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SUMMARY

The ancient, dynamic, and multifaceted functions of the mitochondrial network are essential for
organismal homeostasis and contribute to numerous human diseases. As central hubs for
metabolism, ion transport, and multiple macromolecular synthesis pathways, mitochondria
establish and control extensive signaling networks to ensure cellular survival. In this review, we
explore how these same mitochondrial functions also participate in the control of regulated cell
death (RCD). We discuss the complementary essential mito-chondrial functions as compartments
that participate in the production and presentation of key molecules and platforms that actively
enable, initiate, and execute RCD.

Discussions on the involvement of mitochondria in regulated cell death (RCD) usually focus
on how they are permeabilized or damaged to produce an irreversible juncture that pushes a
stressed cell to die. But is there more? Should a mechanistic discussion about RCD begin,
rather than end, with the contributions of mitochondria? Millions of years ago, following the
engulfment of the protomitochondrion by a protoeukaryote, these organelles lost most of
their genome; yet, they maintained the machinery for oxidative metabolism (Zimorski et al.,
2014). In parallel, mitochondria supported a myriad of unique functions that may have
established the cellular underpinnings for interconnected RCD mechanisms.

In this review, we examine the mechanistic connections between mitochondrial biology and
RCD in a broad context. Our goal here is to parse mitochondrial biology by suborganellar
compartments and relevant signaling pathways and to highlight their impact within diverse
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RCD mechanisms. We aim to move the focus away from the concept that mitochondria
merely serve as downstream targets of RCD signaling (Bock and Tait, 2020). Indeed, as we
will discuss, they participate in the production and presentation of key macromolecules and
platforms that actively enable, initiate, and execute RCD. Of course, mitochondrial biology
is complex and captures macromolecular synthesis, sorting, and assembly—all of which are
essential to the underpinnings of a functional organelle and homeostasis. But here we strive
to go beyond these elemental components to discuss the mechanistic contributions of
mitochondria to RCD signaling. Starting with the matrix and working outward, we present
concepts and ideas—supported by literature and interpretations—that highlight the need to
more closely investigate how mitochondrial biology contributes to the cellular mechanisms
that dictate RCD. Since mitochondrial biology is cross-disciplinary, it is not possible to
discuss every aspect within the scope of this review. We have therefore omitted certain
topics, such as mitochondrial DNA maintenance and organelle quality control (we point the
interested reader to recent reviews on these topics, such as Anderson and Haynes, 2020;
Lawless et al., 2020.)

THE FUNDAMENTALS OF MITOCHONDRIAL BIOLOGY

When considering mitochondrial contributions to cell biology, it is essential to appreciate
mitochondrial architecture as a key feature that dictates their function (Figures 1 and 2).
Mitochondria are double-membrane organelles, and the two proteolipid membranes, the
outer and inner mitochondrial membranes (OMM and IMM, respectively) establish at least
five compartments that provide unique biochemical environments. Starting from outside a
mitochondrion and moving inwards, these compartments include the OMM, IMS
(intermembrane space), IMM, cristae, and matrix (Jakobs et al., 2020; Scheffler, 2008).

The IMM and OMM are composed of unique lipids and proteins that permit the localization
and function of various carriers, channels, and sorting machineries that position the
metabolic enzymes, assembly factors, transcriptional complexes, and translational
components that ensure organelle homeostasis (Friedman and Nunnari, 2014; Giacomello et
al., 2020). The IMM and OMM create a compartment referred to as the IMS, which
biochemically tethers IMM/OMM functions through the coordinated activity of protein
translocation, folding, and posttranslational events. The IMM is organized into structures
referred to as cristae, which are the primary site of electron (¢7) transport by the respiratory
complexes (CI-CIV; the ¢ transport chain, [ETC]) and ATP synthesis (FgF1-ATP Synthase/
CV). Cristae are dynamic subcompartments of the IMM that increase surface area and
tightly assemble the mitochondrial complexes into efficient ATP-generating machines.
Finally, the matrix is a complex mixture of proteins and enzymes that consist of the
tricarboxylic acid cycle (TCA) and that mediate oxidative phosphorylation (OXPHOS), and
many other metabolic processes. The matrix also hosts the mitochondrial genome (MtDNA),
which is dynamically associated with mitochondria-specific transcription and replication
factors in a nucleoprotein complex referred to as a nucleoid. mtDNA-encoded proteins are
directly integrated within the respiratory complexes and are essential for efficient ATP
generation; mutations/deletions in mitochondrially encoded genes lead to stress
accumulation and to decreased energy production (Patananan et al., 2016).
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ATP generation through the establishment of a proton gradient and electrochemical potential
(A py) across the IMM is both a chief function and key sentinel of the mitochondrial
network. While the proton gradient provides a means to convert ADP and Pj to ATP, Ay ,is
broadly required for both ion homeostasis and protein import into the mitochondrial network
(Song et al., 2021). More than a thousand proteins are translated on cytosolic ribosomes and
destined for mitochondrial localization; these proteins support all intra-mitochondrial
metabolism (e.g., lipid synthesis and Fe-S cluster formation). Not only are Ay p,and protein
import coupled for organelle integrity, but aberrations in either process are sentinels for
mitochondrial quality control signaling (Anderson and Haynes, 2020; Pickles et al., 2018).
While establishing the biochemical compartments that drive Ay 44, protein import, and the
interconnected metabolic pathways for biosynthesis and signaling, mitochondria also
communicate with each other. The notion of static, independent organelles is archaic;
mitochondria undergo dynamic processes of fusion and division to equilibrate membranes
and macromolecules within the mitochondrial network (Gao and Hu, 2021). These processes
are referred to as mitochondrial dynamics and require a series of large GTPases such as
dynamin-related protein 1 (DRP1) that are either soluble and translocate to the OMM to
initiate mitochondrial division or are membrane-anchored to promotefusion, e.g., mitofusins
(MFNZ1 and 2). Not onlyisthismachinery essential for mitochondrial dynamics; it also
appears to function in parallel with the tethering of complexes that communicate with other
organelles, including the endoplasmic reticulum (ER) and lysosome (Lackner, 2019).

REGULATED-CELL-DEATH PATHWAYS

In this review, we consider ten RCD pathways, each of which has signal transduction
networks, regulatory aspects, and death initiation and/or execution phases that appear to be
reliant on key aspects of mitochondrial biology (Galluzzi et al., 2018). These pathways are:
(1) apoptosis—the death-receptor “extrinsic” pathway; (2) apoptosis—the mitochondrial
“intrinsic” pathway; (3) entosis; (4) ferroptosis; (5) mitochondrial permeability transition-
driven necrosis; (6) necroptosis; (7) NETotic cell death, (8) oxytosis, (9) parthanatos, and
(10) pyroptosis (see Table 1 and Box 1). In our discussions of RCD, there are three critical
points to recognize. First, multiple RCD pathways allow for a cell to die following
physiological (e.g., developmental) or stress-induced (e.g., infection) signals. Second,
prodeath signals are rarely “pure inducers” of one particular RCD pathway; therefore, clear
delineations of mechanisms and mitochondrial contributions are often perplexing (Green,
2019). Third, few RCD pathways are thoroughly examined with biochemical, cellular, and
genetic models to establish widely accepted mechanisms (e.g., apoptosis). As such, recently
described RCD pathways (e.g., ferroptosis and entosis) require an open mind when
considering both the limited mechanistic insights and how to interpret this information
within a mitochondrial context.

THE MATRIX

Cellular mechanisms of amino-acid transport, redox, and iron metabolism are ancient
systems that converge within the mitochondrial matrix. Stressors that directly impinge on
these systems are likely to signal for cellular demise via the same homeostatic mechanisms
that are necessary to maintain life. One example of this scenario is ferroptosis, which
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activates following the inhibition of system cystine/glutamate transporter (x.~) or direct
cystine depletion (Dixon et al., 2012). The function of system X~ is to exchange cystine for
glutamate, which is essential for providing cysteine in glutathione (GSH) biosynthesis. As
system X~ is a cystine-glutamate antiporter, TCA-mediated loss of glutamate production via
mitochondrial glutaminase 2 may stall system X~ function, along with reducing the
mitochondrial capacity to fuel OXPHOS, leading to enhanced reactive oxygen species
(ROS) production. In parallel, cells deliver iron to the mitochondrial network via
cooperation between transferrin and its plasma-membrane-bound receptor (Sheftel et al.,
2007). Once iron is released into the mitochondrial network, it is utilized for the synthesis of
heme and Fe-S cluster formation, which cooperate to create a functioning ETC and Ay .

By definition, ferroptosis is a cell-death mechanism that is characterized by the requirement
for iron-dependent lipid peroxidases that directly compromise cellular membranes, leading
to death. When cells no longer have access to cystine, due to either loss of glutamate or the
pharmacological inhibition of system x.~ with erastin, Ay ,,substantially increases. As a
consequence, cells exhaust their GSH pool, resulting in enhanced mitochondrial ROS,
abrogated redox maintenance, and unopposed lipid oxidation. On the flip side, ferroptosis
susceptibility and inhibition are mediated by glutathione peroxidase 4 (GPX4), which is an
antioxidant enzyme that mitigates ferroptosis by reducing oxidized lipids and oxygen
radicals generated by Cl and CIlI (Yang et al., 2014). Together, the pro- and antiferroptotic
signaling machinery co-exist within the matrix, and agents that selectively inhibit either
component give rise to expected cellular outcomes. There are likely to be broad differences
in the extent of matrix contributions to ferroptosis sensitivity within a given cell type. For
example, cardiomyocytes deficient in apoptosis and necroptosis signaling robustly activate
ferroptosis, which is readily blocked by mitochondria-targeted antioxidants. This contrasts
with pancreatic-cancer cells, which demonstrate minimal protection with similar treatment
(Fang et al., 2019; Kasukabe et al., 2016). Differences between iron metabolism/storage also
influence ferroptosis susceptibility, as mitochondrial ferritin, which is highly expressed in
tissues that robustly consume O,, prevents ferroptosis in neuroblastoma cells (Wang et al.,
2016). These data suggest that mitochondria control ferroptosis based on the signals they
produce (i.e., ROS) and regulate (i.e., iron storage). However, a substantial body of literature
has demonstrated that mitophagy-induced mitochondrial depletion does not impact the
ability of RAS-driven tumor cells to undergo ferroptosis; of note, these cells exhibited
increased sensitivity to GPX4-targeting inducers and decreased sensitivity to methods that
target X.~. This might reflect a nonessential contribution of mitochondria to ferroptosis
(Gaschler et al., 2018). A molecularly similar RCD pathway, termed oxytosis, was identified
prior to ferroptosis in CNS cells subjected to glutamate overload or cystine withdrawal
(Lewerenz et al., 2018). While these inducers of oxytosis affect system x.~ and cellular GSH
(similar to erastin-induced ferroptosis), and are suggestive of overlapping pathways, there is
a debate as to whether the two pathways are one and the same. Of particular note, oxytosis
and ferroptosis are studied and characterized in different cellular models, and these studies
have come to different conclusions regarding how they are influenced by mitochondria. This
debate may reveal that the role of mitochondria in ferroptosis differs in RAS-driven tumor
cells compared with cells with higher metabolic requirements (Lewerenz et al., 2018).
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Another ancient mitochondrial-signaling mechanism that originates from the matrix is based
on ion transport, and this pathway centers on calcium (Ca2*). Decades of effort have
revealed how Ca2* is imported, stored, and participates in RCD, and we will discuss these
topics in the relevant sections. Here, our focus is on the matrix, where Ca2* originating from
the ER is readily transported across the IMM via the mitochondrial Ca?* uniporter (MCU)
(Marchi et al., 2020). Matrix Ca2* levels influence several cellular processes, including three
mitochondrial dehydrogenases (i.e., pyruvate dehydrogenase, isocitrate dehydrogenase, and
a-ketoglutarate dehydrogenase) that fuel the TCA leading to NADH production, OXPHOS,
and NADPH. There is also evidence that Ca?*-mediated activation of CV enhances the
proton motive force supporting ATP generation. When Ca2* overloads the matrix, this
enables of a large channel to open, which is known as the mitochondrial permeability
transition pore (mPTP) (Baines et al., 2005). The mPTP transverses the IMM and releases
small peptides and solutes into the IMS (and beyond), which causes mitochondrial ROS and
Ay gyloss (1zzo et al., 2016). mPTP activation impacts on ischemia-reperfusion injury in
heart and skeletal muscle but extends into the apoptosis and necroptosis literature in the
presence and absence of caspase activity, respectively (Lemasters et al., 1999). In parallel,
high Ca2* also interacts with cardiolipin (CL) to promote ClI disassembly, ROS, and
apoptosis (Petrosillo et al., 2006). These data suggest that mitochondrial [Ca2*] must be
properly controlled as the signal produced by Ca?* levels to initiate death is not “on” or
“off” but results from the hyperaccumulation and gain-of-function of an otherwise
prosurvival signaling component. Indeed, it appears that numerous proteins and lipids in the
matrix have evolved or maintained Ca2*-sensing properties that are revealed when [Ca?*]
exceeds levels compatible with survival. Multiple forms of RCD may be triggered in this
setting, depending on cell type and the composition of RCD machineries.

Necroptosis has been described to have fundamental roles in matrix functions but there is no
agreement as to whether they are essential or not. Tumor necrosis factor (TNF)-mediated
necroptosis is associated with ETC dysfunction and ROS bursts; the use of antioxidants
(e.g., BHA) and loss-of-function models of NADPH oxidases have suggested mechanistic
contributions (Kim et al., 2007; Zhang et al., 2017). However, further analyses have revealed
that BHA has alternative activities, such as altering the ETC, which complicates
interpretations. The contributions of mitochondrial ROS to necroptosis have also been
debated, but TNF-induced necroptosis is attenuated by mPTP inhibition in cultured cells and
in zebrafish [refs?]. Little is known about how the necroptosis machinery and mitochondria
communicate, but RIP1/RIP3/MLKL may interact with the mitochondrial divi-sion
machinery, as well as with glutamate dehydrogenase I, py-ruvate dehydrogenase, and/or B
cell lymphoma 2 (BCL-2) family members (Wang et al., 2012; Yang et al., 2018). Despite
the above, several studies report evidence that argues against mito-chondrial contributions.
The use of cell lines deficient for mito-chondria or Drp1~/~ revealed that mitochondria have
no influ-ence on necroptosis (Moujalled et al., 2014; Tait et al., 2013). Yet, other evidence
has indicated that Ca2*- and sepsis-induced RIP3 activation leads to decreased Ay s, ETC
loss, enhanced ROS, and eventual ATP decline in an MLKL-independent manner;
preventing these changes preserved survival (Sun et al., 2017; Sureshbabu et al., 2018).
Perhaps these data reveal that mitochondria have the potential to receive/transduce
pronecroptotic signals when they are evaluated using specific inducers and primary cell
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models. As such, reaching generalized conclusions from studying canonical necrosome
components/signaling in transformed cell lines may not be prudent.

Matrix functions are intimately linked with the maintenance and utilization of mtDNA, the
direct role of which in RCD is highlighted by NETosis. Neutrophils utilize NETosis to trap
and kill extracellular pathogens (Papayannopoulos, 2018). Since its initial description,
NETosis has been linked to ROS bursts and to DNA release, but the contributions of
mitochondria to this RCD pathway have remained obscure. More recent studies have
revealed that NETosis activation promotes increased mitochondrial respiration and ROS
generation, which stimulate the positioning of mitochondria to the plasma membrane, and
the extracellular extrusion of mtDNA (Itagaki et al., 2015; Lood et al., 2016). Mitochondrial
ROS is also activated by intracellular Ca2*, which is thought to promote mPTP opening,
mitochondrial swelling, and commitment to NETosis (Morobjeva et al., 2020). In systemic
lupus erythematosus, an additional relationship between mitochondrial ROS and mtDNA
release has been revealed with the discovery that oxidized mtDNA is a more potent inducer
of proinflammatory cytokines (Lood et al., 2016; Zhong et al., 2018). In essence, mtDNA
oxidation, perhaps due to passive ETC inefficiency or the direct hyperactivation of ROS,
likely balances the physiological (i.e., pathogen clearance) and pathological (i.e.,
autoimmunity) outcomes of NETosis. A means to mitigate against ROS production from
these situations is controlled by the mitochondrial sirtuin, Sirt3. Sir3 deacetylates and
activates the enzyme manganese super oxide dismutase (MnSOD) to directly degrade ROS
within the matrix. This pathway is implicated in organismal homeostasis (i.e., longevity),
multiple diseases (e.g., cancer metastasis), and therapeutics (i.e., cardiovascular disease)
with links to RCD in each scenario (Kenny et al., 2019)

THE INNER MITOCHONDRIAL MEMBRANE AND CRISTAE

The “powerhouse” aspects of mitochondrial biology are always related to the IMM, while
the “gates of death” are uniquely positioned away at the OMM. In this section, we propose
that these distinctions may not be entirely correct. While there are numerous synthetic,
metabolic, and sorting machineries within the IMM that are crucial for powering a cell, we
propose that the IMM also controls death in at least three ways: (1) via oxidized
mitochondrial lipids that influence RCD signaling; (2) via ETC assembly/functions that alter
cellular stress pathways; and (3) via dynamic IMM components that establish the RCD
threshold. In addition, the IMM is assembled into convoluted structures called cristae. As
such, we will also highlight the influence of cristae in RCD processes, where appropriate.

Phospholipids are synthesized by the ER and transported to mitochondria for sorting. A
subset of these lipids, CL and phosphatidylethanolamine (PE), are directly synthesized
within the IMM from phosphatidylglycerol (PG) and phosphatidylserine (PS), respectively.
Mitochondrial CL and PE biosynthesis are essential for IMM function and organismal
development; these lipids cooperate with the mitochondrial contact site and cristae
organizing system (MICOS) and the protein import machinery (e.g., TOM, SAM, and
Mia40) to construct cristae junctions compatible with optimal respirasome formation and
function. CL and PE oxidation directly alters polarity, leading to metabolic disruptions that
exacerbate lipid peroxidation and mitochondrial decline (Horvath and Daum, 2013). But do

Dev Cell. Author manuscript; available in PMC 2022 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chipuk et al.

Page 7

these pathways actively signal within RCD mechanisms or are they circumstantial? There
are suggestions that mitochondrial Ca2* alters CL-mediated IMM curvature and that
metabolic perturbations lead to oxidized CL accumulation, which influences mPTP opening
and cell-death sensitivity. These events establish a potential connection between Ca2*
signaling, CL-maintained IMM function, and mPTP-driven necrosis (Petrosillo et al., 2006).
CL also interacts with multiple components of the ETC and ATP synthase to provide
stabilization, dimerization, catalytic function, and proton translocation (Guo et al., 2017; Wu
et al., 2016). Curiously, CL interacts with cyt ¢ via two distinct binding sites: an electrostatic
interaction between a lysine and the CL phosphate head and another between an asparagine
and an unsaturated acyl chain of CL (Tuominen et al., 2002). When CL is oxidized due to
metabolic perturbations or alterations in REDOX, cyt closes its affinity for CL, which may
be a key point of regulation for commitment to the mitochondrial pathway of apoptosis
(Kagan et al., 2005). In parallel, CL promotes the peroxidase activity of cyt cby
destabilizing the hemeprotein, and this leads to further CL oxidation, likely amplifying
mitochondrial dysfunction and the likelihood of cyt crelease. These interactions might
explain how bioenergetic crises, CL alterations, and cyt ¢ redistributions might not constitute
linear paths in RCD pathways but paths that are nevertheless influenced by the peripheral
activation of proapoptotic BCL-2 proteins versus mPTP opening, thus determining the RCD
pathway. Likewise, lipid peroxidation linked to ferroptosis initiation and execution might be
directly impacted by mitochondrial PE metabolism, suggesting that cells with uniquely high
mitochondrial volumes (and larger pools of mitochondrial PE) might be more susceptible to
mitochondrial contributions to ferroptosis (Kagan et al., 2017).

The above pathways are governed by mitochondrial ROS generation, of which ~85%
originates from the ETC. Efficient ¢~ transport prevents mitochondrial ROS generation,
while sluggish, poorly assembled, and/or oxidized ETC complexes promote ROS and
bioenergetic crises. Indeed, most ETC regulation occurs within the mitochondrial network,
but not exclusively. For example, cytosolic proteins, e.g., murine double minute 2 (MDM2)
are described to sequester ETC assembly factors, e.g., NADH-ubiquinone oxidoreductase
75-kDa subunit (NDUFS1), factors which have dire consequences for bioenergetics (Elkholi
etal., 2019). In this setting, cells with sequestered NDUFS1 disassemble ETC super-
complexes between CI and ClIlI, and this leads to ROS production and sensitization to the
mitochondrial pathway of apoptosis. MDM2 gain-of-function is sensed by the mitochondrial
network to induce apoptosis, and in some circumstances mPTP. By contrast, MDM?2
inhibition enhances ferroptosis suppressor protein 1 (FSP1) function and production of co-
enzyme Q1g (an endogenous antioxidant found in the IMM), leading to decreased ferroptosis
sensitivity (Bersuker et al., 2019; Venkatesh et al., 2020). Similarly, Cl-deficient cells are
sensitized to apoptosis and/or ischemia-reperfusion injury (likely through mPTP) and re-
establish CI function through the enhanced assembly or heightened production of NADPH
and GSH, which protect from cellular stress (Balsa et al., 2020). In a cancer setting, the
pharmacological inhibition of CI is associated with Ay s, loss, ROS, lipid peroxidation,
mPTP opening, and death (Basit et al., 2017). Moreover, enhanced antioxidants,
mitochondrial fusion, or GPX4 prevent tumor-cell death, suggesting direct links to mPTP,
necroptosis, pyroptosis, and ferroptosis. Together, these observations reveal that cytosolic
interactions with ETC biology serve as mitochondrial sentinels for numerous RCD
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mechanisms. While CI subunits impact numerous forms of RCD, their regulation also
influences RCD Kinetics, likely influencing the inflammatory environment. While less
attention has been focused on ClI, parallels to ROS generation, RCD, and rescue by
prosurvival pathways have been described (Jiang et al., 2016).

IMM architecture and cristae maintenance are dynamic determinants of RCD. One classic
example is depicted by optic atrophy protein 1 (OPA1), a mitochondrial large GTPase that
controls IMM fusion and cristae organization. OPA1 has numerous isoforms that are either
within the IMM (i.e., long OPAL) or are soluble within the IMS but associated with cristae
junctions (i.e., short OPA1), following their proteolytic cleavage by ATP-dependent
peptidases and proteases (e.g., OMA1/YMELZ1) (MacVicar and Langer, 2016). A
relationship between OPA1 and RCD begins with cyt cavailability following BCL-2
antagonist Killer (BAK)/BCL-2 associated X protein (BAX)-mediated mitochondrial outer
membrane permeabilization (MOMP). While cyt ¢ shuttles ¢~ within the IMS, this occurs
mostly within the cristae, leaving most of cyt ¢ not readily available to initiate apoptosis
following MOMP. To circumvent this problem, cristae reorganize in a proapoptotic BCL-2-
family dependent manner (e.g., BCL-2 interacting mediator of cell death [BIM], BAK) and
widen their junctions to allow most of the cyt cto escape the IMS, thereby ensuring
productive caspase activation (Frezza et al., 2006; Jiang et al., 2014; Scorrano et al., 2002;
Yamaguchi et al., 2008). Indeed, OPA1 overexpression preserves cristae architecture and
prevents apoptosis following certain cellular stresses (Varanita et al., 2015). In contexts
where cyt c-mediated caspase activation is not achieved, cells may still engage other cell
death pathways since mitochondrial function is disrupted and soluble IMS proteins are
mislocalized.

OPAL interacts with numerous proteins unrelated to mitochondrial dynamics, such as solute
carriers (e.g., SLC25A) and ETC components. It is thought that these interactions allow for
tighter cristae junctions to form, supporting ATP synthase assembly and ATP-linked
respiration (Patten et al., 2014). When mitochondrial energy substrates are limited, long- and
short-OPA1 isoforms dynamically “seal” cristae junctions to increase ATP-producing
capacity. Likewise, OPA1 gain-of-function preserves Ay s, following mitochondrial toxin
exposure or ETC dysfunction (Wu et al., 2019). The ability to sense metabolic stress also
positions OPA1 to influence IMM swelling following ischemia/reperfusion injury and is
linked to Ca* homeostasis, foreshadowing mPTP and necrosis regulation. Mutations in
Parkinson’s patients also support the above notions that OPA1 functionally interacts with
cristae to not only regulate ETC function and efficiency, but to increase ROS and stress,
which ultimately sets the cellular threshold to numerous RCD pathways (lannielli et al.,
2018). For example, the OPA1G488R mytation leads to mitochondrial stress accumulation,
RIP1/RIP3/MLKL expression, and necroptosis execution. Taken together, homeostatic
OPA1 functions establish a cellular environment that is metabolically plastic, efficient, and
responsive to bioenergetic demands. Yet these pathways also harbor the capacity to mediate
ROS production, Ca2* handling, mitochondrial swelling, and cyt c availability, supporting
diverse RCD mechanisms. Furthermore, OPA1 deficiency in certain cell types contributes to
mtDNA maintenance and a failure to induce NETosis, indicating that OPA1 has roles both in
cell autonomous RCD and in broader organism-wide roles (Amini et al., 2018).
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THE INTERMEMBRANE SPACE

The first clues of mitochondrial involvement in RCD arose from the identification that cyt ¢
is released from the IMS to initiate caspase activation. Since then, it is generally accepted
that the bulk of soluble IMS proteins gain access to the cytosol during early commitment
stages of the mitochondrial pathway of apoptosis. Nevertheless, RCD is influenced by these
proteins on both sides of the OMM and in multiple RCD pathways. While there are many
proteins worthy of discussion here (such as cyt ¢, SMAC, HtrA2/OMI, and AIF), we will
focus on cyt ¢ and apoptosis-inducing factor (AIF) as they are the most prevalent in the
literature.

Cyt cmRNA is translated on cytosolic ribosomes, transported into mitochondria, and
processed via heme addition. It then immediately participates within the ETC. Beyond
biosynthesis, cyt cis also dynamically regulated within the IMS to suppress or promote its
prodeath potential. For example, cyt cis reduced and inactivated by the glutathione
produced by glucose metabolism via the pentose-phosphate pathway, which is observed in
both healthy neurons and cancer cells (Vaughn and Deshmukh, 2008). The dual roles of cyt
care highlighted by a murine model in which a respiratory-proficient, yet apoptosis-
deficient, mutant of cyt ¢ phenocopies the genetic loss of Caspase9dand Apafl in neurons
(Hao et al., 2005). Furthermore, families with mutations that lead to alterations in either ¢
shuttling capacity or heme quality corroborate the relationships between oxidation and
apoptosis. As these mutant cyt ¢ proteins enable ROS production and various mitochondrial
bioenergetic stresses, it is reasonable to predict they also set thresholds for mPTP and
necrosis. Post-translational modifications, including tyrosine phosphorylation and nitration,
impact the binding of cyt cto CL and CIV and reduce its cooperation with APAF-1 in
caspase activation (Garcia-Heredia et al., 2010; Yu et al., 2008). Most of these studies do not
provide clear evidence as to which kinases are responsible for cyt ¢ phosphorylation, but
AMPK is implicated, suggesting that metabolic signals result in cyt ¢ phosphorylation prior
to mitochondrial localization or inadvertently disable released cyt ¢ from engaging in
apoptosis when survival conditions are favored (Mahapatra et al., 2017; Pecina et al., 2010;
Yu et al., 2008).

The role of AIF in cell death originates within the mitochondrial pathway of apoptosis as an
IMS protein capable of inducing morphological changes when added to isolated nuclei
(Susin et al., 1999). AIF is a flavoprotein with NADH oxidase activity that is encoded by the
nuclear genome; upon mitochondrial import, it undergoes maturation and association with
the IMS-facing side of the IMM. Early studies suggested that AIF participates in DNA
cleavage and nuclear condensation following MOMP, which is presumed to occur following
its cleavage by either a mitochondrial or cytosolic protease. However, murine models of A/f
deficiency have revealed that AIF has integrated roles in mitochondrial biology and
homeostasis, as its loss is associated with oxidative stress (Vahsen et al., 2004). Since the
whole-body deletion of A/fis embryonically lethal in mice, its tissue-specific ablation has
been used to investigate its role in mitochondria. T cells deficient for A/fdisplay
proliferation defects associated with CI, CllI, and CIV subunit downregulation, OXPHOS
deficiencies, and a failure to engage the mitochondrial bioenergetics necessary for survival
(Milasta et al., 2016). These phenotypes are potentially explained by AlF interacting with
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coiled-coil-helix-coiled-coil-helix domain containing protein 4 (CHCHDA4), a component of
the IMS mitochondrial-import machinery that catalyzes the oxidation of precursor proteins
through the disulfide relay system and assists with ¢ transfer to CIV (Hangen et al., 2015;
Meyer et al., 2015). AIF appears to restrict CHCHD4 degradation, allowing for client ETC
proteins to properly localize; additional pathways related to MCU and Ca?* uptake are
subject to CHCHD4 modification (Petrungaro et al., 2015). Based on these observations,
AIF appears to influence a spectrum of mitochondrial functions, converging upon
bioenergetics, ROS, and Ca?* signaling, to establish stress thresholds leading to apoptosis, to
mPTP, and potentially to other RCD pathways. Indeed, high levels of genomic stress
promote parthanatos, which is mediated by AIF release from mitochondria following their
permeabilization, but in a manner that is unknown, yet unique from the mitochondrial
pathways of apoptosis (i.e., without BAX or caspase requirements).

THE OUTER MITOCHONDRIAL MEMBRANE

Let us return to the “gates of death” concept of the OMM—a term that was adopted after the
initial discovery of MOMP. Although the OMM is quite porous, this membrane physically
segregates an arsenal of prodeath factors from their cooperating partners and targets within
the cell. Yet over the years, we have learned that the OMM is not simply a passive
membrane that undergoes MOMP when proapoptotic BCL-2 members accumulate and
collaborate. Instead, the OMM serves as a signaling platform that functionally enables
multiple RCD pathways by creating a unique biochemical environment that is permissive for
key mediators of RCD. Here, we discuss OMMSs’ contributions to maintaining life and
initiating death in the context of organelle composition (i.e., lipids and proteins), shape, and
dynamics.

While OMM resident proteins are usually p-barrels, the BCL-2 family comprises a.-helical
species that constitutively localize to the OMM (e.g., BCL-2 and BAK), retro-translocate
from the cytosol to mitochondria to cytosol (e.g., BAX), or are cytosolic until activated (e.g.,
BID) (Birkinshaw and Czabotar, 2017). These differences are determined by three regions:
(1) the carboxyl-transmembrane a-helix 9, which does not occupy the hydrophobic groove
thus supporting OMM insertion; (2) the mid-structure a-helical bundle, which defines the
“BCL-2 core,” which transiently associates with the OMM until fully activated; and (3)
conformation changes mediated by activation/cleavage, which reveal the BH3 domain and
target the OMM directly or via protein-protein interactions (Birkinshaw and Czabotar,
2017). Indeed, additional levels of complexity are determined by the presence of CL, the
OMM’s curvature, and mitochondrial contact sites with other organelles (e.g., ER and
lysosomes). Certainly, these three factors cooperate to produce a dynamic biochemical and
biophysical environment that has evolved to support BCL-2 family function. A repertoire of
OMM factors recruit, bind, and differentially influence the BCL-2 family; for example,
MTCH2 binds and accelerates BID activation, and while CL performs similar proapoptotic
functions to MTCH2, it is likely that additional OMM proteins behave similarly (Raemy et
al., 2016; Zaltsman et al., 2010). By contrast, a host of viral proteins localize to the OMM
during infection and inhibit BAX activation, demonstrating conserved and pathological
mechanisms of OMM contributions to apoptosis. Additionally, while most of the literature
interrogates BCL-2 family function at the OMM, MCL-1 is implicated in regulating IMM
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organization and ATP synthase assembly, while BCL-xL is suggested to regulate IMM
permeability through interactions with ATP synthase, impacting mPTP and necroptosis
(Alavian et al., 2011; Anilkumar et al., 2020; Chen et al., 2011; Perciavalle et al., 2012).

CL in the OMM is mostly present at the ER-OMM contact sites and mitochondria-
associated membranes, which establish the basis for both mitochondrial lipid synthesis and
lipid composition. There is significant focus on CL as a mediator of RCD. This is because
CL (1) binds BCL-2 proteins, enabling the mitochondrial recruitment of activated BID and
BAX; (2) promotes VDAC-regulated death; (3) serves as an OMM docking site for the
NLRP3 inflammasome, contributing to pyroptosis initiation; and (4) enhances gasdermin
family function in permeabilizing the OMM to further enhance pyroptosis signaling (lyer et
al., 2013; Kuwana et al., 2002; Lutter et al., 2000; Rogers et al., 2019). As mentioned earlier,
CL undergoes oxidation, which also unleashes a membrane-permeabilization function of
BFL-1 to amplify cyt crelease (Flores-Romero et al., 2019). However, numerous lipid
species impact on OMM participation in RCD. For example, ceramides interact with
VDACY to induce RCD, which signals through mPTP to independently impact on apoptosis
and necrosis (Dadsena et al., 2019). Cellular lipids are broadly impacted by the TCA cycle,
which regulates the production of palmitate and fatty acid species that are essential
mediators of pyroptosis and ferroptosis. The OMM also initiates death by directly
responding to changes in sphingolipids, and mitochondria are described to actively maintain
lipid environments that are essential for mediating proapoptotic BCL-2 family function. For
example, sphingosine-1-PO4 and its metabolite, trans-2-hexedecenal, promote BAK- and
BAX-dependent MOMP by supporting oligomerization; additionally, reciprocal interactions
also exist where BCL-2 family members in the OMM (e.g., BAK) promote sphingolipid
generation (i.e., long chain ceramide production) to alter the cellular death threshold
(Chipuk et al., 2012; Siskind et al., 2010). While most RCD literature on the role of OMM
lipids is based on positive mediators of death, several lipids, including PE and cholesterol,
are described to interact with the cell-death machinery in both prodeath and prosurvival
contexts, which are likely determined by cell type and stress stimulus.

Relationships between mitochondrial dynamics and the BCL-2 family highlight both
prosurvival and prodeath interplay. DRP1, MFN1, and MFN2—three proteins that function
at the OMM—are described to regulate proapoptotic BCL-2 proteins, but not all results are
in agreement. MFN1 and MFN2 overexpression decreases apoptotic sensitivity, and their
removal lowers the apoptotic threshold; MFN1 phosphorylation promotes BAK
oligomerization, while soluble BAX promotes mitochondrial fusion via MFN2 homotypic
complexes (Hoppins et al., 2011; Pyakurel et al., 2015; Sugioka et al., 2004). The
complexity increases when considering DRP1, as it shuttles between the cytosol and OMM
and, at the time of MOMP, accumulates at ER-OMM contact sites. These sites create unique
biochemical environments that promote Ca2* and lipid transfer and are essential in
determining where mitochondrial division occurs (Moutsinas et al., 2018). Opposing reports
suggest that DRP1 is either essential or not for mediating cell death, but most data indicate
that BAK/BAX-dependent MOMP occurs independently of DRP1. While MOMP occurs
without DRP1, IMS protein release is differentially impacted as cyt cis delayed yet SMAC
is normal; additional studies have revealed that DRP1 at the OMM controls cristae junctions
and IMM architecture via the OMM adaptor proteins MiD49 and MiD51 (Estaquier and
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Arnoult, 2007; Otera et al., 2016). DRP1 post-translational modifications are essential to
these mechanisms, as phosphorylation (e.g., serine 616 phosphorylation) and SUMOylation
promote mitochondrial accumulation and the function of DRP1 oligomers (Taguchi et al.,
2007; Zunino et al., 2007). For example, mitochondria-associated protein ligase (MAPL) is
activated following cellular stress and SUMOylates DRP1 to promote its localization at ER-
OMM contact sites, which results in cristae-junction reorganization and prodeath signaling
between the organelles (Prudent et al., 2015). DRP1 is also targeted by multiple signaling
pathways, as is the case in cancer where oncogenes cause chronic DRP1-dependent
mitochondrial division and chemoresistance. One explanation of this phenotype is that
positive membrane curvature fails to support the stable insertion of BAX alpha-helix 9 into
the OMM; while re-establishing mitochondrial fusion and decreasing positive membrane
curvature increases cellular sensitivity to chemotherapeutics, indicating that this pathway
offers therapeutic potential (Kashatus et al., 2015; Renault et al., 2015; Serasinghe et al.,
2015).

Additional aspects of OMM biology hint at its broader participation in RCD. For example,
OMM recruitment and localization of the activated caspase-8/death-inducing signaling
complex (DISC) mediates BID cleavage following death receptor (DR) ligation and DNA
damage, suggesting that CL and/or undefined factors participate in the extrinsic pathway of
apoptosis (Chandra et al., 2004; Schug et al., 2011). MLKL might also directly interact with
mitochondria to initiate necroptosis, perhaps in a manner dependent upon DRP1 remodeling
of the OMM-ER contact sites, but as yet no mechanisms for this are known (Wang et al.,
2014; Zhang et al., 2019). Biophysical tethering between the OMM and lysosomes via
transient receptor potential mucolipin (TRPML1) and VDACL is a newly described means to
regulate intracellular Ca?* homeostasis and mitochondrial Ca%* uptake; while there are no
insights into the contribution of biophysical tethering to RCD, it is rational to speculate that
TRPML1 alters sensitivity to mPTP and related outcomes (Peng et al., 2020). Finally, a
more dynamic relationship between the OMM and Rab5+ endolysosomes was recently
described to promote BAX-dependent MOMP and apoptosis, perhaps by altering OMM
protein/lipid composition or influencing additional factors, such as membrane curvature, to
support BAX activation (Wang et al., 2020).

MITOCHONDRIAL CONTROL OF RCD PATHWAYS AND THE FUTURE

Since the first indications of RCD as a homeostatic mechanism were described by Kerr,
Wyllie, and Currie in 1972, and the identification of mitochondria as essential mediators of
apoptosis in 1990s, the contributions of mitochondrial biology to RCD signaling have
expanded to capture nearly every aspect of this organelle’s function within a formidable list
of RCD pathways (Kerr et al., 1972). Mitochondria are curious strongholds of cell biology
as they guard the mediators of life and death within their structure. Indeed, some molecules
(e.g., cyt ¢) are essential for life and death—and their redistribution to initiate cellular
demise reveals the complex nature by which signaling diversity arises from a single peptide.
Each compartment of the mitochondrial network directly sets the cellular threshold leading
to death while also signaling to multiple RCD machineries; likewise, some RCD pathways
are under the control of each mitochondrial compartment via diverse mechanisms, for
example, apoptosis (Figure 3). It should be noted that the integration of metabolism within
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RCD reveals how metabolites (e.g., ROS and TCA intermediates) act as rheostats between
survival and death. Some cell-death mechanisms, like entosis, are so intimately linked to
general mitochondrial biology that it seems nearly absurd to investigate their specific
contributions. Most importantly, what does the future hold for expanding our understanding
of mitochondrial contributions to cell death? While numerous aspects of mitochondrial
biology have been explored, numerous long-outstanding questions remain: (1) Do mtDNA
or quality control machineries directly signal to RCD pathways to provide signaling
diversity like other mitochondrial factors. (2) And does a higher dependence on
mitochondrial bioenergetics in some cell lineages affect the requirement for mitochondria in
RCD pathways? A barrier and/or challenge to these and many more related questions is the
development of modeling systems and techniques that enable the experimental
differentiation between stress signaling that promotes repair and active stress that promotes
death, and how or if these converge to communicate with the RCD machinery. What we do
know is that the relationships between mitochondria and RCD are fundamental for
understanding the role of this organelle in biology and that there are prognostic and
therapeutic opportunities related to these relationships that could have an impact on human
disease.
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Box 1.
Definitions of regulated cell-death pathways

Apoptosis (extrinsic pathway): cells engage this pathway of apoptosis in response to
extracellular ligands binding to “death receptors” on the cell surface (e.g., TNFR1, Fas,
TRAIL). Oligomerized receptors recruit adaptor proteins and form intracellular signaling
complexes (i.e., DISC). Recruited initiator caspases-8 (or —10) undergo proximity-
mediated cleavage and activation and perpetuate the proapoptotic signal by activating
executioner caspases. In some cell types, initiator caspases engage BCL-2 family proteins
to induce MOMP and amplify the caspase cascade.

Apoptosis (intrinsic pathway): prolonged cell stress (e.g., DNA damage, metabolic
stress, macromolecular damage) signals through this pathway of apoptosis. Signal
transduction is mediated by the BCL-2 family of proteins resulting in MOMP and release
of apoptogenic factors from the mitochondrial IMS into the cytosol (e.g., cytochrome c,
SMAC). Following MOMP, the assembled apoptosome recruits and activates initiator
caspase-9 to induce the caspase cascade and cellular dismantling.

Entosis: epithelial cells undergoing this type of RCD are internalized and cannibalized
by nonphagocytic neighbor cells. Entosis is triggered by disrupted cell-matrix
interactions (e.g., integrin signaling), mediated through cadherin- and catenin-containing
junctions between cells and driven by actin and actomyosin. Engulfed cells are
eliminated using a specific autophagy-related process called LC3-associated
phagocytosis and degraded in endolysosomes.

Ferroptosis: an iron-dependent pathway of RCD that is characterized by severe lipid
peroxidation mediated by PUFA-targeted LOXs and is inhibited by iron chelators or
lipophilic antioxidants. Primarily characterized in oncogenic RAS models, ferroptosis
requires glutathione depletion, which can be induced via inhibition of GPX4, the cystine/
glutamate transporter (x;7), or indirectly through cystine starvation. Ferroptotic cells
manifest as a necrotic phenotype with mitochondrial alterations (shrinkage, disorganized
cristae, electron-dense ultrastructure, rupture of the OMM).

MPT-driven necrosis: the sudden increased permeability of the IMM to small solutes
results in Ay 4, dissipation, respiratory dysfunction, and osmotic breakdown of
mitochondrial membranes during this RCD. It is suggested that permeability is mediated
by a cyclophilin D-containing pore complex at the junctions between IMM and OMM,
but the identification of additional essential contributors remains elusive. MPT is induced
by severe oxidative damage or cytosolic Ca2* and has been suggested to involve several
solute carriers.

Necroptosis: death receptors (e.g., TNFR1, Fas) or PRRs (e.g., TLR3, TLR4, ZBP1) can
initiate this RCD when caspases are inhibited. Signaling is mediated by RIP3 activation,
which catalyzes the phosphorylation of MLKL to form oligomeric membrane pores
resulting in a necrotic phenotype (e.g., loss of plasma membrane integrity, release of
intracellular macromolecules) with an ensuing inflammatory response. It is widely
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believed that MLKL pores in the plasma membrane execute necroptosis by disrupting ion
homeostasis and osmotic pressure resulting in membrane rupture.

NETosis: in response to pathogenic insult, neutrophils engage this RCD resulting in
cellular lysis and extrusion of neutrophil extracellular traps (NETS), a meshwork of
chromatin, histones, and proteins from the cytoplasm and granules. Formation of NETSs is
initiated by activation-induced ROS production, enzymatic decondensation of DNA, and
degradation of intracellular membranes. NETSs support host-defense by limiting spread of
pathogens (e.g., immobilization, inactivation, aggregation) and inducing inflammation
(via NET-containing DAMPs).

Oxytosis: an RCD pathway in cells of the CNS that mechanistically overlaps with
ferroptosis (characterized by mitochondria dysfunction, ROS production, and lipid
peroxidation). Glutathione depletion, caused by glutamate overload, cystine starvation, or
direct inhibition of cystine/glutamate transporter (X.~), results in GPX4 deficiency and
subsequent LOX-mediated PUFA peroxidation. Unlike ferroptosis, oxytosis is believed to
include cGMP-induced Ca2* influx and subsequent activation of Ca*-dependent
enzymes; however, this distinction may be cell type-dependent.

Parthanatos: an RCD pathway defined by hyperactivation of PARP-1, subsequent
depletion in NAD* and ATP during PAR polymer formation, and downstream
mitochondrial defects including Ay, dissipation. Parthanatos is executed by AIF, which
is bound by PARP-1-generated polymers resulting in translocation to the nucleus and
large-scale DNA fragmentation. AIF proteins may be activated by additional mechanisms
and have a role in other RCD pathways.

Pyroptosis: in response to cellular infection, non-apoptotic caspases (canonically
caspase-1, but caspases-4, -5, and —11 have also been implicated) mediate this form of
RCD. PRR signaling leads to formation of the inflammasome (e.g., NLRP3, NLRC4),
activation of caspase-1, and cleavage-mediated activation of gasdermins, which form
pores in the plasma membrane. Additionally, caspase-1 activation results in cytokine
secretion (IL-1p and IL-18) which has autocrine and paracrine consequences within
innate immunity.
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( Outer Mitochondrial Membrane h
The OMM is comprised of an equal ratio of lipids (mainly PC, PE,
PI, PS, and trace amounts of cardiolipin) to proteins; the major
class of which, are B-barrel structures classically referred to as
porins. In addition to being permeable to molecules up to 5 kDa,
the OMM forms a unique biochemical environment for diverse
functions including: coordination of protein import, mitochondrial
dynamics, immune signaling, ion homeostasis, and inter-
organellar communication with heterotypic membranes for up-
\take of precursors to lipid synthesis mechanisms.

/Inner Mitochondrial Membrane

The IMM is more diverse in structure — it consists of a complex
proteolipid milieu, is selectively impermeable, and undergoes
extensive folding, which increases the surface area of the
membrane. Cardiolipin is an integral component of the IMM — it
constitutes ~20% of the total lipid composition of the membrane
and is essential for IMM functions including the ETC, respiratory
supercomplex organization, protein sorting, and creating contact
\sites with the OMM.

{Mitochondrial Matrix

The matrix is the site of several metabolic processes, including
the TCA cycle, Fe-S cluster biogenesis, heme synthesis, and
OXPHOS. The mitochondrial genome encodes for 2 rRNAs, 22
tRNAs, and 13 proteins which serve as essential subunits of the
ETC. mtDNA is dynamically associated with mitochondria-
specific transcription and replication factors in a nucleoprotein
complex referred to as a nucleoid; and is tethered to the IMM
where it receives positional signals from the endoplasmic
reticulum for replication.

A

Figure 1. Definitions of the mitochondrial compartments
A summary of the fundamental contributions of each mitochondrial compartment to

mitochondrial biology and function. Abbreviations: ETC, electron transport chain; IMM,
inner mitochondrial membrane; IMS, intermembrane space; mtDNA, mitochondrial DNA,;
OMM, outer mitochondrial membrane; OXPHOS, oxidative phosphorylation; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS,
phosphatidylserine; TCA, tricarboxylic acid.
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Figure 2. Fundamental mitochondrial functions and pathways
(Upper left) Lipid composition of the mitochondrial membranes dictates organelle function.

Major bilayer forming phospholipids (PC, PI, PS), along with additional lipid species (PE,
CL), are differentially represented in the OMM and IMM (pie charts), and asymmetric
between inner and outer leaflets of each membrane (histograms). The OMM/IMM contact
site generates an additional unique lipid environment. Lipid composition and membrane
contact sites contribute to overall membrane curvature. (Upper right) Structural and
signaling lipids originate from the ER membrane (ERM; or other organelles—e.g.,
lysosomes) and are transferred to mitochondria where resident enzymes increase lipid
diversity. Solid and dashed arrows denote reactions and transport, respectively. (Bottom left)
Protein and ion import into mitochondria are mediated by a diverse system of specific
carriers, enzymes, and chaperones, which deliver clients into the correct compartments.
(Bottom right) Mitochondrial bioenergetics are based on the import of substrates into the
mitochondrial matrix, which hosts several metabolic pathways (TCA cycle, beta-oxidation
of fatty acids, and glutaminolysis) that provide essential cofactors to the ETC. Complexes I,
111, and 1V pump protons into the IMS, thus establishing Ay s, for CV-mediated ATP
generation. Oxygen radicals from the ETC may be scavenged by GSH to create GSSG and
H»0. Abbreviations: ZH, 2- trans-hexadecenal; ADP/ATP, adenosine di-/tri-phosphate; C,
citrate; CI-CV, complex I-V; Cer, ceramide; CL, cardiolipin; ETC, electron transport chain;
F, fumarate; Glu, glutamate; GSH/GSSG, reduced/oxidized glutathione; IC, isocitrate; KG,
a-ketoglutarate; M, malate; MCU, mitochondrial calcium uniporter; MFRN, mitoferrin;
MIA, mitochondrial IMS assembly; MIM, mitochondrial import machinery 1-containing
complex; MLCL, monolysocardiolipin; MPP, mitochondrial processing peptidase; O,
oxaloacetate; OXA, oxidase assembly; OXPHOS, oxidative phosphorylation; PA,
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phosphatidic acid; PAM, presequence translocase-associated import motor; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS,
phosphatidylserine; S, succinate; S1P, sphingosine-1-phosphate; SAM, sorting and assembly
machinery; SC, succinyl-CoA; SM, sphingomyelin; Sph, sphingosine; sTIM, small TIM;
TIM, translocase of the inner membrane; TOM, translocase of the outer membrane; VDAC,
voltage-dependent anion channel.
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Figure 3. Multiple mitochondrial compartments control apoptosis via diver se mechanisms
Mitochondrial compartments (OMM, IMS, IMM, and matrix) maintain organelle function

and homeostasis while harboring the potential to enable, initiate, and execute apoptosis. A
brief summary of each mitochondrial compartment’s activities and/or signaling pathways
that directly communicate to the apoptosis machinery are indicated. Detailed descriptions
are provided in the text. Abbreviations: AIF, apoptosis-inducing factor; cyt ¢, cytochrome c;
ETC, electron transport chain; ROS, reactive oxygen species; TCA, tricarboxylic acid;
VDAC, voltage-dependent anion channel.
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