutral lipids. This characteristic

Figure 4. A non-selective en masse autophagic degradation of cellular organelles
and macromolecules executes an orchestrated by Atglp form of POA-induced
liponecrotic cell death, whereas such degradation operates as a pro-survival pro-
cess in yeast committed to apoptotic death that is triggered by cell exposure to
exogenous hydrogen peroxide. WT and atgTA cells were recovered at days 1, 2,
and 4 of culturing in a nutrient-rich YP medium initially containing 0.2% glucose
as carbon source. Cell survival was assessed by measuring the clonogenicity of WT
and atgTA cells after 2 h of treatment with various concentrations of exogenous
POA (A-C) or hydrogen peroxide (D-F).
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of morphological and biochemical traits that are characteristic of
different currently known cell death modalities, and (2) several
proteins can be actively involved in orchestrating more than one
programmed death subroutine.’*** We therefore hypothesize
that liponecrosis is a previously unknown module dynamically
integrated into the PCD network. In our hypothesis, the
liponecrotic cell death module partially overlaps with 3 other
modules comprising the network, namely the apoptotic, necrotic,
and autophagic modules of programmed cell death.

Based on our findings, we propose the following model for
molecular mechanisms underlying liponecrosis (Fig. 5). This
programmed cell death subroutine is initiated in response to an
excessive cellular stress that is created due to an incorporation of
bulk quantities of POA into POA-containing phospholipids and

the subsequent buildup of these POA-containing phospholipids in
various cellular membranes. Our unpublished data support this
hypothesis; as we found, excessive quantities of POA-containing
phospholipids accumulate in both membranes of mitochondria as
well as in the endoplasmic reticulum and the plasma membrane
(Richard et al, in preparation). A non-selective en masse
autophagic degradation of cellular organelles and macromolecules
executes the liponecrotic subroutine of programmed cell death
that is triggered by the extreme cellular stress caused by the
excessive accumulation of POA-containing phospholipids in
various cellular membranes (Fig. 5). This autophagic execution of
the liponecrotic cell death program is orchestrated by the cytosolic
serine/threonine protein kinase Atglp. Our model posits that
several cellular processes play a pro-survival role in yeast exposed

to POA by reducing the flow of POA into
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that liponecrosis can be enhanced by
genetic manipulations that impair neutral
lipids synthesis and, thus, attenuate LD
formation. Our model envisions that
mitochondria provide energy driving the
pro-survival process of depositing non-
esterified fatty acids (including POA)
within LD in the form of neutral lipids
(Fig. 5). This assumption is based on our

ﬂ findings that liponecrosis can be enhanced

) LIPONECROTIC&

Non-selective by genetic manipulations that abolish

macroautophagy

mitochondrial respiration by impairing

L_ Pro-survival processes
XyzNp Pro-survival proteins

@ Pro-death protein

OMature, functional peroxisomes

@ Functional mitochondria

E<:, Pro-death processes

. Immature, dysfunctional peroxisomes

@ Dysfunctional mitochondria

cytochrome ¢ functionality, or impede a
selective macroautophagic degradation of
dysfunctional mitochondria. In our model,
B-oxidation of non-esterified (“free”) fatty
acids (including POA) within functional
peroxisomes also plays a pro-survival role in
yeast exposed to POA (Fig. 5). By reducing

the flow of POA into phospholipid

synthesis  pathways, this pro-survival

POA. See text for details.

Figure 5. A model for molecular mechanisms underlying programmed liponecrotic cell death
elicited by POA. An incorporation of POA into POA-containing phospholipids (PL) and their conse-
quent accumulation in various cellular membranes may operate as pro-death processes that cre-
ate excessive cellular stress, thereby triggering liponecrosis. This subroutine of programmed cell
death is executed by a non-selective en masse autophagic degradation of cellular organelles and
macromolecules in a process orchestrated by the cytosolic serine/threonine protein kinase Atgip.
Alternatively, in a pro-survival process POA can be incorporated into neutral lipids (NL) that are
then deposited in lipid droplets (LD). Macromitophagy protects yeast cells from liponecrosis by
maintaining a healthy population of functional mitochondria capable of providing energy that is
needed for a pro-survival process of depositing non-esterified fatty acids (including POA) within
LD. Moreover, in a pro-survival process POA can be oxidized in peroxisomes. 3-oxidation of non-
esterified (“free”) fatty acids (FFA; including POA) within functional peroxisomes protects yeast
from liponecrotic cell death by operating as a pro-survival process of reducing the cellular level of

process contributes to the alleviation of the
excessive cellular stress that is elicited by the
buildup of POA-containing phospholipids
in various cellular membranes. Indeed, we
found that liponecrosis can be enhanced
by genetic manipulations that impair
peroxisomal import of the first 2 enzymes
of the fatty acid B-oxidation pathway or
eliminate the first enzyme of this pathway
normally confined to mature, functional
peroxisomes.

144 Cell Cycle

Volume 13 Issue 1

Do not distribute.

I0Science.

©2014 Landes B



It needs to be emphasized that, based on a unique combination
of morphological traits characteristic of liponecrosis, this PCD
modality differs from: (1) a mitochondria-dependent necrotic cell
death subroutine initiated in response to an exposure of the yeast
S. cerevisiae to exogenous polyunsaturated fatty acids;’ and (2)
a mitochondria-dependent, metacaspase-independent cell death
subroutine exhibiting morphological features of both apoptosis
and necrosis following an exposure of the yeast S. cerevisiae to
exogenous membrane-permeable C2-ceramide.> Moreover,
unlike cells of the yeast S. cerevisize committed to liponecrosis,
cells of the fission yeast Schizosaccharomyces pombe mutant strain
deficient in TAG synthesis undergo a lipoapoptotic form of death
upon entry into stationary phase; these cells display hallmarks
of an apoptotic cell death subroutine, including chromatin
condensation, nuclear DNA fragmentation, PS externalization,
and reactive oxygen species accumulation.>®%

In the future, it would be important to identify other cellular
processes that play essential pro-death or pro-survival roles in the
liponecrotic cell death subroutine. These cellular processes may
include: (1) phospholipid synthesis in the endoplasmic reticulum
and mitochondrial membranes and a bidirectional phospholipid
exchange between them through membrane contact sites; (2) a
transfer of phospholipids from the endoplasmic reticulum to the
plasma membrane via membrane contact sites; (3) maintenance of
the non-random distribution of several phospholipid species within
a bilayer of the plasma membrane; (4) cellular signal transduction
modulated by alterations in plasma membrane phospholipid
asymmetry; and (5) cellular protein homeostasis. Another
challenge for the future will be to explore mechanisms underlying
the predicted here integration of the liponecrotic cell death module
into the PCD network known to include the apoptotic, necrotic,
and autophagic modules of programmed cell death.

Materials and Methods

Yeast strains, media, and growth conditions

The wild-type strain Saccharomyces cerevisiae BYA742 (MATo
his3A1 leu2A0 lys2A0 ura3A0) as well as the single-gene-deletion
mutant strains atglA (MATo hisBAI leu2A0 lys2A0 ura3A0
atglA::kanMX4), atg320 (MATo his3A1 leu2A0 lys2A0 ura3A00
atg32A::kanMX4), are2A (MATo his3A1 len2A0 lys2A0 ura3A0
are20::kanMX4), cyc3A (MATw his3AI leu2A0 lys2A0 ura3A0
cye3A::kanMX4), dgalA (MATo his3A1 leu2A0 lys2A0 ura3A0
dgalA::kanMX4), and foxIA (MATo his3AI1 leu2A0 lys2A0
ura3A0 foxIA::kanMX4) in the BY4742 genetic background
(all from Thermo Scientific/Open Biosystems) were grown in
YP medium (1% yeast extract, 2% peptone; both from Fisher
Scientific; #BP1422-2 and #BP1420-2, respectively) initially
containing 0.2% glucose (#D16-10; Fisher Scientific) as carbon
source. Cells were cultured at 30 °C with rotational shaking
at 200 rpm in Erlenmeyer flasks at a “flask volume/medium
volume” ratio of 5:1.

Cell viability assay for monitoring the susceptibility of yeast
to a mode of cell death induced by palmitoleic acid (POA)

A sample of cells was taken from a culture at days 1, 2, and
4 of culturing. A fraction of the sample was diluted in order to

www.landesbioscience.com

determine the total number of cells using a hemacytometer. 8 x
107 cells were harvested by centrifugation for 1 min at 21000 x
g at room temperature and resuspended in 8 ml of YP medium
containing 0.2% glucose as carbon source. Each cell suspension
was divided into 8 equal aliquots. Three pairs of aliquots were
supplemented with POA (#P9417; Sigma) from a 50 mM stock
solution (in 10% chloroform, 45% hexane and 45% ethanol;
#650498, #248878 and #34852, respectively; all from Sigma).
The final concentration of POA was 0.05 mM, 0.1 mM, or
0.15 mM for each pair of aliquots; in all these aliquots, the
final concentrations of chloroform, hexane, and ethanol were
0.03%, 0.135%, and 0.135%, respectively. One pair of aliquots
was supplemented only with chloroform, hexane, and ethanol
added to the final concentrations of 0.03%, 0.135%, and
0.135%, respectively. All aliquots were then incubated for 2 h at
30 °C on a Labquake rotator (#400110; Thermolyne/Barnstead
International) set for 360° rotation. Serial dilutions of cells were
plated in duplicate onto plates containing YP medium with 2%
glucose as carbon source. After 2 d of incubation at 30 °C, the
number of colony forming units (CFU) per plate was counted.
The number of CFU was defined as the number of viable cells
in a sample. For each aliquot of cells exposed to POA, the % of
viable cells was calculated as follows: (number of viable cells per
ml in the aliquot exposed to POA/number of viable cells per ml
in the control aliquot that was not exposed to POA) x100.

Cell viability assay for monitoring the susceptibility of yeast
to a mode of cell death induced by hydrogen peroxide

A sample of cells was taken from a culture at days 1, 2, and
4 of culturing. A fraction of the sample was diluted in order to
determine the total number of cells using a hemacytometer. 8 x
107 cells were harvested by centrifugation for 1 min at 21000 x
g at room temperature and resuspended in 8 ml of YP medium
containing 0.2% glucose as carbon source. Each cell suspension
was divided into 8 equal aliquots. Three pairs of aliquots were
supplemented with hydrogen peroxide (#H325-500; Fisher
Scientific) to the final concentration of 0.5 mM, 1.5 mM, or
2.5 mM for each pair. One pair of aliquots remained untreated.
All aliquots were then incubated for 2 h at 30°C on a Labquake
rotator (#400110; Thermolyne/Barnstead International) set for
360° rotation. Serial dilutions of cells were plated in duplicate
onto plates containing YP medium with 2% glucose as carbon
source. After 2 d of incubation at 30 °C, the number of CFU
per plate was counted. The number of CFU was defined
as the number of viable cells in a sample. For each aliquot of
cells exposed to hydrogen peroxide, the % of viable cells was
calculated as follows: (number of viable cells per ml in the
aliquot exposed to hydrogen peroxide/number of viable cells
per ml in the control aliquot that was not exposed to hydrogen
peroxide) x 100.

Miscellaneous procedures

BODIPY 493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-
Bora-3a,4a-Diaza-s-Indacene; #D-3922; Life Technologies/
Molecular Probes) staining for monitoring neutral lipids
deposited in lipid droplets,”® DAPI (4',6-Diamidino-2-
phenylindole dihydrochloride; #D-9542; Sigma) staining for
visualizing nuclei,”” Annexin V (#630109; Clontech Laboratories,
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Inc) staining for visualizing externalized phosphatidylserine
(PS),* and propidium iodide (PI; #P3566; Life Technologies/
Molecular Probes) staining for visualizing the extent of plasma
membrane permeability for small molecules®” were performed
and
electron? microscopies followed by morphometric analyses of

according to established procedures. Fluorescence®
the resulting images were performed according to established
procedures.

Statistical analysis

Statistical analysis was performed using Microsoft Excel’s
(2010) Analysis ToolPack-VBA. All data are presented as
mean + SEM. The P values were calculated using an unpaired
2-tailed 7 test.
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