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Foreword

We are pleased to introduce the latest edition of Cell Press Selections. These editorially curated reprint
collections highlight a particular area of life science by bringing together articles from the Cell Press
journal portfolio. In this selection, we present recent insights into the diverse roles of mitochondria.

Mitochondria perform diverse yet interconnected cellular functions and are dynamically regulated
by complex signaling pathways. Interest in this fascinating organelle has recently undergone a
renaissance, due to a series of discoveries revealing that mitochondrial function goes beyond the
generation of molecular fuel. Mitochondria also play a central role in thermogenesis, differentiation, and
cell death and influence an organism’s physiology, as well as its pathology. The driving forces behind
these discoveries have been in the development of animal models, systems-based approaches,
and dynamic imaging techniques and are critical in unraveling the significance and complexity of
mitochondrial behavior.

A comprehensive inventory on mitochondrial proteins over the past decade indicates that mammalian
mitochondria contain over 1,500 proteins, which vary in a tissue-dependent manner. Not surprisingly,
mitochondria are tasked with a myriad of critical roles in anything from regulating inflammatory
responses to determining cellular response to chemotherapy. The articles in this selection explore the
breadth of this organelle’s function (and dysfunction).

We hope that you will enjoy reading this collection of articles and will visit www.cell.com to find other
high-quality research and review articles across this rapidly growing field.

Finally, we are grateful for the generosity of Cayman Chemical, who helped to make this reprint
collection possible.

For more information about Cell Press Selections:
Gordon Sheffield

Program Director, Cell Press Selections
g.sheffield@cell.com

617-386-2189
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Mitochondria perform diverse yet interconnected functions, producing ATP and many biosynthetic
intermediates while also contributing to cellular stress responses such as autophagy and
apoptosis. Mitochondria form a dynamic, interconnected network that is intimately integrated
with other cellular compartments. In addition, mitochondrial functions extend beyond the bound-
aries of the cell and influence an organism’s physiology by regulating communication between cells
and tissues. It is therefore not surprising that mitochondrial dysfunction has emerged as a key
factor in a myriad of diseases, including neurodegenerative and metabolic disorders. We provide
a current view of how mitochondrial functions impinge on health and disease.

Introduction

Mitochondria arose from an alpha-proteobacterium engulfed by
a eukaryotic progenitor (Lane and Martin, 2010). Like their bacte-
rial ancestor, mitochondria are comprised of two separate and
functionally distinct outer (OMs) and inner membranes (IMs)
that encapsulate the intermembrane space (IMS) and matrix
compartments. They also contain a circular genome, mitochon-
drial DNA (mtDNA), that has been reduced during evolution
through gene transfer to the nucleus. mtDNA is organized into
discrete nucleoids in the matrix. Interestingly, the closest
relatives of many mtDNA-modifying enzymes, such as mtDNA
polymerase, are bacteriophage proteins (Lecrenier et al., 1997;
Tiranti et al., 1997), suggesting that an infection of the mitochon-
drial ancestor contributed to the development of mtDNA mainte-
nance machinery. In animals, mtDNA inheritance is almost
exclusively maternal, and paternal mtDNA is actively destroyed
in many species immediately after fertilization (Al Rawi et al.,
2011; Sato and Sato, 2011).

Advances in proteomic, genomic, and bioinformatic ap-
proaches have provided a comprehensive inventory of mito-
chondrial proteins in various eukaryotes (Gaston et al., 2009;
Mootha et al., 2003; Pagliarini et al., 2008; Sickmann et al.,
2003). This inventory indicates that mammalian mitochondria
contain over 1,500 proteins, which vary in a tissue-dependent
manner. Because mtDNA encodes only 13 of these proteins,
mitochondria depend on the nucleus and other cellular compart-
ments for most of their proteins and lipids. Nuclear-encoded
mitochondrial proteins are actively imported and sorted into
each mitochondrial compartment (Neupert and Herrmann,
2007; Schmidt et al., 2010), followed by coordinated assembly
into macromolecular complexes, comprised of subunits en-
coded by nuclear and mitochondrial DNA.

Although mammalian mitochondria have retained some
bacterial features, it is estimated that only a small percentage
of human mitochondria are derived from the original endosym-
biont (Gabaldén and Huynen, 2004). However, the bacterial

ancestry of mitochondria and bacteriophage-related mtDNA
maintenance systems make the organelle susceptible to antimi-
crobial drugs: for example, mitochondrial translation is targeted
by common antibiotics that block microbial ribosomes (amino-
glycosides, tetracyclines) (Hutchin et al., 1993; van den Bogert
and Kroon, 1981), and mtDNA maintenance is affected by anti-
viral nucleoside analogs (Arnaudo et al., 1991). The genetic risk
factors underlying drug sensitivity of mitochondrial function are
expected to be numerous, but challenging to identify.

The considerable resources a cell must provide to maintain the
mitochondrial compartment underscores the varied essential
roles it plays. This is further demonstrated by the fact that mito-
chondrial dysfunction is associated with an increasingly large
proportion of human inherited disorders and is implicated
in common diseases, such as neurodegenerative disorders,
cardiomyopathies, metabolic syndrome, cancer, and obesity.
Below we review new developments in mitochondrial biology
and discuss their relevance for human disease.

Mitochondrial Defects Cause Diverse and Complex
Human Diseases
Human mitochondrial disorders are a genetically heterogeneous
group of different diseases, caused by mutations in mitochon-
drial and/or nuclear DNA, which encompass almost all fields of
medicine (Ylikallio and Suomalainen, 2012). Mitochondrial
diseases can affect any organ system, manifest at any age,
and, depending on where the gene defect lies, be inherited
from an autosome, the X chromosome, or maternally. Currently,
mitochondrial disorders cannot be cured, and available treat-
ments are directed at relieving symptoms (Suomalainen, 2011).
Mitochondrial diseases display both clinical heterogeneity and
have tissue-specific manifestations, as indicated by the fact that
mutations in the same mitochondrial protein complex lead to
disparate disease phenotypes. For example, defects in respira-
tory complex | can lead to atrophy of the optic nerve in adults
(Wallace et al., 1988) or subacute necrotizing encephalopathy
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in infants (Morris et al., 1996). The most common nuclear muta-
tions associated with mitochondrial diseases are found in the
gene encoding mitochondrial DNA polymerase y and can mani-
fest as early-onset hepatocerebral disorder, juvenile cata-
strophic epilepsy, or adult-onset ataxia-neuropathy syndrome
(Euro et al., 2011; Hakonen et al., 2005; Naviaux et al., 1999;
Van Goethem et al., 2001). Another example of clinical variability
is exhibited by the recently characterized disease group linked to
defects in mitochondrial aminoacyl-transfer RNA (tRNA) synthe-
tases (ARS2s), whose known essential function is to join a mito-
chondrial tRNA with its cognate amino acid to be transfered
to the ribosome for protein synthesis. ARS2 defects promote
a variety of phenotypes, including cardiomyopathies, cerebral
white matter disease, ovarial dysfunction, and hearing loss.
(Scheper et al., 2007; Gotz et al., 2011; Pierce et al., 2011) The
nature of the molecular defect can often explain variations in
the severity and age-of-onset of these diseases, but not the vari-
ability in tissue-specific manifestations, which may instead be
defined by a patient’s complement of protective and risk alleles.

Phenotypic variability associated with mtDNA-linked diseases
is also due, in part, to the high copy number of mtDNA in
mammalian cells, which can consequently contain both mutant
and wild-type mtDNAs populations—a situation called hetero-
plasmy (Holt et al., 1988). While mtDNA mutations in tRNA genes
possess high clinical variability not explained by heteroplasmy,
in the case of protein-coding gene mutations, the degree of het-
eroplasmy correlates with the severity of phenotypes. For
example, for the T8993C/G mutation of mtDNA, affecting
ATPase6, a low mutant load causes pigment retinopathy, ataxia,
and neuropathy in adults, whereas a high mutant load causes
maternally inherited Leigh syndrome in infants (Holt et al.,
1990; Tatuch et al., 1992).

Heteroplasmy can be affected by segregation of mtDNA and
by selective mitochondrial degradative pathways. Examples of
nonrandom segregation include the nonrandom segregation of
neutral mtDNA variants in mice (Battersby et al., 2005; Jokinen
etal., 2010), and, in humans, the A3243G tRNA-“UYR muytation,
whose load decreases in blood over years (Rahman et al., 2001).
In mice, cells with allogenic mtDNA are recognized and targeted
by the innate immune system, indicating that mitochondrial
DNA-dependent antigen presentation may play a role in mtDNA
selection (Ishikawa et al., 2010). Selection of mtDNA may also
occur during oogenesis: in mice, mtDNA mutations in protein-
coding genes are underrepresented in offspring, suggesting
a mechanism that selectively eliminates cells or organelles with
the most severe mutations (Fan et al., 2008; Stewart et al.,
2008). Surprisingly, the fundamental molecular mechanisms
underlying the process of mtDNA distribution in cells and its
tissue specificity are poorly understood, given that an under-
standing of how the nucleoid is regulated is crucial to under-
standing mitochondrial diseases.

Mitochondria Are Metabolic Signaling Centers

The diverse nature of mitochondrial diseases highlights the many
roles mitochondria play in cells and tissues. Mitochondria are
best known for producing ATP via oxidative phosphorylation
(OXPHOS). In the matrix, tricarboxylic acid cycle (TCA) enzymes
generate electron carriers (NADH and FADH,), which donate
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electrons to the IM-localized electron transport chain (ETC).
The ETC consists of four protein machines (I-1V), which through
sequential redox reactions undergo conformational changes to
pump protons from the matrix into the IMS. The first and largest
of the respiratory complexes, complex |, is a sophisticated
microscale pump consisting of 45 core subunits, whose biogen-
esis requires an army of assembly factors (Diaz et al., 2011;
Efremov and Sazanov, 2011). The proton gradient generated
by complexes I, Ill, and IV is released through the rotary
turbine-like ATP synthase machine or complex V, which drives
phosphorylation of ADP to ATP (Okuno et al., 2011; Stock
et al., 1999). Beyond ATP production, the inner-membrane elec-
trochemical potential generated by OXPHOS is a vital feature of
the organelle (Mitchell, 1961). Membrane potential is harnessed
for other essential mitochondrial functions, such as mitochon-
drial protein import (Neupert and Herrmann, 2007), and is used
to trigger changes on the molecular level that alter mitochondrial
behaviors in response to mitochondrial dysfunction.

Complexes | and Il also generate reactive oxygen species
(ROS), including oxygen radicals and hydrogen peroxide, which
can damage key components of cells, including lipids, nucleic
acids, and proteins (Muller et al., 2004; Murphy, 2009). ROS
has been suggested to contribute to diseases associated with
mitochondrial dysfunction, including neurodegeneration. For
example, Leber’s hereditary optic neuropathy is associated
with mutations that alter the ubiquinone binding pocket of
mtDNA-encoded complex | subunits (Patsi et al., 2008) that likely
affect electron delivery from the FeS centers of complex | to
ubiquinone, leading to an overreduction of FeS clusters, electron
leak, and oxygen radical production.

Multiple lines of evidence indicate that mitochondrial ROS
also influence homeostatic signaling pathways to control cell
proliferation and differentiation and to contribute to adaptive
stress signaling pathways, such as hypoxia (Hamanaka and
Chandel, 2010). Observations from premature aging mouse
models suggest that hematopoietic progenitors are especially
sensitive to ROS and/or redox state changes that promote
proliferation and prevent quiescence (Ito et al., 2004; Narasim-
haiah et al., 2005). Interestingly, progeroid mtDNA Mutator
mice, which accumulate mtDNA mutations, are severely anemic
(Chen et al., 2009; Kujoth et al., 2005; Norddahl et al., 2011;
Trifunovic et al., 2004) and have an early somatic stem cell
dysfunction suppressed by n-acetyl-I-cysteine treatment. These
observations imply that ROS/redox signaling affects somatic
stem cell function and causes progeroid symptoms (Ahlqgvist
et al.,, 2012) and that mitochondrial dysfunction in somatic
stem cells may contribute to aging-related degeneration.

In all cell types, mitochondria are the major cellular source of
NADH and house parts of the pyrimidine and lipid biosynthetic
pathways, including the fatty acid B-oxidation pathway, which
converts long chain fatty acids to Acyl-CoA. Mitochondria also
regulate cellular levels of metabolites, amino acids, and cofac-
tors for various regulatory enzymes, including chromatin-modi-
fying histone deacetylases. Moreover, mitochondria play
a central role in metal metabolism, synthesizing heme and
Fe-S clusters (Lill and Muhlenhoff, 2008), which are essential
components of the major oxygen carrier, hemoglobin, as well
as OXPHOS and DNA repair machinery. Mitochondria also
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Figure 1. Nutrient Sensors in Fasting and
Their Roles in Mitochondrial Disease

Both fasting and mitochondrial disease can
modify NAD*:NADH and AMP:ATP ratios through
decreased nutrient availability or through reduced
respiratory chain activity and have the potential to
activate (red) nutrient sensors Sirtuin 1 (Sirt, an
NAD*-dependent histone deacetylase) or AMP-
activated kinase (AMPK) and increase mito-
chondrial biogenesis by activating peroxisome
proliferator-activated receptor gamma coactivator
1-alpha (PGC-1alpha). Upon decreased utilization
of acetyl-coenzyme A (acetyl-coA), GCN5 (lysine
acetyltransferase 2A) is activated and acetylates
PGC1alpha, to inactivate it (blue). NAD*, nicotin-
amide adenine dinucleotide, oxidized form; NADH,
nicotinamide adenine dinucleotide, reduced form;

participate in Ca?* homeostasis, shaping the spatiotemporal
distribution of this second messenger by buffering Ca®* flux
from the plasma membrane and endoplasmic reticulum (ER)
(Baughman et al., 2011; De Stefani et al., 2011).

In neurons, the ability of mitochondria to modulate Ca?* flux is
essential for controlling neurotransmitter release, neurogenesis,
and neuronal plasticity. In addition, mitochondria supply copious
amounts of ATP as well as the TCA intermediates that serve as
the building blocks for synthesis of GABA and glutamate neuro-
transmitters (Sibson et al., 1998; Waagepetersen et al., 2001).
Compromised oxidative metabolism may therefore alter neuro-
transmitter levels and render the brain uniquely sensitive to
oxidative energetic deficits, as has been shown for pyruvate
carboxylase deficiency (Perry et al., 1985). Mitochondria-
mediated lipid synthesis is also critical for neuronal function,
as defects in lipoic acid synthase cause severe neonatal-
onset epilepsy (Mayr et al., 2011). These additional metabolic
functions of mitochondria depend, either directly or indirectly,
on OXPHOS, and thus can be secondarily affected by changes
in respiration and respiratory complex deficiency.

Mitochondria as Energy Sensors and Beacons

The central roles of mitochondria in metabolism position them as
key actors in global energy modulation. An increased need for
ATP is met by increasing mitochondrial mass and inducing
OXPHOS. For example, an increase of mitochondrial mass and
activity is observed after endurance exercise (Hoppeler and
Fluck, 2003). The regulation of mitochondrial biogenesis is tightly
coordinated with pathways that induce vascularization, enhance
oxygen delivery to tissues, and enable oxygen supply to facilitate
efficient mitochondrial oxidization of glucose and fat (Arany
et al., 2008).

Mitochondrial metabolism is both the basis for and target of
nutrient signals that ultimately orchestrate an integrated physio-
logical response. The molecular components that sense energy
status include transcription factors, hormones, cofactors,
nuclear receptors, and kinases, which detect specific signals
of mitochondrial activity, such as the NAD*:NADH ratio, the
AMP:ATP ratio, or acetyl-CoA levels (Figure 1).

Two key cellular sensors of metabolic status are the AMP-acti-
vated protein kinase (AMPK) and Sirt1, an NAD*-dependent
deacetylase. AMPK is activated by an increase in AMP:ATP ratio

AMP, adenosine monophosphate; ATP, adeno-
sine triphosphate; Ac, acetyl group.

and increased ADP concentrations, both of which accompany
a decrease in caloric intake or an increase in energy expenditure
(Hardie et al., 2011; Mihaylova and Shaw, 2011). Through the
phosphorylation of a variety of targets, it upregulates catabolic
pathways including gluconeogenesis, OXPHOS, and autophagy,
while inhibiting anabolic pathways including cell growth and
proliferation (Canté et al., 2010; Carling et al., 2011). Sirt1
responds to elevated levels of NAD* that occur upon starvation
and, together with AMPK, coordinately regulates mitochondrial
mass, nutrient oxidation, and ATP production to fit a cell’s partic-
ular needs via the transcription cofactor, peroxisome prolifera-
tor-activated receptor gamma coactivator 1 alpha (PGC-1¢)
(Cantd et al., 2009, 2010; Jager et al., 2007; Jeninga et al.,
2010; Puigserver et al., 1998; Wu et al., 1999).

Nutrient responses are likely to be highly tissue specific. In the
liver, low blood lipid levels induce the nuclear PPAR-alpha
receptor, which ultimately induces ketogenesis. In adipose
tissue, mitochondria-derived starvation responses trigger lipol-
ysis to provide peripheral tissues with fuels (Kharitonenkov
et al., 2005; Nishimura et al., 2000). In the hypothalamus, AMPK
affects neuronal plasticity and transmitter receptor activity to
promote food intake and provide neuronal protection in response
to hunger (Kuramoto et al., 2007; Yang et al., 2011). During a high
nutritional load, multiple cell types exhibit high levels of ATP and
NADH levels and the metabolic balance tips toward lipid and
glycogen storage, and mitochondrial biogenesis is downregu-
lated, increasing glycolytic ATP synthesis.

How does the interrelationship between nutrient sensing and
mitochondrial function contribute to disease? Not surprisingly,
alterations in mitochondrial mass and activity are contributory
factors in obesity and metabolic syndrome. Comparisons
between identical twin pairs discordant for obesity revealed
significantly reduced mtDNA levels and decreased mitochon-
drial mass in the obese twin’s adipose tissue, despite identical
mtDNA sequences (Pietildinen et al., 2008). This observation
indicates the importance of environmental effects in regulating
mitochondrial mass and biogenesis. The discovery of active
brown adipose tissue in adult humans has opened up an
intriguing avenue in obesity research by clarifying the role of
adaptive thermogenesis in counteracting fat storage through
UCP1-mediated mitochondrial uncoupling (van Marken Lichten-
belt et al., 2009; Virtanen et al., 2009).

Cell 148, March 16, 2012 ©2012 Elsevier Inc. 1147



Studies of the Deletor mouse provide a model to interrogate
the physiological changes associated with late-onset mitochon-
drial disease (Tyynismaa et al., 2005). Even when these animals
receive normal nutrition, their muscle cells misinterpret an
OXPHOS defect and decreased ATP synthesis as starvation.
Interestingly, a key regulator of anabolic processes, Akt kinase,
is also activated under these conditions (Tyynismaa et al.,
2010). In these mice, induction of mitochondrial biogenesis by
high-fat feeding appears to be beneficial by inducing mitochon-
drial mass and OXPHOS activity (Ahola-Erkkild et al., 2010). The
progressive disease course of mice with cytochrome ¢ oxidase
deficiencies can similarly be delayed with treatments that
increase mitochondrial biogenesis (Viscomi et al., 2011; Wenz
et al., 2008; Yatsuga and Suomalainen, 2012) or that activate
AMPK (Viscomi et al., 2011). In these instances, it is likely that
AMPK activation leads to an increase in NAD", triggering Sirt1
activation and subsequent PGC-1¢. induction of mitochondrial
biogenesis (Corton et al., 1995; Golubitzky et al., 2011; Viscomi
et al., 2011). Together, these studies suggest that mitochondrial
biogenesis is blocked by chronic OXPHOS dysfunction and that
increased mitochondrial biogenesis can be beneficial for mito-
chondrial disease.

Recent work has linked tumor suppressors and oncogenes
directly to metabolic sensing and regulation, and has conse-
quently indicated that altered cellular metabolism is a contribu-
tory and causative factor in cancer. Cancer cells reprogram the
use of two key catabolic molecules, glucose and glutamine via
signaling pathways containing known oncogenes, including
myc and tumor suppressors, such as the LKB1/AMPK (Vander
Heiden et al., 2009). These signaling pathways shunt glucose
toward aerobic glycolysis—the so-called Warburg effect (War-
burg, 1923)—and glutamine toward glutaminolysis for the
purpose of producing amino acids, nucleotides and lipids that
are essential for rapid proliferation. In cancer cells, mitochondria
play a central role via the TCA cycle in the catabolism of gluta-
mine. The altered metabolism of cancer cells raises the possi-
bility that treatments that shift metabolism toward OXPHOS
could be therapeutically effective against cancer. Importantly,
mitochondrial metabolic enzymes have been identified as tumor
suppressors. Defects in succinate dehydrogenase, fumarate
hydratase, and isocitrate dehydrogenase (IDH1) cause inherited
paragangliomas, pheochromocytomas, myomas, and gliomas,
respectively (Baysal et al., 2000; Tomlinson et al., 2002; Yan
et al,, 2009). Recent intriguing findings in gliomas indicated
that IDH71 mutations contribute to gliomas via multiple mecha-
nisms, including stabilizing hypoxia-inducible factor 1, as was
previously found in other tumorigenic TCA defects, and by
altering the methylation of CpG islands and histones, which
causes wide-ranging transcriptional consequences that
contribute to oncogenesis (Turcan et al., 2012; Lu et al., 2012;
Koivunen et al., 2012). The multifaceted roles of IDH1 mutations
in cancer introduce an intriguing role for mitochondrial function
in affecting nuclear genomic expression.

Connecting Mitochondrial Form and Function

in Homeostasis and Disease

Mitochondrial form and function are intimately linked. The inner
membrane is highly structured and differentiated into composi-
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tionally and functionally distinct regions (Reichert and Neupert,
2002): the inner boundary region is in close apposition to the
OM and facilitates lipid trafficking, mitochondrial protein import,
and respiratory complex assembly, the cristae are invaginations
that penetrate into the matrix and house assembled respiratory
complexes and are thought to increase the local charge
density/pH to enhance ATP synthesis via OXPHOS (Strauss
et al., 2008; Perkins and Frey, 2000); and crista junctions are
tubules that connect the cristae to the boundary and segregate
soluble intermembrane space components from the boundary
regions. These junctions are restructured during apoptosis to
facilitate release of proapoptotic intermembrane space proteins
(Frezza et al., 2006). The biogenesis of IM domains is an active
process highly dependent on the mitochondrial-specific anionic
lipids, phosphotidylethanolamine and cardiolipin, whose trans-
port and levels within mitochondria are tightly controlled by
a surprisingly complex set of factors (Osman et al., 2011).
Through interactions with lipids and through the formation of
inner-membrane supercomplexes, abundant inner-membrane
proteins, such as adenine nucleotide translocator, are also
important for the structural organization of this membrane (Clay-
pool et al.,, 2008). In addition, the regulated dimerization/
oligomerization of ATP synthase is a major driving force for
inner-membrane structure, possibly inducing and/or stabilizing
the curvature of crista membranes (Paumard et al., 2002;
Strauss et al., 2008). Dedicated structural assemblies have
also been implicated in the organization of mitochondrial
membranes (Polianskyte et al., 2009), including recent work
pointing to a large conserved multiprotein Mitofilin complex
(Harner et al., 2011; Hoppins et al., 2011a; von der Malsburg
et al.,, 2011). The importance of OM/IM interactions is under-
scored by the observation that the Mitofilin complex, termed
MitOS, also plays a role in the efficiency of mitochondrial protein
import (von der Malsburg et al., 2011), components of which
have been implicated in human inherited disorders, including
neurological (Jin et al., 1996) and cardiac (Davey et al., 2006)
syndromes. Understanding the mechanisms that contribute to
the structural organization of the inner membrane will decipher
its functions beyond OXPHOS, such as in mtDNA segregation,
protein import, and mitochondrial dynamics (Brown et al., 2011).

The lateral organization of the OM is not as well understood,
but it serves as a unique signaling platform for pathways such
as BCL-2 protein-dependent apoptosis (Chipuk et al., 2010;
Bogner et al., 2010) and innate antiviral immunity, which requires
the regulated self-assembly of the mitochondrial localized
membrane protein, MAVS, into a signaling complex essential
for anti-inflammatory interferon response (Wang et al., 2011a).
Recent superresolution light microscopy techniques have
revealed that the OM import TOM complex is localized in clus-
ters, whose density and distribution are regulated by growth
conditions that alter mitochondrial membrane potential (Wurm
et al., 2011). This observation highlights that events inside mito-
chondria regulate the organization and activity of complexes at
the mitochondrial surface, which can influence the external
structure and behavior of the organelle.

The external structure and the cellular location of mitochondria
are critical for their function and depend on highly regulated
activities such as mitochondrial division and fusion, motility,
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Figure 2. Roles of Mitochondrial Dynamics
Red: mitochondria with high membrane potential,
with high oxidative phosphorylation (OXPHOS)
activity. Blue: Mitochondria with low membrane
potential. Mitofusin 1 or 2 (MFN1, MFN2) mediate
mitochondrial outer-membrane fusion in a tissue-
Glutatnate specific manner, and OPA1 (optic atrophy gene 1)

Ca mediates inner-membrane fusion. The zinc met-
alloprotease OMAT1 proteolytically cleaves OPA1
under low membrane potential conditions,
promoting fission. Mitochondrial dynamics factors
49 and 51 or mitochondrial fission factor (Mff)
recruit DRP1 onto mitochondria at sites marked by
endoplasmic reticulum tubules (ER), and DRP1
mediates mitochondrial division. In cultured cells,
upon a decrease in mitochondrial membrane
potential, PINK1 kinase recruits Parkin, a ubiquitin
E3 ligase, which ubiquitinates several mito-
chondrial targets, including MFN1 and Miro, to
facilitate the degradation of mitochondria via mi-
tophagy. Parkin-mediated ubiquitination triggers
OMMAD, outer-mitochondrial membrane-associ-
ated degradation—a proteosomal pathway that
degrades ubiquinated OM proteins in a CDC48-
dependent manner. OMMAD is probably cell type-
dependent and may also function in quality
control. In erythrocytes, mitophagy receptor Nix1
is involved in autophagosome recruitment. ER
forms close contacts with mitochondria, essential
for calcium regulation in cellular microcompart-
ments. Miro (blue feet) is a mitochondrial receptor
for kinesin via Milton that facilitates the transport of
mitochondria on microtubules in a Ca®*-regulated
manner. Upon synaptic activity in neurons, influx
of glutamate and Ca®* halts mitochondrial trans-
port via Miro to position them at sites of synaptic

and tethering. These activities govern the overall shape,
connectedness, and location of mitochondria within cells (Fig-
ure 2). Although little data are currently available, it is clear that
the relative contributions of these activities and the molecular
components that mediate them are highly tissue specific—a
phenomenon that contributes to the variable manifestations of
human mitochondrial diseases.

In metazoans, mitochondrial motility is mediated by Miro, a
conserved Ras-like GTPase that links the mitochondrial surface
with the microtubule motor protein kinesin Milton (Glater et al.,
2006; Hollenbeck and Saxton, 2005; Liu and Hajnéczky, 2009;
Wang and Schwarz, 2009). Although the exact mechanism is
not understood, Miro serves as a Ca®* sensor that controls mito-
chondrial motility by virtue of its GTPase domains and its calcium
binding EF hand motifs to couple an increase in cytosolic
calcium to an inhibition of mitochondrial motility (Macaskill
et al., 2009; Saotome et al., 2008; Wang and Schwarz, 2009).
This mechanism is particularly important in neurons, where
Ca?* influx occurs at presynaptic terminals and postsynaptic
dendritic spines due to glutamatergic stimulation. These local
increases provide a mechanism to halt mitochondria at the site
of neuronal activity, and maintain Ca®* and energetic homeo-
stasis. In this context, Miro may enable neurons to efficiently
retain mitochondria at the sites with high Ca®*, providing
a neuronal protection mechanism. Consistent with this model,
the EF hands of Miro mediate glutamatergic regulation of mito-
chondrial motility and provide a protective mechanism against
excitotoxicity (Wang and Schwarz, 2009).

activity that require Ca®* uptake and ATP.

Mitochondrial division and fusion are mediated by the action of
large multidomain dynamin-related GTPases that function via
self-assembly to remodel diverse membranes in cells (Hoppins
et al.,, 2007). In mammals, mitochondrial division is mediated
by a single dynamin-related protein, DRP1, whereas fusion
requires two families of dynamin-like proteins, MFN1/MFN2
and OPAA1. Evidence suggests that DRP1 divides mitochondria
by forming helical structures that wrap around mitochondria
(Ingerman et al., 2005; Labrousse et al., 1999; Yoon et al.,
2001). Less is known about the mechanism mediating mitochon-
drial fusion, although it is likely that the self-assembly of the
fusion dynamins contributes to membrane tethering and fusion
events (DeVay et al., 2009; Griffin and Chan, 2006). The proteins
that mediate mitochondrial dynamics are highly regulated and
consequently integrated into cellular signaling pathways. For
example, DRP1 exists as several splice variants and is modified
by a plethora of posttranslational modifications, which integrate
its activity with cellular events, such as apoptosis, Ca®" sig-
naling, hypoxic response, and the cell cycle (Strack and Cribbs,
2012).

Loss of either fusion or division activity results in dysfunctional
mitochondria. One common explanation for the importance of
mitochondrial fusion is the need for exchange of IMS and
matrix contents, including mtDNA between mitochondria. In
this manner, mitochondrial fusion may buffer partially defects
and transient stresses (Chen et al., 2007, 2010; Nunnari et al.,
1997). In cultured cells, stressors including UV exposure,
cycloheximide treatment, and nutrient deprivation, stimulate
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mitochondrial fusion to generate branched and interconnected
organelles and improve cell survival (Gomes et al.,, 2011a,
2011b; Rambold et al., 2011; Tondera et al., 2009). Mitochondrial
fusion is balanced by mitochondrial division, which creates
organelles of the appropriate size for transport along actin or
microtubule networks. Cells that are highly polarized and depen-
dent on mitochondrial function, such as neurons, are especially
sensitive to defects in mitochondrial division (Verstreken et al.,
2005). A neuronal cell-specific knockout of DRP1 in the mouse
results in a decrease in neurites and defective synapse forma-
tion, while an increase in mitochondrial division in cultured
neurons enhances mitochondrial mass and distribution and
stimulates synapse formation (Dickey and Strack, 2011; Ishihara
et al., 2009; Li et al., 2004; Wakabayashi et al., 2009).

In cells, inhibition of fusion results in OXPHOS deficiencies,
mtDNA loss, and mitochondrial motility defects, and division
defects also cause OXPHOS deficiencies and significant
increases in ROS production (Chen et al., 2003, 2007; Hermann
et al., 1998; Ishihara et al., 2009; Parone et al., 2008; Wakabaya-
shi et al., 2009). In animals, deletions and mutations of the divi-
sion and fusion machinery cause embryonic lethality, and in
humans, recessive defects of DRP1 are associated with early
infant mortality and cardiomyopathy (Waterham et al., 2007;
Ashrafian et al., 2010) Mutations in MFN2 and OPA1 cause
tissue-specific neurodegenerative diseases, Charcot Marie
Tooth 2A (CMT2A) and dominant optic atrophy (DOA), respec-
tively (Alexander et al., 2000; Delettre et al., 2000; Zichner
et al., 2004). These pathogenic conditions emphasize the impor-
tant physiological roles and differential requirement of mitochon-
drial dynamics in different cell types.

Linking Mitochondrial Dynamics with Apoptosis

and Autophagy

Mitochondrial division and fusion also impinge on apoptosis by
mechanisms that are not yet fully understood (Martinou and
Youle, 2011). During apoptosis, mitochondria dramatically frag-
ment as a consequence of an increased recruitment of DRP1 to
mitochondria, which is key to the positive regulatory role DRP1
plays in Bax/Bak-mediated mitochondrial outer-membrane per-
meabilization (MOMP) (Frank et al., 2001; Jagasia et al., 2005;
Wasiak et al., 2007). Although DRP1’s positive role in apoptosis
is independent of its role in the regulation of mitochondrial
structure per se, mitochondrial shape is likely to be an important
factor in MOMP (Cassidy-Stone et al., 2008; Montessuit et al.,
2010). In contrast, mitochondrial fusion protects cells from
apoptotic cell death, and activation of apoptosis coordinately
inhibits fusion activity (Lee et al., 2004; Olichon et al., 2003;
Sugioka et al., 2004). This protection is in part due to the role of
OPAT1 in the integrity of crista junctions and its ability to limit the
release of proapoptotic IMS components (Cipolat et al., 2006;
Frezza et al., 2006). Conversely, BCL-2 proteins play regulatory
roles in mitochondrial dynamics in healthy cells, where they stim-
ulate fusion (Cleland et al., 2011; Hoppins et al., 2011b; Karbow-
ski et al., 2006; Rolland et al., 2009). The regulatory network
formed by BCL-2 proteins and mitochondrial dynamics proteins
may be a contributory factor in the human neurodegenerative
diseases associated with mutations in MFN2 and OPA1 (Olichon
et al., 2007). Furthermore, the roles of BCL-2 in regulating mito-
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chondrial dynamics and in tumors as an antiapoptotic factor
link mitochondrial fission and fusion to cancer.

Mitochondrial dynamics are also closely integrated with the
mitophagy quality control pathway (Twig et al., 2008; Youle and
Narendra, 2011). PINK1, an IMS-localized Ser/Thr kinase, and
Parkin, a cytoplasmic E3 ubiquitin ligase, regulate mitophagy
in cultured cell models and in fruit-fly muscle. Together these
proteins collaborate to sense and trigger the removal of
“damaged” mitochondria (Clark et al., 2006; Greene et al.,
2003; Narendra et al., 2008; Park et al., 2006). Loss of membrane
potential inhibits the degradation of PINK1 and reroutes it to the
surface of mitochondria, where it accumulates and recruits Parkin
(Kim et al., 2008; Lin and Kang, 2008; Matsuda et al., 2010; Nar-
endra et al., 2010; Vives-Bauza et al., 2010; Ziviani et al., 2010).
On the mitochondrial surface Parkin ubiquitinates a specific
subset of OM proteins, resulting in their proteasomal degradation
by a mechanism that resembles ER-associated degradation
pathway (Neutzner et al., 2007; Yoshii et al., 2011; Ziviani et al.,
2010; Chan et al., 2011; Heo et al., 2010; Tanaka et al., 2010;
Xu et al., 2011). Another mitophagy pathway functions in erythro-
cyte development, where upon reticulocyte maturation mito-
chondria are actively eliminated. This mitophagy pathway is
dependent on Nix, an OM-associated BH3-only member of
BCL-2 family proteins, suggesting that Nix functions as a mitoph-
agy receptor (Sandoval et al., 2008; Schweers et al., 2007). This
raises the possibility that other tissue- or condition-specific
mitophagy receptors exist. The presence of such receptors and
their functions remain to be elucidated. Given the nature of
mitophagy, such receptors could, in addition to contributing to
quality control, also dramatically impact mtDNA segregation.

Recent studies specifically connect PINK1/Parkin-mediated
autophagy with mitochondrial dynamics and motility, providing
evidence that Parkin ubiquitinates MFN1, MFN2, and Miro in
cultured cells, leading to their degradation and consequently
altering mitochondrial behavior (Chan et al., 2011; Gegg et al.,
2010; Poole et al., 2010; Tanaka et al.,, 2010; Wang et al.,
2011b; Ziviani et al., 2010). In this context, multiple OM-associ-
ated ubiquitin ligases have been identified whose substrates
and roles are largely unknown (Anton et al., 2011; Braschi
et al., 2009; Durr et al., 2006; Nakamura et al., 2006; Neutzner
et al.,, 2008; Tang et al., 2011). Loss of membrane potential
also attenuates mitochondrial fusion via OMA1-mediated
cleavage of integral membrane isoforms of OPA1 (Ehses et al.,
2009; Head et al., 2009). Consistently, mitophagy is attenuated
in cells with decreased mitochondrial division and/or increased
fusion activities likely because larger organelles are occluded
from autophagosomes. Indeed, nutrient starvation in cultured
cells induces the formation of a hyperfused mitochondrial
network, which protects mitochondria from elimination via
mitophagy (Gomes et al., 2011a; Rambold et al., 2011). In flies,
attenuation of mitochondrial fusion or stimulation of mitochon-
drial division can rescue phenotypes associated with PINK1 or
Parkin mutants, and loss of division exacerbates these pheno-
types and causes lethality (Deng et al., 2008; Poole et al.,
2008). Thus, evidence is consistent with the idea that mitophagy
is a pathway that coordinately regulates mitochondrial structure
and motility to effectively segregate damaged mitochondria from
a healthy network in cells, which facilitates their degradation.
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Ub, ubiquitin; red and blue, proteins in mitochondrial outer membrane are
PINK1, a mitochondrial kinase, and the E3 ubiquitin ligase Parkin, recruited
onto mitochondria by PINK1; MDV, mitochondria-derived vesicle; NAD,
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adenosine triphosphate; ER, endoplasmic reticulum, tubules of which are
marking sites of mitochondrial division; MAVS, mitochondrial antiviral
signaling, which is activated by viral RNA; MAM, mitochondrial-associated
endoplasmic reticulum membrane.

The relevance of the PINK1/Parkin mitochondrial turnover
pathway in animal models has not yet been established;
however, defects in this pathway have been suggested to
play a role in the development of Parkinson’s disease (PD),
where a role of PINK1 and Parkin were originally characterized
as their mutant forms cause familial early-onset PD (Kitada
et al., 1998; Valente et al., 2004). The association of PINK1/
Parkin to PD points to their essential role in maintenance of
dopaminergic neurons, the cell type in substantia nigra of
mesencephalon that most severely degenerates in PD. Data
from cell culture models suggest the intriguing possibility that
defective mitochondrial quality control contributes more gener-
ally to Parkinson-like phenotypes, potentially explaining why
mtDNA mutation accumulate in substantia nigra neurons
(Bender et al., 2006; Kraytsberg et al., 2006). A recent mouse
study, however, questions this simple model. In the PD Mitopark
mouse model, progressive depletion of mtDNA in dopaminergic
neurons does not lead to the accumulation of mitochondrial
Parkin, and loss of Parkin does not affect neurological disease
progression (Sterky et al., 2011). This raises the possibility that
PINK1/Parkin contribute to PD by mechanisms other than mi-
tophagy. Parkin has been implicated in nonneuronal mediated
lipid uptake regulation, raising the possibility that altered lipid
metabolism contributes to Parkin-linked PD (Kim et al., 2011).
Additionally, mitochondrial dysfunction is linked to PD by early
toxicological studies on MPTP, a compound that is metabolized
into a complex | inhibitor, MPP+. MPP+ selectively accumulates
in dopaminergic cells and causes symptoms of PD in humans

(Davis et al., 1979; Langston et al., 1983; Vyas et al., 1986).
Gene defects that lead to mtDNA mutations, such as dominant
mutations of mitochondrial DNA polymerase gamma, also cause
PD (Luoma et al., 2004). These observations highlight the
complex multifactorial nature of neurodegeneration and point
to the need for additional animal studies to elucidate physiolog-
ical roles of mitophagy and its contribution to PD.

Altered mitochondrial dynamics have also been implicated in
neurodegeneration. In cell culture models for neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, and amyotrophic lateral sclerosis, mito-
chondria typically fragment in response to the expression of mis-
folded proteins (Cho et al., 2010; Costa et al., 2010; Lutz et al.,
2009; Shirendeb et al., 2012; Song et al., 2011; Wang et al.,
2009). Although it is not clear whether mitochondrial fragmenta-
tion is a cause or a consequence of the pathogenic process,
inhibition of mitochondrial division attenuates disease-associ-
ated phenotypes in multiple models of neurodegenerative
disease (Cassidy-Stone et al., 2008; Cui et al., 2010; Lackner
and Nunnari, 2010). Inhibiting division may also attenuate the
ubiquitin dependent turnover of outer-membrane proteins and
mitophagy, which would allow essential behaviors like mito-
chondrial motility to be retained. In this context, it is possible
that the mitochondrial motility defects associated with absent
or altered MFN1 and MFN2 proteins result from the targeted
degradation of Miro (Baloh et al., 2007; Chen et al., 2005).

The role of mitochondrial division and its potential as a thera-
peutic target for neurodegeneration needs to be further explored
in relevant animal models. In addition, as mitochondrial division
is essential in mammals, this pathway may have limited thera-
peutic potential for neurodegeneration. However, more acute
ischemic reperfusion injuries and drug toxicities are also associ-
ated with increased mitochondrial fragmentation in cultured cells
models and in animal models of myocardial infarction and drug
induced renal toxicity, inhibition of mitochondrial division has
shown therapeutic promise (Brooks et al., 2009; Ong et al.,
2010).

The Roles of Interorganellar Contacts
in Mitochondrial Biology
Mitochondrial distribution and dynamics are influenced by
intimate physical connections between the mitochondrial
outer membrane and diverse intracellular membranes, such as
the plasma membrane, peroxisomes, ER, autophagosome,s
and lysosomes, termed mitochondria-associated membranes
(MAMs) (Figure 3). MAMs create unique environments or
platforms for the localization and activity of components that
function in shared interorganellar functions, such as Ca®*
homeostasis and lipid biosynthesis (Hayashi et al., 2009; Rizzuto
and Pozzan, 2006; Voelker, 2009). Physical tethers are also
thought to be important to stably position mitochondria at
specific locations within cells, for example, in the axons and
dendrites of neurons or in muscle fibers for efficient energy utili-
zation (Garcia-Pérez et al., 2011; Kang et al., 2008).
Communication of mitochondria with intracellular structures
also occurs via small vesicles that bud off of mitochondria in
a DRP1-independent manner (Neuspiel et al., 2008). Interest-
ingly, treatment of cells with antimycin A, an inhibitor of complex
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I1l, stimulates the biogenesis of vesicles that carry mitochondrial
cargo that fuse with lysosomes, suggesting that this pathway
functions in quality control (Soubannier et al., 2012).

A role for ER mitochondrial contacts has been shown in both
mitochondrial division and in apoptosis, which has broader
implications for understanding how mitochondrial dysfunction
contributes to disease. Ca®* release at ER-mitochondrial
contacts may sensitize mitochondria to apoptotic effectors
(Breckenridge et al., 2003; Iwasawa et al., 2011; Tabas and
Ron, 2011). During mitochondrial division, ER tubules wrap
around and likely constrict mitochondria and mark sites of
mitochondrial division—a process conserved from yeast to
mammals (Friedman et al., 2011). In this context, the observation
that Bax colocalizes with DRP1 at sites of mitochondrial
constriction during apoptosis (Karbowski et al., 2002; Nechush-
tan et al., 2001) raises the possibility that Bax-dependent MOMP
occurs at and depends on regions of ER-mitochondria contact.
ER stress and mitochondrial dysfunction have been implicated
in a shared set of diseases associated with altered mitochondrial
dynamics. Thus, these observations raise the possibility that
alterations in ER-mitochondrial contacts are a contributory
factor in human disease (Schon and Przedborski, 2011).

Organismal Roles of Mitochondria

Recent studies demonstrate that a defect in mitochondrial func-
tion in one tissue has consequences for the whole organism and
have expanded our view of mitochondria beyond their cell auton-
omous roles. In mouse models of mitochondrial disease and in
human patients, OXPHOS-deficient skeletal muscle secretes
FGF21, a cytokine that enters the blood and circulates (Suoma-
lainen et al., 2011; Tyynismaa et al., 2010) (Figure 4). FGF21 is
a fasting-related hormone, which induces ketogenesis in the liver
and mobilizes lipids from adipose tissue for oxidation (Badman
et al., 2009; Hotta et al., 2009; Kharitonenkov et al., 2005). In
mitochondrial disease, FGF21 is constitutively secreted from
pseudostarving OXPHOS-deficient muscle fibers, resulting in
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chronic lipid recruitment from adipose tissue and metabolic
derangement (Figure 4). Another muscle-secreted cytokine, iri-
sin, was recently shown to mediate the differentiation of white
adipose cells to brown fat in response to exercise and PGC-
1alpha-induced mitochondrial biogenesis in skeletal muscle
(Bostrom et al., 2012). A non-cell-autonomous mitochondrial
regulatory pathway was also reported in C. elegans: a tissue-
specific RNA interference-mediated knockdown of cytochrome
c oxidase subunit in neurons causes a local cellular stress
response in neurons that is also communicated to the gut (Dur-
ieux et al., 2011). The cellular response is an unfolded protein
stress response pathway specific to mitochondria (UPRmt)
that also exists in mammals (Haynes and Ron, 2010). UPRmt
originates in mitochondria from the accumulation of unassem-
bled respiratory complex subunits and is communicated to the
nucleus via an unknown mechanism where it culminates in the
regulated expression of mitochondrial protein chaperones,
such as HSP-60 (Benedetti et al., 2006; Haynes et al., 2007; Hay-
nes and Ron, 2010; Yoneda et al., 2004; Zhao et al., 2002). The
mechanism by which activation of the UPRmt is propagated in
a non-cell-autonomous manner is also not known, but has
been speculated to occur via a “mitokine” that signals OXPHOS
deficiency to the whole organism. In addition to peptides, candi-
dates for long range signaling molecules include metabolites and
amino acids, whose levels can be easily sensed by over consid-
erable distances by cells and tissues. The finding that a single
dysfunctional tissue or cell can tune or reprogram the whole
organism via secreted signaling molecules is a new concept in
mitochondrial disease. These relatively unexplored pathways
are likely an essential part of pathogenesis and by their secretory
nature are attractive targets for therapy.

Several outstanding questions are raised by these observa-
tions. Are only some tissues capable of initiating whole-organism
energy metabolic reprogramming? In humans, brain-specific
mitochondrial disorders show low FGF21 levels (Suomalainen
et al., 2011), suggesting that brain tissue is not the source for



FGF21 secretion. Does chronic starvation produce harmful
signals that influence disease progression? Is signaling limited
to energy deficiency, or can other organelles induce cytokine re-
programming as well? Answers to these questions will provide
crucial insight into the tissue specific manifestations of mito-
chondrial disorders.

Perspective

Mitochondrial function and behavior are central to the physi-
ology of humans and, consequently, “mitochondrial dysfunc-
tion” has been implicated in a wide range of diseases that
encompass all aspects of medicine. The complexity of mito-
chondrial functions and thus “mitochondrial dysfunction,”
however, are challenges to unravel, but these challenges
must be met to determine whether mitochondrial manipulation
can be harnessed therapeutically. Continued basic biological
approaches are critical so that we can understand on a molec-
ular level known pathways and characterize new pathways
that impact mitochondrial behavior and functions. The develop-
ment of animal models that faithfully mimic human mitochon-
drial disease mutations is also essential to understand the
physiological significance of these pathways, to unravel the
highly tissue specific functions and regulation of mitochondria,
and to develop therapeutics (Johnson et al., 2007a, 2007b;
Tyynismaa and Suomalainen, 2009). These systems provide
the opportunity to determine how “mitochondrial dysfunction”
regulates or alters key pathways, which is another critical piece
of the puzzle of mitochondrial-linked diseases. Systems-based
approaches, such as mapping the genetic interactions between
genes encoding mitochondrial proteins, will be required to
elucidate the interactions between mitochondrial functions.
The first mitochondrial focused map has now been constructed
in yeast and reveals the dense and significant connections
between mitochondrial localized pathways distributed in
different mitochondrial compartments (Hoppins et al., 2011a).
Recent technological developments will allow for systems
based biochemical, metabolic and genomic approaches,
which will provide invaluable insight into mitochondrial biology.
These approaches will enable the construction of a complete
mitochondrial network map that will be invaluable for under-
standing the role of “mitochondrial dysfunction” in human
disease. The utilization of next-generation sequencing tech-
nology advances that exploit the mitochondrial proteome has
and will continue to greatly accelerate these advances (Calvo
et al.,, 2012; Tyynismaa et al., 2012). Sequencing advances
will continue to lead to the identification of novel mitochondrial
proteins and pathways and have already enabled more stream-
lined diagnosis and the opportunity for genetic counseling
for patients with mitochondrial diseases. In combination with
intelligent strategies to screen the rich repertoire of existing
small molecule libraries, these approaches hold the promise
of future cures.
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The endoplasmic reticulum (ER) and mitochondria form
physical interactions involved in the regulation of bio-
logic functions including mitochondrial bioenergetics
and apoptotic signaling. To coordinate these functions
during stress, cells must coregulate ER and mitochon-
dria through stress-responsive signaling pathways such
as the ER unfolded protein response (UPR). Although the
UPR is traditionally viewed as a signaling pathway re-
sponsible for regulating ER proteostasis, it is becoming
increasingly clear that the protein kinase RNA (PKR)-like
endoplasmic reticulum kinase (PERK) signaling pathway
within the UPR can also regulate mitochondria proteos-
tasis and function in response to pathologic insults that
induce ER stress. Here, we discuss the contributions of
PERK in coordinating ER-mitochondrial activities and
describe the mechanisms by which PERK adapts mito-
chondrial proteostasis and function in response to ER
stress.

ER stress impacts mitochondrial function through
interorganellar signaling
The traditional view of ER and mitochondria as discreet
intracellular organelles has been profoundly altered in
recent years. Unlike the well-defined organelles described
in cell biology textbooks, the ER and mitochondria are
highly dynamic and undergo continuous structural and
spatial reorganization in response to specific cellular
signals. An interesting aspect of these organelles is that
they form physical ER—mitochondrial contacts (reviewed
in [1-3]). These contacts facilitate the transfer of metab-
olites, including lipids and Ca®", between the ER and
mitochondria that are involved in the regulation of biologic
functions including lipid homeostasis, mitochondrial me-
tabolism, and the regulation of apoptotic signaling (Box 1).
Thus, ER-mitochondrial contacts serve as a platform for
interorganellar communication, essential for the coordina-
tion of cellular function.

A consequence of the physical and functional interaction
between ER and mitochondria is that mitochondria
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function is sensitive to pathologic insults that induce ER
stress (defined by the increased accumulation of misfolded
proteins within the ER lumen). ER stress can be transmit-
ted to mitochondria by alterations in the transfer of me-
tabolites such as Ca®* or by stress-responsive signaling
pathways, directly influencing mitochondrial functions.
Depending on the extent of cellular stress, the stress
signaling from the ER to mitochondria can result in pro-
survival or proapoptotic adaptations in mitochondrial
function.

During the early adaptive phase of ER stress, ER-
mitochondrial contacts increase, promoting Ca?* transfer
between these organelles [4]. This increase in Ca?* flux into
mitochondria stimulates mitochondrial metabolism
through the activity of Ca®*-regulated dehydrogenases
involved in the tricarboxylic acid (TCA) cycle. The in-
creased activity of these dehydrogenases promotes mito-
chondrial respiratory chain activity, resulting in a
transient increase in mitochondrial ATP synthesis during
the initial phase of ER stress. This surge in bioenergetic
capacity increases the available energetic resources to
mount an adaptive response and alleviate ER stress. Al-
ternatively, chronic exposure to ER stress negatively
impacts cellular metabolism by reducing mitochondrial
respiration and decreasing cellular ATP levels [4,5]. This
has been shown to lead to depletion of Ca®* stores in the ER
and increased Ca?* within mitochondria ([6,7] and dis-
cussed below). Ultimately, this signaling results in mito-
chondrial fragmentation and the opening of the
mitochondrial permeability transition pore (MPTP), which
initiates intrinsic apoptotic signaling and programmed cell
death. Varying levels of ER stress in multiple cell types
have also been reported to impact other mitochondrial
functions including mitochondrial DNA (mtDNA) biogene-
sis [8], the transcription of respiratory chain subunits [5],
and increases in mitochondrial-derived reactive oxygen
species (ROS) [5,9,10], further reflecting the capacity for
ER stress to influence mitochondrial function.

Many metabolic diseases including nonalcoholic fatty
liver disease, type 2 diabetes (T2D), and obesity are asso-
ciated with unresolved ER stress, suggesting that mito-
chondrial dysfunction in these diseases may be
dysregulated through mechanisms involving ER stress-
dependent alterations in ER—-mitochondria communica-
tion [11,12]. For example, stress-dependent alterations
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Box 1. Metabolite transfer through ER-mitochondrial contacts

Trends in Endocrinology and Metabolism October 2014, Vol. 25, No. 10

ER and mitochondria form tight physical junctions stabilized by tethering
complexes anchored in the ER and mitochondrial outer membrane
(reviewed in [1-3]). In higher eukaryotes, these tethers are mediated by
interactions between ER-localized MFN2 with MFN2 and MFN1 in the
mitochondrial outer membrane. These tight interactions facilitate the
transfer of metabolites between the two organelles (Figure I).

Transfer of Ca®* between the ER and mitochondria is a major
function for ER-mitochondrial contacts and is carried out through the
IP;R and VDAC transporters localized to the ER and mitochondria
outer membranes, respectively (see [1-3]). These channels form a
tight interaction stabilized by the cytosolic isoform of the mitochon-
drial HSP70 chaperone HSPA9/GRP75/mortalin. Ca®* is imported into
the mitochondrial matrix through the high-capacity, low-affinity
mitochondrial Ca®* uniporter (MCU). The close physical proximity
between these various Ca* transporters at ER-mitochondrial con-
tacts increases local Ca?* concentration to levels sufficient to drive
import through MCU into the mitochondrial matrix.

Flux of Ca®* through the ER-mitochondrial contacts is highly
regulated by accessory proteins both at the ER and mitochondria
membranes [1-3,6]. ER-localized phosphofurin acidic cluster sorting
protein 2 (PACS2) recruits the chaperone calnexin to the ER luminal
face of MAMs to mediate their formation and stability. The ER Sigma-
1 receptor stabilizes IPzR and promotes protective ER to mitochondria
Ca?* exchange in response to ER Ca?* depletion. Alternatively, MCU
regulators including MICU1 and MCUR1 have also been identified to
influence ER-mitochondria Ca®* transfer and CaZ*-regulated mito-
chondrial activities [1-3,6]. ER-mitochondrial Ca?* transfer is also
influenced by a truncated isoform of SERCA (S1T) localized to MAMs
that can promote ER Ca?* leakage and mitochondria Ca?* overload
associated with cellular death [1-3]. These regulators provide a
significant level of control over ER-mitochondrial Ca®* transfer,
reflecting the importance of this process in cellular physiology.

Apart from Ca®*, other metabolites including lipids are also
transferred between the ER and mitochondria through ER-mitochon-
drial contacts [1-3]. Lipid biosynthesis enzymes involved in the
synthesis of phospholipids, cholesterol metabolites, and sphingolipids
localize to the ER and mitochondrial membranes. Lipid transfer
between the ER and mitochondria is required for the biosynthesis of
these critical metabolites, including cardiolipin (CL). CL has been shown
to have a variety of essential functions in the mitochondria including
maintaining membrane curvature at cristae tips and providing
structural integrity to both electron transport chain and mitochondrial

in ER-mitochondrial Ca®* transfer has been proposed to
contribute to the pathophysiology of T2D where increased
cytosolic calcium leads to aberrant insulin signaling in the
pancreas and disrupted routine metabolic functions (e.g.,
gluconeogenesis) in the liver [13]. Increased activation of
TOR signaling has also been linked to the development of
metabolic disease [14]. Interestingly, in addition to pro-
moting a diabetic phenotype, ablation of tuberous sclerosis
complex (TSC), a suppressor of TOR activity, also induces
chronic ER stress. Alleviation of this ER stress reestab-
lishes insulin sensitivity even in the background of sus-
tained TOR activation suggesting that chronic UPR
activation has detrimental metabolic consequences [15].
ER stress and mitochondrial dysfunction are also intri-
cately linked in the pathology of other diseases including
al-antitrypsin deficiency [16,17], cardiovascular disorders
[18,19], and neurodegenerative diseases such as Alzhei-
mer’s disease [20,21], Parkinson’s disease [22,23], and
amyotrophic lateral sclerosis [24,25]. Despite the patho-
logic relationship between ER stress and mitochondrial
dysfunction in these diseases, the specific contributions of
altered ER—mitochondrial communication in disease path-
ogenesis are only beginning to come to light. For example,

import complex components [93-96]. The synthesis of CL involves the
transfer of ER-derived phosphatidic acid to the mitochondrial inner
membrane followed by the action of a cascade of mitochondrial
enzymes including cardiolipin synthase (CLS). Thus, maintaining ER-
mitochondrial contacts is critical for the proper synthesis of essential
lipids, such as CL, and for maintaining normal mitochondrial function
and cellular physiology.

Mitochondria ER

IM oM
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Figure I. lllustration of the components and interactions of proteins localized to
ER-mitochondrial contacts. The colored proteins represent core components of
ER-mitochondrial contacts required for organelle tethering (MFN2 and MFN1) or
Ca* transfer between these organelles (IPsR, VDAC, MCU, and HSPA9). The
white proteins are regulatory factors that influence the Ca?* signaling through
ER-mitochondrial contacts. Abbreviations: ER, endoplasmic reticulum; MFN,
Mitofusin; IP3R, inositol trisphosphate receptor; VDAC, voltage-dependent anion-
selective channel; MCU, mitochondrial Ca* uniporter.

familial Alzheimer’s disease is associated with mutations
in presenilins 1 and 2 (PS1 and PS2), which are involved in
the generation of the toxic Amyloid B (AB) peptide [20,21].
PS1 and PS2 are enriched in a subcompartment of the ER
physically associated with mitochondria called mitochon-
drial-associated ER membranes (MAMs) and appears to be
involved in coordinating ER-mitochondrial Ca®* and lipid
transfer, suggesting that these mutations could directly
contribute to disease pathogenesis through alterations in
ER-mitochondrial signaling [20,21,26-29]. These data
suggest that dysregulation of ER-mitochondrial signaling
could broadly contribute to the pathogenesis of human
diseases with diverse etiologies. Therefore, the possibility
of intervening in the transfer of chronic ER stress to
mitochondria could be a promising avenue for therapeutic
development for many of the debilitating diseases men-
tioned above.

The PERK signaling pathway of the UPR regulates
mitochondrial function during ER stress

The predominant stress-responsive signaling pathway
that regulates cellular physiology during ER stress is
the UPR (reviewed in [30—-32]). The UPR consists of three
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integrated signaling pathways activated downstream of
the transmembrane ER stress sensor proteins inositol
requiring enzyme 1 (IRE1), activating transcription factor
6 (ATF6), and PERK. ER stress-dependent activation of
these pathways protect essential ER activities and relieve
ER stress through transient translational attenuation and
the transcriptional upregulation of stress-responsive genes
primarily involved in the regulation of ER protein homeo-
stasis (or proteostasis). Although ATF6 and IRE1 primari-
ly function to regulate ER proteostasis and function [30-
32], it is becoming increasingly apparent that, in addition
to its role in regulating ER proteostasis, the PERK arm of
the UPR also has an important role in regulating mito-
chondrial proteostasis and function during conditions of
ER stress.

PERK activation influences cellular physiology during ER
stress through translational attenuation and
transcriptional signaling

PERK signaling is initiated in response to ER stress by the
dissociation of the ER heat shock protein 70 (HSP70)
chaperone binding immunoglobulin protein (BiP) from
the PERK sensing domain localized to the ER lumen
(Figure 1) [30-32]. Dissociation of BiP leads to the activa-
tion of PERK through a mechanism involving PERK di-
merization and autophosphorylation of the cytosolic PERK
kinase domain. The active, phosphorylated PERK kinase
selectively phosphorylates the serine 51 residue of the «
subunit of eukaryotic initiation factor 2 (eIF2a) [33]. This
phosphorylation inhibits the activity of the eIF2B GTP
exchange factor involved in ribosomal translation initia-
tion [34,35]. Thus, the initial impact of PERK on cellular
physiology is a global attenuation of new protein synthesis
that reduces the folding load of newly synthesized proteins
entering the ER lumen, freeing ER proteostasis factors to
alleviate the toxic accumulation of malfolded proteins
within the ER lumen.

Interestingly, eIF2a phosphorylation also results in the
activation of stress-responsive proteins. Transcripts of
these proteins are selectively translated during conditions
of eIF2a phosphorylation through a mechanism depen-
dent on upstream open reading frames (uORF's) in their
mRNA [34,35]. One of the predominant genes translated
downstream of PERK-dependent eIF2a phosphorylation
is the stress-responsive transcription factor ATF4 [9,36].
ATF4 induces the expression of a variety of stress-respon-
sive genes involved in critical biologic processes including
cellular redox maintenance, amino acid biosynthesis, and
other stress-responsive transcription factors including the
C/EBP homologous protein (CHOP/GADD153) [9,36].
CHOP in turn is involved in the induction of additional
stress-responsive genes including ER oxidase 1 (ERO1)
and the protein phosphatase 1 (PP1) regulatory subunit
GADD34/PPP1R15A [37-39], which dephosphorylates
elF2a and restores translational integrity in a well-
established negative feedback loop of PERK signaling
[40,41]. Additionally, in response to chronic ER stress
and subsequent PERK activation, high levels of CHOP
can also promote activation of intrinsic apoptotic signaling
pathways (discussed below). Thus, through this dual
prosurvival/proapoptotic signaling mechanism, PERK
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serves as a critical regulator of cellular fate during condi-
tions of ER stress. Importantly, whereas ER stressinduces
elF2a phosphorylation through PERK, other elF2a
kinases such as PKR (interferon-induced, double-strand-
ed RNA-activated protein kinase), GCN2 (general control
nonderepressible 2), and HRI (heme-regulated inhibitor)
induce eIF2a phosphorylation in response to other cellular
insults including viral infection, nutrient deprivation,
heme deficiency, and oxidative stress [35,42].

PERK coordinates ER—-mitochondrial activities in the
presence and absence of ER stress

PERK is intimately involved in defining ER—mitochondrial
interorganellar signaling. PERK is enriched in MAMs (the
subcompartment of the ER that interacts with mitochon-
dria), localizing this ER stress sensor to ER—mitochondrial
contact sites [43,44] (Box 1). PERK has been proposed to
interact with the mitochondrial tethering protein Mitofusin-
2 (MFN2), indicating that PERK may stabilize ER-
mitochondrial contacts [45]. Consistent with this prediction,
genetic depletion of PERK disturbs ER morphology and
reduces the number of ER-mitochondrial contacts [43].
Furthermore, PERK depletion in MFN2~~ mouse embryon-
ic fibroblasts (MEF's) reduces ROS, normalizes mitochon-
drial respiration, and improves mitochondrial morphology
[45]. These results suggest a functional interaction between
MFN2 and PERK involved in dictating ER-mitochondrial
contacts, although the underlying physical relationship
between these proteins requires further characterization.
The stabilizing effects of PERK on ER—mitochondrial inter-
actions appear to be dependent on the PERK cytosolic
kinase domain as overexpression of PERK lacking this
domain does not rescue defects in ER-mitochondrial con-
tacts [43]. By contrast, overexpression of a kinase dead
PERK restored ER—mitochondrial contacts to levels similar
to those observed in wild type cells [43]. This indicates that
stabilization of ER-mitochondrial contacts afforded by
PERK s likely to be structural in nature and not dependent
on canonical PERK signaling through elF2a.

Apart from the structural role for PERK in stabilizing
ER-mitochondrial contacts, cells deficient in PERK signal-
ing have defects in mitochondrial functions. PERK-
deficient cells show defects in regulating electron transport
chain activity reflected by increased basal and maximal
respiration [45]. They also show perturbed responses to ER
stress including an abnormal increase in ROS and defects
in mtDNA biogenesis [8—10]. The regulation of intrinsic
apoptosis is also impaired in PERK-deficient -cells.
PERK ™ cells are hypersensitized to apoptosis induced
by the sarco/endoplasmic reticulum Ca®* ATPase (SERCA)
inhibitor thapsigargin or the inhibitor of N-linked glyco-
sylation tunicamycin [39,43,46], while these same cells are
more resistant to apoptosis induced by ER-derived ROS
[43]. Disrupting downstream PERK signaling also sensi-
tizes mitochondria to stress in vivo. For example, condi-
tional knockin of the nonphosphorylatable serine 51 to
alanine (S51A) elF2a mutant (eIF2o¢S51A; a mutant resis-
tant to ER stress-induced, PERK-dependent elF2a phos-
phorylation [33]; Figure 1) into the pancreas leads to
mitochondrial damage in pancreatic 8 cells — a cell type
highly dependent on UPR signaling due to maintain high
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Figure 1. PERK-dependent signaling through elF2a phosphorylation. In response to ER stress, the ER Hsp70 chaperone BiP dissociates from PERK, inducing PERK
autophosphorylation and dimerization (step 1). Active PERK selectively phosphorylates the a subunit of elF2 (elF2«a) (step 2). Phosphorylated elF2« inhibits the elF2B GTP
exchange factor, resulting in global translation attenuation (step 3). This results in the downstream degradation of the core TIM23 subunit Tim17A and reduced
mitochondrial protein import. Alternatively, certain stress-responsive genes such as the transcription factor ATF4 are selectively translated during conditions of elF2a
phosphorylation through upstream open reading frames (UORFs) localized to the 5° UTR, allowing synthesis of these proteins during stress (step 4). Active ATF4 induces
expression of cellular proteostasis genes involved in cellular redox and amino acid biosynthesis, as well as additional stress-responsive transcription factors such as CHOP
(step 5). CHOP in turn is involved in the induction of additional stress-responsive genes including ER oxidase 1 (ERO1), the protein phosphatase 1 (PP1) regulatory subunit
GADD34 and cell death factors (step 6). This pathway is repressed through dephosphorylation of elF2«a through the activity of PP1 mediated by the constitutively expressed
regulatory subunit CReP/PPP1R15B or the stress-induced regulatory subunit GADD34/PPP1R15A (step 7). Mitochondrial quality control factors including LON, HSPA9, and
PARKIN are also transcriptionally induced during ER stress through PERK-dependent ATF4 activation, although the specific downstream transcription factors required for
their transcription are currently undefined. Adapted from [30]. Abbreviations: PERK, protein kinase RNA (PKR)-like endoplasmic reticulum kinase; ER, endoplasmic
reticulum; Hsp70, heat shock protein 70; BiP, binding immunoglobulin protein; elF2a, a subunit of eukaryotic initiation factor 2; TIM23, translocase of the inner membrane
23; ATF4, activating transcription factor 4; CHOP, C/EBP homologous protein.

glucose and lipid homeostasis in organisms. Metabolic
disease states such as T2D and obesity have been clearly

levels of insulin secretion [32]. Furthermore, PERK muta-
tions in humans have been suggested to induce hepatic

mitochondrial dysfunctions associated with the rare dis-
ease Wolcott—Rallison syndrome, although this genetic
relationship requires further study [47,48].

Altered PERK activity contributes to the pathogenesis of
metabolic diseases

ER and mitochondria in specialized tissues such as the
pancreatic islets and liver are critical for maintaining

linked to both ER and mitochondria dysfunction. Although
cellular studies have suggested a protective role for the
PERK arm of UPR in the acute phase of ER stress, sus-
tained activation of PERK is detrimental, promoting apo-
ptosis and tissue inflammation [49]. In chronic metabolic
disease such as diabetes associated with obesity, sustained
activation of PERK may overwhelm the ability of cells
to restore homeostasis and favor pathogenesis. For
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example in diabetic 0b/0ob mice, ER stress appears to
promote diabetic pathology including insulin insensitivity
and glucose intolerance. Chemical chaperones such as
4-phenylbutyric acid (4-PBA) or tauroursodeoxycholic acid
(TUDCA) alleviate ER stress by facilitating the folding of
proteins in the ER. Administration of these molecules
attenuates UPR signaling and restores metabolic homeo-
stasis [50]. Further supporting a role for dysfunction in
ER-mitochondrial communication in the pathology of met-
abolic disease, ablation of MFNZ2 in liver or skeletal muscle
likewise leads to diabetic phenotypes. These are associated
with sustained PERK activation and mishandling of glu-
cose in these tissues [51]. Cell based studies suggest that
suppression of PERK signaling either by knockdown of
PERK or alleviating ER stress improve the metabolic
disruptions in MFN27~ cells [45]. These data suggest that
although typical transient UPR signaling may be beneficial
in resolving ER stress and preserving mitochondrial func-
tion, sustained activation of the UPR can promote patho-
physiologic changes in metabolism and disease.

The above results suggest that PERK has a protective
role in regulating mitochondrial function in the presence or
absence of ER stress. Despite this evidence, it is difficult to
determine whether the mitochondrial defects in PERK-
deficient cells reflect a decreased capacity for PERK to
directly regulate mitochondrial function or an indirect
consequence of aberrant PERK signaling that impair mi-
tochondrial function. Regardless, new results are emerging
that highlight a protective role for PERK in regulating
mitochondrial proteostasis and function in response to
acute ER stress, which are discussed below.

The regulation of mitochondrial quality control through
PERK signaling

Mitochondrial quality control pathways regulate mitochon-
drial proteostasis during stress to prevent the accumulation
of misfolded proteins that can lead to mitochondrial
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dysfunction and cellular pathology. Mitochondria maintain
their proteome on three distinct organizational levels: mo-
lecular, organellar, and cellular fate via apoptosis [52,53].
The capacity to differentially influence mitochondrial pro-
teostasis through these pathways provides a mechanism
to sensitively regulate mitochondrial integrity in response
to the diverse extents and types of cellular insults encoun-
tered in human physiology. As discussed below, PERK
directly influences mitochondrial quality control at each
organizational level, suggesting that PERK signaling is a
primary mechanism for regulating mitochondria proteosta-
sis and function during ER stress (Figure 2).

PERK-dependent regulation of molecular quality control
pathways

In response to moderate levels of stress, mitochondrial
proteostasis is maintained by a network of quality control
factors involved in mitochondrial protein import, folding,
and proteolytic pathways (Box 2). PERK affects the com-
position and activity of these pathways through both tran-
scriptional and post-translational mechanisms, directly
increasing cellular capacity to protect the mitochondrial
proteome from damage that can occur in response to ER
stress (e.g., increased ROS).

PERK activation induces the downstream expression of
mitochondrial quality control factors such as the matrix-
localized AAA™ quality control protease LON during ER
stress [9,37,54] (Figure 1). Although the specific transcrip-
tion factors required for the increased expression of LON
remain to be identified, this process requires the activity of
the PERK-regulated transcription factor ATF4 [54]. LON
is a critical regulator of mitochondrial proteostasis that
functions in many aspects of mitochondrial biology includ-
ing the degradation of oxidatively damaged mitochondrial
proteins [55-57], the assembly of electron transport chain
complex IV [54,58], and the regulation of mtDNA tran-
scription and replication through the degradation of the
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Figure 2. PERK activity regulates mitochondrial quality control on the molecular, organellar, and cellular level. In response to increasing levels of stress, cells regulate
mitochondria on three levels mediated by molecular, organellar, and cellular quality control pathways. PERK activity directly influences each of these levels of quality
control regulation. In response to mild levels of ER stress, PERK adapts molecular quality control pathways through the transcriptional induction of mitochondrial proteases
(e.g., LON) and chaperones (e.g., HSPA9) downstream of the PERK-regulated transcription factor ATF4. PERK activation also adapts mitochondrial protein import activity
through the degradation of the core TIM23 subunit Tim17A. In response to more moderate levels of ER stress, PERK influences mitochondrial quality control on the
organellar level. PERK directly stabilizes ER-mitochondrial contacts and promotes formation of ER-mitochondrial interactions through the transcriptional upregulation of
Parkin. In response to severe stresses, PERK is directly involved in the activation of mitochondrial-derived intrinsic apoptotic signaling through both transcriptional and
post-translational mechanisms that induce mitochondrial membrane depolarization, cytochrome c release, and caspase activation. Abbreviations: PERK, protein kinase
RNA (PKR)-like endoplasmic reticulum kinase; ER, endoplasmic reticulum; TIM23, translocase of the inner membrane 23; ATF4, activating transcription factor 4.
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Box 2. Molecular mitochondrial quality control pathways
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The vast majority of the mitochondrial proteome is encoded by the
nuclear genome. These proteins are synthesized on cytosolic ribo-
somes and are directed to mitochondria by mitochondrial-targeting
sequences (MTS) localized to the N terminus or internally within the
polypeptide sequence (reviewed in [60,71]). These targeting se-
quences direct nuclear-encoded mitochondrial proteins to the translo-
case of the outer mitochondrial membrane (TOM) complex, which
facilitates translocation across the outer mitochondrial membrane
into the intermembrane space (IMS) (Figure ). In the IMS, polypep-
tides are sorted to specific multisubunit translocases and pathways
that facilitate targeting to different intramitochondrial environments.
For example, the 2/3 of the mitochondrial proteome targeted to the
mitochondrial matrix as soluble proteins or single-pass inner
membrane proteins are directed to the translocase of the inner
membrane 23 (TIM23) by N-terminal targeting sequences. TIM23
facilitates translocation across the inner membrane into the mito-
chondrial matrix in a process dependent on the ATP-dependent
activity of the mitochondrial HSP70 HSPA9/mortalin/Grp75 in the
presequence associated motor (PAM) complex and the electrochemi-
cal gradient across the inner mitochondrial membrane. Once
localized, the N-terminal targeting sequence is removed by mitochon-
drial processing peptidase (MPP), releasing the mature polypeptide to
engage colocalized mitochondrial chaperoning pathways including
the mitochondrial HSP70 chaperoning pathway [HSPA9 (mortalin)/
DNAJAS3 (Tid1)/GRPEL1], the HSP60 chaperonin (HSP60/HSP10), and
the mitochondrial HSP90-like chaperone TRAP1 of the mitochondrial
matrix [97]. The interactions with these chaperones and folding
factors facilitate the proper folding of mitochondrial proteins into
their functional conformation. Alternatively, proteins unable to fold
into functional conformations or those that are damaged or misfolded
during stress are degraded by ATP-dependent mitochondrial quality
control proteases localized throughout mitochondria including the
soluble matrix proteins LON and CLPP/CLPX and the inner membrane
proteases AFG3L2 and paraplegin (with active sites directed towards
the mitochondrial matrix) and YME1L (with active sites directed
towards the IMS) [52].

The importance of these quality control pathways is evident, as
mutations in genes encoding many of these quality control factors
including HSP60, SPG7, and AFG3L2 predispose individuals to
numerous diseases including many neurodegenerative disorders
[53]. Furthermore, the expression of these proteins is highly regulated
during stress through stress-responsive signaling pathways such as
the mitochondrial unfolded protein response (UPR™) — a stress-
responsive signaling pathway that induces mitochondrial proteosta-
sis genes following mitochondrial matrix stress [73]. Thus, through
the activity of these mitochondrial proteostasis pathways and through
their regulation by stress-responsive signaling pathways such as the
UPR™ and the PERK arm of the UPR mitochondrial proteostasis is
maintained in response to a wide range of pathologic insults,
preventing the aberrant accumulation of misfolded proteins within
mitochondria that can disrupt mitochondrial function.

mitochondrial transcription factor TFAM [59]. Overex-
pression of LON and LON variants has been shown to
prevent mitochondrial dysfunction in response to Brefeldin
A-induced ER stress [54], suggesting that PERK-depen-
dent increases in LON protect the mitochondrial proteome
during ER stress.

Other mitochondrial quality control factors such as the
HSP70 ATP-dependent chaperone HSPA9/GRP75/morta-
lin are also induced downstream of PERK during ER stress
through a mechanism dependent on ATF4 [9,54] (Figure 1).
HSPA9 is involved in several protective mitochondrial
proteostasis functions including the import of newly syn-
thesized proteins into mitochondria [60,61], the refolding
of misfolded or aggregated proteins within the mitochon-
drial matrix [62], and the cytosolic linking of ER-mito-
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Figure I. lllustration showing the molecular pathways responsible for the import,
folding, and proteolysis of nuclear-encoded mitochondrial proteins targeted to
the mitochondrial matrix. Mitochondrial matrix-targeted proteins and single-
pass inner membrane proteins are directed to the TOM-TIM23 import pathway
for translocation across the outer and inner mitochondrial membranes in a
mechanism dependent on the ATPase activity of HSPA9 in the PAM complex and
the electrochemical gradient across the outer and inner mitochondrial
membranes. Following translocation, the N-terminal targeting sequence is
removed by MPP, releasing the mature polypeptide to interact with
mitochondrial chaperones that facilitate folding into a functional conformation.
Proteins unable to fold or those unable to maintain their folded conformation are
degraded by the activity of mitochondrial quality control proteases.
Abbreviations: TOM, translocase of the outer membrane; TIM23, translocase of
the inner membrane 23; MPP, mitochondrial processing peptidase; PAM,
presequence associated motor.

chondrial contacts through interactions with inositol
trisphosphate receptor (IP3R), a membrane glycoprotein
Ca”* channel activated by inositol trisphosphate, and volt-
age-dependent anion-selective channel protein 1 (VDAC1),
a major component of the outer mitochondrial membrane
[63]. Again, overexpression of HSPA9 attenuates ROS and
increases cellular viability during ER stress induced by
glucose deprivation, suggesting that PERK-dependent
increases in HSPA9 protect mitochondrial function during
ER stress [64]. Similarly, HSPA9 overexpression attenu-
ates cell toxicity induced by proteotoxic AB involved in
Alzheimer’s disease [65,66], whereas HSPA9 knockdown
sensitizes cells to AB toxicity [65,67]. The importance for
HSPA9 regulation is also evident in vivo, where alterations
in HSPA9 post-translational modifications and/or protein
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levels have been found in patients with neurodegenerative
disorders such as Parkinson’s disease and Alzheimer’s
disease [68].

PERK also influences mitochondrial proteostasis
through translational attenuation. The core Tim17A sub-
unit of the translocase of the inner membrane 23 (TTM23)
import complex is selectively degraded following transla-
tional attenuation induced by eIF2« phosphorylation [69].
TIM23 is responsible for importing mitochondrial proteins
across the inner mitochondria membrane (Box 2). Adapt-
ing TIM23-dependent import, such as through Tim17A
degradation, has been proposed to promote mitochondrial
proteostasis through multiple mechanisms [69]. Reduced
TIM23 import will decrease mitochondrial accumulation of
newly synthesized, unfolded proteins that challenge mito-
chondrial proteostasis pathways, reducing the folding load
on mitochondrial chaperones and proteases and freeing
these factors to protect the integrity of the established
mitochondrial proteome — a protective mechanism similar
to that afforded to the ER environment by PERK-depen-
dent translational attenuation. Adapting TIM23 subunit
composition could also alter the selectivity of mitochondri-
al protein import, providing a mechanism to directly adapt
mitochondrial proteome composition and function during
ER stress, a mechanism similar to that mediated by post-
translational phosphorylation of the translocase of the
outer membrane (TOM) [70,71]. Finally, attenuation of
TIM23-dependent import provides a mechanism for the
activation of stress-responsive transcription factors such
as the mammalian homolog of Caenorhabditis elegans
ATFS-1 (activating transcription factor associated with
stress-1) — a transcription factor involved in the upregula-
tion of mitochondrial proteostasis genes whose activation
requires stress-dependent reductions in mitochondrial pro-
tein import [72,73].

The capacity for PERK to regulate mitochondrial pro-
teostasis pathways during ER stress displays distinct
parallels to the role for the UPR in regulating ER proteos-
tasis pathways involved in ER protein folding, trafficking,
and degradation. These results demonstrate an emerging
role for UPR signaling in coordinating the regulation of ER
and mitochondrial environments during ER stress through
PERK signaling. Similarly, other eIF2a kinases have also
been shown to influence mitochondrial quality control in
response to stresses including inflammation, mitochondrial
dysfunction, and lipotoxicity [74—76]. This indicates that
elF2a phosphorylation is a general mechanism to protect
mitochondria during conditions of stress. As new transcrip-
tional and proteomic approaches are being applied to study
the impact of stress on cellular physiology, additional mito-
chondrial proteostasis factors will likely be identified to be
transcriptionally or post-translationally regulated through
PERK or other eIF2«a kinases, further defining the intricate
role for this pathway in regulating mitochondria proteos-
tasis environments in response to pathologic insults.

PERK-dependent regulation of organellar quality control
Global mitochondrial dysfunction induced by stress can be
further corrected through organellar quality control path-
ways involved in mitochondrial fusion and fission process-
es (reviewed in [77,78]). Mitochondrial fusion can rescue
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global defects in specific mitochondrial pathways (e.g.,
electron transport chain) through content mixing, allowing
restoration of pathway integrity in the absence of new
protein synthesis. Mitochondrial fusion proteins can also
promote protective interactions with other organelles such
as the ER, facilitating the exchange of metabolites that can
stimulate mitochondria function. Alternatively, mitochon-
drial fission allows cells to segregate dysfunctional mito-
chondria (often identified by depolarization of the
mitochondrial membrane). Once segregated, these mito-
chondria can be targeted to organellar degradation by the
lysosome in a process referred to as mitophagy.

Above, we discuss the structural role for PERK in
stabilizing ER—mitochondrial contacts, reflecting a protec-
tive role for PERK in mitochondrial organellar quality
control. During ER stress, PERK signaling can also regu-
late organellar mitochondrial quality control through the
transcriptional upregulation of the E3 ligase Parkin
through the downstream activation of the PERK-regulated
transcription factor ATF4 [79,80]. Parkin overexpression
increases ER—mitochondrial interactions favoring interor-
ganellar Ca®" exchange and mitochondrial bioenergetics
[81]. Conversely, depletion of Parkin decreases ER—mito-
chondrial contacts, indicating a defect in ER—mitochondri-
al tethering [81]. Parkin overexpression also attenuates
ER stress-induced cell death, suggesting a protective role
for PERK-dependent Parkin induction [79-82]. Parkin has
many functions that could be protective during ER stress
including the ubiquitination of specific substrates to target
them to proteasomal degradation, removal of damaged
mitochondria through mitophagy, and nondegradative
functions that promote cellular physiology during stress
[83]. Although the specific contributions of PERK-depen-
dent increases in Parkin expression on ER—mitochondrial
or mitochondrial organellar quality control remain to be
further established, the capacity for cells to increase Par-
kin during conditions of ER stress provides an additional
level of mitochondrial quality control to promote mitochon-
dria proteostasis and function.

PERK-dependent regulation of cellular fate
In response to cellular insults too severe to be corrected by
adaptive responses such as those described above, cellular
quality control pathways initiate apoptotic signaling and
programmed cell death (reviewed in [7,84]). Severe ER
stress has been connected to multiple cell death cascades
including calpain activation, caspase-12 activation, and
most prominently mitochondrial initiation of intrinsic ap-
optosis. In this latter process, ER stress leads to MPTP
opening, membrane depolarization, and release of cyto-
chrome ¢ through a mechanism involving oligomerization
of BAX and BAK, the central proapoptotic BCL-2 (B cell
lymphoma 2) family proteins, on the mitochondrial outer
membrane [7,85]. Free cytochrome c in the cytosol induces
formation of the apoptosome, activation of initiator cas-
pase-9, and subsequent activation of the executioners cas-
pase-3/caspase-7 that mediate the cell death program.
The PERK arm of the UPR extensively connects ER
stress to intrinsic apoptosis. Chronic activation of PERK by
sustained ER stress induces high expression of the tran-
scription factor CHOP downstream of ATF4. CHOP™~



cells show a significant attenuation in ER stress-induced
apoptosis, implicating this transcription factor in ER
stress-induced cellular death [86,87]. CHOP appears to
play multiple roles in apoptosis related to the regulation
of mitochondrial-derived apoptotic signaling. It can drive
the transcription of proapoptotic BCL-2 protein family
members such as BiM (BCL-2 interacting mediator of cell
death) and PUMA (p53 upregulated modulator of apopto-
sis) and repress production of the prosurvival BCL-2 pro-
tein thus favoring the oligomerization of BAX/BAK at the
mitochondrial outer membrane [88,89]; however, this is
not observed in all cells suggesting cell type-specific sig-
naling [37]. In addition, translational attenuation induced
by PERK suppresses the activity of prosurvival MCL-1 due
to its short half-life compounding the promotion of proa-
poptotic signaling induced by CHOP [90]. Similarly,
PERK-dependent translational attenuation and ATF4 ac-
tivation decreases levels of prosurvival X-linked inhibitors
of apoptosis (XIAP), which directly inhibits caspase activi-
ty [91]. CHOP-dependent expression of other target genes
including GADD34 and ERO1 have also been proposed to
induce apoptosis through increased ROS [92]. CHOP has
also been suggested to promote the expression of ATF5,
which can enhance apoptotic signaling through the in-
creased expression of NOXA, a proapoptotic BCL-2 family
protein that promotes BAX/BAK-dependent apoptosis [39].
Finally, the coactivation of ATF4 and CHOP downstream
of PERK is suggested to influence cell survival by increas-
ing protein synthesis, leading to increases in ROS and
depleting ATP to trigger apoptotic signaling [37].
Despite the heavy focus on CHOP, overexpression of
CHOP alone is insufficient to induce apoptosis, indicating
that other mechanisms must similarly contribute to PERK-
dependent apoptotic signaling [37]. This could be, in part,
attributed to contributions of other UPR signaling path-
ways, such as the IRE1-dependent recruitment of tumor
necrosis factor receptor-associated factor 2 (TRAF2) and
induction of c-Jun N-terminal kinase (JNK) signaling
(reviewed in [7,84]). The inherent complexity of UPR-
mediated apoptotic signaling likely reflects the requirement
for multiple checks and balances when defining cellular fate
following pathologic insults that induce ER stress; such a
level of redundancy results from the dual nature of the UPR
in dictating prosurvival and proapoptotic signaling in
response to ER stress. Additionally, different cells likely
depend on distinct pathways to influence ER stress-induced
cellular death through direct modulation of mitochondrial
effectors (e.g., BAK/BAX oligomerization) or through post-
translational regulation of proapoptotic signals such as Ca®*
mobilization and ROS. Ultimately, this level of complexity
underscores the importance of ER-mitochondrial coordina-
tion and PERK signaling in dictating cell fate decisions in
response to pathologic insults that induce ER stress.

Concluding remarks and future perspectives

The study of ER—mitochondrial contacts and the regula-
tory pathways that coordinate their interorganellar func-
tions is in its infancy. Despite significant progress in
the past 5 years, we are only beginning to understand
the critical regulatory role of signaling pathways in
coordinating ER—mitochondrial function in the context
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Box 3. Outstanding questions

e What are the contributions of ER stress-dependent alterations in
ER-mitochondrial signaling for the pathophysiology of human
diseases?

e What are the molecular factors that interact with PERK at sites
of ER-mitochondrial contact sites and how do they influence
PERK-dependent regulation of mitochondrial function?

e How does PERK-dependent adaptation of mitochondrial quality

control pathways influence mitochondrial proteostasis and func-

tion during conditions of ER stress?

What are the specific molecular factors that underlie the complex-

ity of mitochondrial-derived apoptotic signaling induced down-

stream of PERK?

of cellular stress. Here, we describe our current under-
standing of the contributions of PERK and PERK-
regulated signaling on ER-mitochondrial communica-
tion and the regulation of mitochondrial proteostasis.
These results demonstrate the capacity for PERK to
coordinate ER and mitochondrial function in response
to ER stress as part of the global UPR. In addition to the
questions brought up in the context of this review (Box 3),
new exciting questions are emerging as ongoing research
efforts define the molecular mechanisms by which stress-
responsive signaling pathways such as those regulated
by PERK influence mitochondrial proteostasis and func-
tion. For example, does PERK signaling intersect with
other stress-responsive signaling pathways involved
in regulating mitochondrial proteostasis and function
during stress (e.g., other arms of the ER UPR or the
mitochondrial UPR)? Do other stress-responsive elF2a
kinases similarly influence mitochondrial proteostasis
and function in response to non-ER stress based cellular
insults (e.g., nutrient deprivation, oxidative stress, viral
infection)? Is there a therapeutic opportunity to attenu-
ate mitochondrial dysfunction in human disease by
targeting adaptive PERK signaling pathways that
promote mitochondrial proteostasis and function or in
suppressing chronic signaling that may promote pathol-
ogy? These are just a few examples of the exciting
questions that make the study of UPR-dependent regu-
lation of mitochondrial function an exciting area for
future research.
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Most, if not all mitochondrial functions, including aden-
osine-5'-triphosphate (ATP) production and regulation of
apoptosis and Ca?* homeostasis, are inextricably linked
to mitochondrial morphology and dynamics, a process
controlled by a family of GTP-dependent dynamin relat-
ed ‘mitochondria-shaping’ proteins. Mitochondrial fu-
sion and fission directly influence mitochondrial
metabolism, apoptotic and necrotic cell death, autop-
hagy, muscular atrophy and cell migration. In this re-
view, we discuss the recent evidence indicating that
mitochondrial dynamics influence complex signaling
pathways, affect gene expression and define cell differ-
entiation. These findings extend the importance of mi-
tochondria to developmental biology, far beyond their
mere bioenergetic role.

Mitochondrial morphology and cell biology

From a purely mitochondria-centric point of view, mito-
chondria can be regarded as the crucial organelles in
determining cell fate. Indeed, whether a cell lives or dies
depends on mitochondria. Not only do they participate in
numerous essential biosynthetic and metabolic pathways,
as well as in calcium and redox homeostasis, but they are
also key regulators of apoptosis [1-3].

Mitochondria continually fuse and divide, and their
quality, distribution, size, and motility are finely tuned
[4,5]. The equilibrium between fusion and fission shapes
the complex mitochondrial network in healthy cells.
Depending on the physiological condition, this equilibrium
can be perturbed and mitochondria can appear fragmen-
ted, such as during apoptosis [6], or elongated, such as
during starvation [7]. The dynamics of mitochondria influ-
ences how the cell responds to environmental cues playing
a critical role in cell fate. In this review, we discuss the
current understanding of mitochondrial fusion and fission
in mammals, and discuss evidence that supports roles for
mitochondrial morphological changes in determining not
only the response to cell stress, but also the emerging
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Glossary

Calcineurin: Ca?* dependent serine-threonine protein phosphatase. Calcineur-
in is well known to dephosphorylate nuclear factor of activated T cells (NFAT)
to induce its nuclear import. Calcineurin activity is inhibited by immunosup-
pressant cyclosporine A and FK506.

Dynamin related protein 1: in mammals mitochondrial fission depends on the
action of dynamin-related protein 1 (DRP1), a large cytoplasmic GTPase that
translocates to mitochondria at sites of fission, oligomerizes, and drives
organelle fragmentation.

Mitochondrial respiration: mitochondrial oxidative phosphorylation is con-
ducted by electron transport chain complexes that are accommodated in the
cristae inner mitochondrial membrane. All complexes, except complex Il, are
composed of subunits encoded by nuclear genes. All four complexes are
constituted of nuclear and mitochondria DNA-encoded subunits. Using
oxygen, mitochondrial respiration produces significant quantities of ATP,
while it generates deleterious compounds, such as reactive oxygen species, as
byproducts.

Mitofusins: in mammals, mitochondrial fusion depends on two outer
membrane highly homologous proteins of the dynamin superfamily called
mitofusin (MFN) 1 and 2. They participate in membrane tethering and use the
energy of the hydrolysis of GTP to bend and fuse membranes by a still unclear
mechanism. In addition, MFN2 tethers ER and mitochondria and is mutated in
a genetic peripheral neuropathy called Charcot-Marie-Tooth lla.

Notch signaling: a highly conserved pathway required for cell-cell commu-
nication in tissue differentiation, development, and renewal [79]. Both its
receptors and ligands are transmembrane proteins. In canonical Notch
signaling, the Notch receptor is cleaved to produce Notch intercellular domain
(NICD), the active form of Notch, upon ligand binding. This NICD migrates to
the nucleus where it associates with DNA-binding protein CSL (or CBF1/RBP-jk)
to activate Notch target genes [79]. In the case of non-canonical signaling,
regulation is independent of ligand and/or CSL. For example, membrane-
bound Notch associates with active B-catenin, a core factor in Wnt signaling,
and degrades active B-catenin [102].

NF-kB signaling: nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB), is a dimeric transcription factor composed of five family members:
RelA (p65), p105/p50 (NF-kB1), p100/p52 (NF-kB2), c-Rel, and RelB, and is a
crucial regulator of the immune system, stress responses, apoptosis, and
differentiation [91]. The canonical pathway is stimulated by reactive oxygen
species, lipopolysaccharides, and signals from cytokine receptors (tumor
necrosis factor (TNF) receptor, interleukin 1 receptor, and Toll-like receptors).
The non-canonical pathway is activated by specific members of the TNF family
(Lymphotoxin-B, B cell activating factor, and CD40 ligand) to induce transloca-
tion of NF-kB/RelB:p52 complex into the nucleus.

Optic Atrophy 1: in mammals Optic Atrophy 1 (OPA1) mediates inner
membrane fusion. It belongs to the same superfamily of MFNs, but it is
anchored to the inner membrane. In addition to controlling fusion, it regulates
cristae biogenesis and remodeling.

Whnt signaling: in the canonical pathway, Wnt-protein binds to members of
the Frizzled family receptor with a transcriptional coactivator B-catenin to
regulate gene transcription during embryonic development. In non-
canonical pathways, planar cell polarity pathway controls cell morphology
by modulating cytoskeleton, while the Wnt/calcium pathway regulates
calcium mobilization [98]. Wnt signaling directs cell proliferation, cell
polarity, and cell fate determination during embryonic development and
adult tissue homeostasis. Therefore, mutations in the components of Wnt
pathway are involved in several disorders, such as cancer and metabolic
diseases [98].
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evidence that point to a crucial role for mitochondrial
dynamics in cell differentiation.

Regulators of mitochondrial shape

The double membrane-bound architecture of mitochondria
is regulated and maintained by a family of ‘mitochondria-
shaping’ proteins. Mitochondrial fusion is mediated by the
dynamin-related GTPases Mitofusin (MFN) 1 and 2, and
by Optic Atrophy 1 (OPA1) (Figure 1A) (see Glossary).

Trends in Cell Biology December 2014, Vol. 24, No. 12

MFN1 and MFNZ2 fuse the outer mitochondrial membrane
(OMM). They form homo- and hetero-dimers that undergo
conformational changes upon GTP hydrolysis in order to
effect OMM fusion [8,9]. In addition to serving as key
molecules in mitochondrial fusion, MFNs participate in
specific forms of autophagy. MFNs are ubiquitinated by the
cytosolic E3 ubiquitin ligase Parkin and degraded by the
proteasome during mitochondrial autophagy (mitophagy)
[10,11]. Upon cellular stress, MFN2 can be phosphorylated
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Figure 1. Regulation of mitochondrial dynamics. (A) A cartoon depicting the main proteins involved in mitochondrial fusion. In the small mitochondrion, the additional role
of mitofusins (MFNs) in endoplasmic reticulum (ER)-mitochondria tethering is shown. They participate in the core reaction of outer mitochondrial membrane (OMM)
fusion. MIB inhibits MFNs fusion activity, while phospholipase D (PLD), by providing lipid remodeling, facilitates it. Inner membrane (IM) fusion depends on Optic Atrophy 1
(OPAT1), which additionally regulates cristae biogenesis and remodeling, together with the prohibitin-MINOS complex that controls cristae junction formation and dimers of
the F1Fy ATPase that contribute to curve the cristae. Abbreviation: IMS, intermembrane space. (B) The mechanism of mitochondrial fission. Dynamin-related protein-1
(DRP1) is normally phosphorylated and sequestered in the cytoplasm. At the endoplasmic reticulum (ER)-mitochondria contact site where ER tubules cross over and wrap
around mitochondria in presence of F-actin and its ER receptor INF2, dephosphorylated dynamin-related protein 1 (DRP1) is recruited to the OMM where it oligomerizes and
interacts with its receptors MFF, MiD49/51, and FIS1, and mediates mitochondrial constriction.
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Box 1. The ER-mitochondria juxtaposition in cell signaling and death

Interorganellar communication between ER and mitochondria is
critical for mitochondrial energy and phospholipid metabolism, Ca%*
signaling, and cell death [103]. At the contact sites between these two
organelles, their membranes do not fuse but tether, suggesting the
existence of molecular bridges that set the distance between them.
These tethers are of protein nature and their constituents have
recently been elucidated. In yeast, the ER-mitochondria encounter
structure (ERMES) consists of the OMM proteins mitochondrial
distribution and morphology protein (Mdm) 10 and 34, the ER
membrane protein GTPase EF-hand protein of mitochondria 1
(Gem1), mitochondrial morphology protein 1 (Mmm1), and the
cytoplasmic protein known as Mdm12 [104]. In mammals, the
mitochondrial profusion protein MFN2 directly tethers the two
structures [105]. A fraction of MFN2 also localizes in the ER
membrane, where it tethers the ER to mitochondria by a homotypic
interaction with MFN2, or by a heterotypic interaction with MFN1 on
the OMM. These interactions regulate mitochondrial Ca* uptake
from the ER (Figure 1A), as well as the transfer of lipids from ER to
mitochondria [78,106,107], highlighting how physical tethering
participates in inter-organellar communication. Several other pro-
teins involved in the generation, regulation, and maintenance of the

by c-Jun N terminal kinase (JNK), leading to its ubiqui-
tin-mediated proteasomal degradation, mitochondrial
fragmentation, and apoptotic cell death [12]. Alterna-
tively, in vivo, the mitophagy component serine/threo-
nine PTEN-induced putative kinasel (PINK1) can
phosphorylate MFN2, thereby converting it into a mito-
chondrial receptor to recruit parkin and facilitate its
ubiquitination for mitophagy [13]. In addition to its role
in mitochondrial fusion, MFN2 is a key component of the
machinery that tethers mitochondria to the ER generat-
ing a platform that regulates mitochondrial and cellular
signaling (Box 1).

OPAL1 is located in the inner mitochondrial membrane
(IMM), facing the inner membrane space (IMS), where,
together with MFN1, it controls IMM fusion [14]. OPA1l
pro-fusion activity is regulated by a complex set of proteo-
lytic modifications by mitochondrial matrix ATPase (m-
AAA) proteases, paraplegin [15], and OMA1 [16,17], and by
the inner membrane-AAA (i-AAA) protease Ymel [18,19].
The processed short forms of OPA1 are substrates for the
rhomboid protease presenilin associated rhomboid like
(PARL) that produces a quantitatively small, intermem-
brane space soluble fraction of OPA1 that does not partici-
pate in fusion, but regulates cristae morphology and
apoptosis (Box 2) [20].

Additionally, the IMM protein Leucine zipper-EF-hand
containing transmembrane protein 1 (LETM1), whose
downregulation induces mitochondrial fragmentation
[21], and Phospholipase D (PLD), which promotes fusion
by hydrolyzing cardiolipin to generate phosphatidic acid
downstream of MFNs membrane tethering [22], have been
identified as components of the mitochondrial fusion ma-
chinery. Prohibitins (PHB) are IMM proteins that play a
role in mitochondrial fusion by regulating OPA1 proces-
sing. For instance, deletion of PHB2 leads to loss of the
fusion-competent OPA1 long isoforms [23]. Future studies
should aim at identifying additional profusion proteins,
and detailing the molecular mechanism of IMM fusion and
cristae reorganization concerted with OMM fusion. The
combination of structural data and reconstituted in vitro

tethering have been identified, including FIS1 [43], B cell receptor
associated protein 31 (BAP31) [55], and the multifunctional sorting
protein PACS-2 [108]. MFN2-dependent tethers can be modulated, as
exemplified by the changes in tethering mediated by MITOL, a
mitochondrial ubiquitin ligase that ubiquitinates MFN2 [109], and by
levels of the putative tumor suppressor trichoplein/mitostatin that
counteract the tethering [110].

In addition to the metabolic and signaling function, ER-mitochon-
dria contact sites also determine the position of mitochondrial
division. Mitochondrial fission occurs where ER tubules cross over
and wrap around mitochondria to mediate mitochondrial constriction
before DRP1 recruitment [111] (Figure 1B). Notwithstanding that the
nature of this fission tether is unclear, actin filaments concentrate at
this interface and pharmacological disruption of F-actin attenuates
fission and recruitment of DRP1 to the OMM [112]. Indeed, ER-
localization of inverted formin 2 (INF2) is required for DRP1-mediated
mitochondrial fission [113] and actin filaments accumulate at the
INF2-enriched ER-mitochondria contact sites (Figure 1B). Which
factors determine these contact sites, and whether they are structu-
rally and functionally different from the metabolic ones described
above, remains unclear.

systems could advance our understanding of the mecha-
nisms driving the coordinate fusion of the two membranes.

In contrast to mitochondrial fusion, mitochondrial fis-
sion is mediated by the cytosolic soluble dynamin-related
protein 1 (DRP1) [24] (Figure 1B). Calcineurin mediates
DRP1 Ser 637 dephosphorylation [25], triggering DRP1
translocation from the cytoplasm to mitochondria, where it
interacts with its OMM docking adaptors (FIS1, MFF, and
MiD49/51, also known as MIEF2/1) [26,27]. DRP1 oligo-
merizes and forms spiral filaments that drive mitochon-
drial constriction and fragmentation [28]. DRP1 activity is
regulated by post-translational modifications, such as
phosphorylation, dephosphorylation, ubiquitination, small
ubiquitin-like modifier (SUMO)-ylation, deSUMOylation,
and S-nitrosylation [26]. For example, phosphorylation at
Ser 637 by cyclic AMP-dependent protein kinase A (PKA)
inhibits DRP1 GTPase activity [29], consequently driving
mitochondrial elongation during starvation [7]. In addi-
tion, cyclin B dependent kinase phosphorylates Ser 616 of
DRP1, leading to mitotic mitochondrial fragmentation,
thereby facilitating equal mitochondria distribution to
daughter cells [30]. Furthermore, Parkin ubiquitinates
DRP1 for proteasomal degradation [31] while the E3 ubi-
quitin ligases MARCHS5 ubiquitinates DRP1 to alter mito-
chondrial morphology [32-34]. Finally, S-nitrosylation of
DRP1 is observed in the brains of Alzheimer’s disease
patients and triggers mitochondrial fragmentation in vitro
[35]. Irrespective of the signal driving its mitochondrial
translocation, DRP1 physically interacts with MFF on the
OMM to promote mitochondrial fission [36,37]. MiD49/51
are also involved in DRP1 recruitment to the OMM, and
induce unopposed fusion [38,39] or inhibit DRP1 activity,
favoring mitochondrial elongation [40]. Similar to its yeast
homologue, mammalian FIS1 was also initially thought to
be the primary adaptor of DRP1 at the OMM [41,42];
however, the role of FIS1 in mitochondrial fission appears
controversial. While FisI knockout does not affect mito-
chondrial morphology or DRP1 translocation to mitochon-
dria [36], FIS1 interacts with MiD49/51 and reverses
MiD49/51-induced mitochondrial fusion. Additionally,
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Box 2. Cristae biogenesis and remodeling

The IMM can be subdivided into two different compartments: the
inner boundary membrane, which is in proximity to the OMM; and
the membrane invaginations called cristae. Cristae accommodate
the respiratory chain complexes, thereby optimizing oxidative
phosphorylation because their convoluted surface increases the
bioenergetic membrane surface. Since cytochrome c is the only
water soluble component of the respiratory chain, it comes as little
surprise that most of it is confined in the cristae and that the
junctions between the cristae and the IMM constitute a barrier to
limit its diffusion in the IMS. Cristae junctions are kept tight by
oligomers of OPA1 (Figure 1A). During apoptosis, OPA1 oligomers
are disrupted, cristae junctions widen and cytochrome c is redis-
tributed in the IMS from where it can be released in the cytosol [58].
In addition to OPA1, other factors involved in cristae shape include
the FiFo-ATP synthase, whose dimers or oligomeric assemblies
affect the formation of cristae tips [114-117] and the protein
mitofilin, homologous of yeast Fcj1p [118]. In yeast, the molecular
components of the IMM shaping machinery have been more
extensively characterized: a large mitochondrial inner-membrane
organizing system (MICOS) is required for maintaining IMM
architecture (Figure 1A). Indeed, mutations in one of the MICOS
components lead to cristae disorganization characterized by the
detachment of cristae from the inner boundary membrane, or the
loss of cristae junctions [118-122]. MICOS is composed of Fcj1,
Mio10, Aim13, and Aim37/Mio27, whose mammalian homologues
are Mitofilin, MINOS1, CHCHD3, and MOMA-1 [118,123]. Conse-
quently, the characteristic structure of the IMM appears to be
formed and regulated by the combined action of OPA1, F{Fy-ATP
synthase, and the megadalton protein complex MICOS. Interest-
ingly, MICOS physically interacts with the OMM protein complex,
such as the translocase of the outer membrane (TOM), and the
sorting and assembly machinery (SAM). Both TOM and SAM
complexes are major machineries of mitochondrial protein trans-
port [119-122,124-126].

FIS1-null cells like MFF-null cells, show elongated mito-
chondria and impaired DRP1 recruitment to mitochondria
[39]. One possibility, recently substantiated by experimen-
tal data, is that FIS1 binds to MFF, localizes at the
endoplasmic reticulum (ER)-mitochondria interface and
regulates mitophagy, thereby explaining its roles in mito-
chondrial morphology [43]. The availability of mouse mod-
els of FisI ablation could clarify the role of this protein in
mitochondrial fission.

In addition to the core components described above,
other factors have been described to be involved in mito-
chondrial fission, such as Endophilin B1 [44], MTP18 [45],
MIB [46], and GDAP1 [47]. Recent evidence added an
unexpected player to the fragmentation of mitochondria,
showing a pivotal role for the ER and the ER—mitochondria
interface, as detailed in Box 1.

Mitochondrial morphology and cell stress

In order for an apoptotic signal to induce cell death,
several changes must occur in mitochondria including
mitochondrial fragmentation, cristae remodeling and mi-
tochondrial outer membrane permeabilization (MOMP).
These changes culminate in the release of cytochrome c
and other pro-apoptotic factors, such as serine protease
OMI/HtrA2, Smac/Diablo, endonuclease G, and apoptosis
inducing factor (AIF), ultimately triggering caspase acti-
vation and cell death [6]. Therefore, it is not surprising
that mitochondrial morphology and integrity play critical
roles in apoptosis.
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During apoptosis, DRP1 translocates from the cytosol to
mitochondria, and promotes the oligomerization of the
proapoptotic regulator Bcl-2-associated X protein (BAX),
which facilitates MOMP to promote cell death [48,49].
Indeed, inhibition of DRP1 protects cells from apoptosis
[50], suggesting mitochondrial fragmentation during apo-
ptosis could be the consequence of enhanced fission. In-
deed, recent studies suggest apoptosis depends on the post-
translational modifications of DRP1, as has been shown for
mitochondrial fission [26]. A pseudophosphorylation mu-
tant of DRP1 induces mitochondrial elongation and ren-
ders cells resistant to apoptotic stimuli, while a mutant
mimicking its dephosphorylation favors mitochondrial
fragmentation and increases cell vulnerability [29]. Fur-
thermore, DRP1 SUMOylation increases during apoptosis,
correlating with the stable association of DRP1 to the
OMM in a Bax/Bak dependent manner [51]. In addition
to its role in apoptotic cell death, DRP1 is also required for
the regulation of programmed necrotic cell death, through
its dephosphorylation by mitochondrial protein phospha-
tase PGAMS5 [52]. Other components of the fission machin-
ery may also be involved in apoptosis, because
downregulation of FIS1 inhibits cells death [53]. However,
a mutation in the intermembrane region of FIS1 sustains
fission activity but fails to induce apoptosis, suggesting
that FIS1 regulates mitochondrial fragmentation and ap-
optosis separately [54]. Moreover, during apoptosis the
activation of the apical caspase-8 can be modulated by
FIS1 in concert with a resident ER protein called B cell
associated protein 31 (BAP31) through a mechanism that
is still poorly understood, but that might involve ER-
mitochondria Ca®* transfer [55].

In addition to enhanced fission, apoptosis can also be
amplified by the inhibition of the fusion machinery. In fact,
MFN1 or MFNZ2 silencing induces mitochondrial fragmen-
tation and promotes apoptosis, while overexpression of
these proteins leads to mitochondrial elongation and
delays apoptotic cell death by inhibiting Bax/Bak oligo-
merization and cytochrome c release [56]. Similarly, down-
regulation of OPA1l induces apoptosis characterized by
mitochondrial fragmentation, cristae disorganization, cy-
tochrome c release, and caspase-dependent apoptotic nu-
clear events [57]. Conversely OPA1l overexpression
protects cells from apoptosis by counteracting cristae
remodeling and by stabilizing mitochondrial function
[20,58,59]. Taken together, mitochondrial ultrastructure
and morphology appear to be key players in the regulation
of apoptotic as well as necrotic cell death.

In addition to its role in irreversible cell damage, mito-
chondrial dynamics is involved in autophagy. Mitochon-
drial fusion could be regarded as a compensation
mechanism to ensure the mixing and unifying of mitochon-
drial components, such as mitochondrial proteins and
metabolites, while mitochondrial fission could be consid-
ered an elimination process to segregate morphologically
and functionally deleterious organelles from healthy ones.
Terminally damaged or dysfunctional mitochondria under-
go fission and are engulfed by the autophagic membrane,
which leads to the formation of an autophagosome that
targets damaged mitochondria to the lysosome [60] in a
process called mitophagy. Mitophagy is distinct from



macroautophagy, which represents a non-selective cellu-
lar self-degradation process involved in the degradation of
bulk cytoplasmic components, proteins, or entire orga-
nelles in nutrient depleted conditions [60]. In addition
to its role in quality control, mitophagy not only removes
damaged mitochondria, but also eliminates undamaged
mitochondria during reticulocyte maturation into mature
red blood cells [61-63], in a process mediated by the Bcl-2
family member, NIX (also known as Bnip3L) [64]. In
mammalian cells, PINK1 and parkin, which are mutated
in autosomal recessive Parkinson’s disease, are emerging
as key regulators of mitophagy [60]. Low membrane po-
tential, a symptom of dysfunctional mitochondria, triggers
the selective recruitment of Parkin to defective mitochon-
dria in a PINK1-dependent manner [65,66]. In contrast,
during macroautophagy induced by starvation, the rising
cellular pool of cAAMP activates PKA which inhibits DRP1.
Consequently, mitochondria elongate, and are spared
from autophagic degradation; therefore, preserving a ma-
jor energy supply required by the cell under starving
conditions [7]. Thus, opposite morphological features
characterize the mitochondrial response to mitophagy
and macroautophagy, underlining the importance of mi-
tochondrial shape for the ability of the cell to respond to
different cues.

Mitochondrial morphology in development and
differentiation

Given the importance of mitochondria in intermediate
metabolism, they have been regarded as key suppliers of
the ATP required for development and differentiation. Not
surprisingly, defects in embryogenesis and in tissue differ-
entiation and development caused by gene disruption
experiments of mitochondria shaping proteins in the
mouse have been interpreted as the consequence of im-
paired bioenergetics or apoptosis [8,67,68]. Loss of Mfn2,
but not MfnlI causes severe defects in the placental tro-
phoblast giant cell layer during embryonic development
[8]. Similarly, ablation of Mfn2, but not Mfnl, in the
cerebellum leads to a failure in dendritic outgrowth, spine
formation, and Purkinje cell survival [69]. Therefore,
MFN2 seems more critical than MFN1 for embryogenesis
and neuron development. Furthermore, the loss of MFNs
in skeletal muscles causes muscle atrophy characterized
by mitochondrial dysfunction, mtDNA depletion and muta-
tions, and compensatory mitochondrial proliferation [70].
Conditional ablation of MFNs in adult hearts induces
lethal dilated cardiomyopathy with fragmented mitochon-
dria [71]. OPA1 mutations are associated with develop-
mental defects such as dominant optic atrophy, while
heterozygote Opal mutant mice displays specific pheno-
types in retinal ganglion cells, such as disorganized den-
dritic morphology and optic nerve degeneration [72,73].
Interestingly, not only does OPA1 downregulation affect
retinal ganglion cells, but these mice also exhibit decreased
motor skills [74], impaired mitochondrial permeability
transition pore (PTP) opening in cardiac cells [75], and
late onset cardiomyopathy [76]. All the tissues that are
affected by MFNs and OPA1 ablation are susceptible to
mitochondrial dysfunction given their high energy de-
mand, further substantiating a model in which ablation
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of mitochondrial fusion affects energy production, and
hence, development or adult tissue homeostasis.

In contrast, recent studies suggest a different paradigm
in which mitochondria are not simply bystanders in the
differentiation and developmental process, but rather their
activity, shape and localization directly influences nuclear
programs and ultimately cell fate. One clue that these
organelles might be more than ATP suppliers during de-
velopment comes from the significant role of mitochondria
in Ca®" signaling [2], a pathway that impacts numerous,
crucial cellular events like transcription, apoptosis, excit-
ability, exocytosis, and motility [77]. Moreover, changes in
OPA1 levels accompany the differentiation of placental
trophoblast cells to favor steroidgenesis [78]. Beyond
Ca®* signaling, recent findings suggest that mitochondria
unexpectedly control Notch, NF-kB, and Wnt signaling
pathways (Table 1).

Notch signaling and mitochondria

Notch signaling is essential for proliferation, survival,
migration, stem cell maintenance, and embryonic and
adult differentiation and development [79]. Canonical
Notch signaling is activated through the cleavage of the
transmembrane domain of the Notch receptor by the -
secretase complex upon binding to its ligand, which leads
to the production of Notch intercellular domain (NICD).
NICD migrates to the nucleus where it associates with the
DNA-binding protein CSL (or CBF1/RBP-jk), to activate
Notch target genes [79]. In contrast to nuclear localization
of NICD in canonical Notch signaling, NICD localizes in
the cytosol when the non-canonical Notch pathway is
activated. Cytosolic NICD inhibits mitochondrial fragmen-
tation and protects from apoptosis by inhibiting Bax olig-
omerization, which is coordinated by Akt and MFNs [80]
(Figure 2A). Although this is the first observation of a link
between mitochondrial dynamics and Notch signaling, the
detailed molecular mechanism by which NICD-Akt axis
acts with MFNs to prevent apoptotic cell death remains
unclear.

Another link between mitochondria and Notch signaling
comes from the analysis of Drosophila follicle cells. Genetic
ablation of DRP1 inhibits follicle cell differentiation, but
maintains proliferation via Notch inactivation, while
Notch signaling is enhanced normally during post-mitotic
differentiation [81] (Figure 2B). However, it is unknown
how highly fused mitochondria (or DRP1 downregulation)
inactivate Notch in follicle cells. Recent data suggest a
possible mechanism by which mitochondrial shape
impinges on canonical Notch signaling, at least during
cardiomyocyte differentiation (Figure 2C), where Notch
is a known differentiation inhibitor [82]. Although ablation
of both MFNs in the embryonic mouse heart is lethal, the
precise mechanisms leading to heart malformation were
unclear. According to the classic paradigm, inhibition of
mitochondrial fusion could result in bioenergetic crisis and
excess apoptosis. Surprisingly, however, the heart of fu-
sion-deficient mice is characterized by a reduction in the
number of cardiomyocytes and by a defect in cellular
proliferation, indicating that fusion impinges on cellular
functions other than apoptosis. Indeed an unbiased RNA
sequencing approach identified that myocyte enhancer
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Table 1. Mitochondria in signaling pathways
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[itochondria————— JEfeet

Notch signaling

Mitofusins e Inhibits mitochondrial fragmentation during apoptosis [80]
DRP downregulation e Inactivates Notch and inhibits follicle cell differentiation in Drosophila [81]
MFN/OPA downregulation e Notch activation via calcineurin [83]
e Increase in active NICD in nucleus
Mitochondrial ROS e Suppresses Notch signaling in epidermal differentiation [84]
Metabolic switch e Activated Notch leads to glycolysis via PI3BK/AKT [85]
e Downregulation of Notch induces glycolysis via p53
Mitochondrial respiration e Influences respiratory chain complex assembly [86-90]
e Reduces ATP production directly interacting with PINK1
e Drosophila lethal point mutation in Notch reduces enzyme activities of NADH oxidase, NADH
dehydrogenase, succinate dehydrogenase, and alpha-glycerophosphate dehydrogenase
e Notch activation downregulates complex | and Il subunits
e Notch 3 mutation reduces complex | activity
NF-kB signaling
Metabolic switch e Downregulation of NF-xB decreases SCO2, a p53 target gene that is a subunit of cytochrome [92]
c oxidase
OPA1 e Enhances linear ubiquitination of NF-kB essential modulator (NEMO) [93]
e Upregulates OPA1 for mitochondrial integrity
MAVS e Downregulation reduces NF-kB activation upon virus infection [95]
e Overexpression increases NF-«kB activation and boosts antiviral response
Whnt signaling
Mitochondrial biogenesis e Recombinant Wnt3a increases mtDNA content, oxygen consumption, respiratory [99]
capacity, and ROS production
Mitochondrial apoptosis e Activation of Wnt/B-catenin signaling in hematopoietic progenitor cells induces mitochondrial [97]
dependent apoptosis
Mitochondrial dynamics e Wntba induces mitochondrial fragmentation in hippocampal neurons followed by re-elongation [100]

in a time-dependent manner

factor-2c (MEF2c) mRNA levels are downregulated in the
MFNs knockout embryonic heart, pointing to a differenti-
ation defect. Mapping the differentiation of mitochondrial
fusion-deficient mouse embryonic stem cells (ESCs) during
cardiomyocyte development revealed that the altered sub-
cellular mitochondrial distribution in those ESCs results
in increased cytoplasmic Ca®* load and calcineurin activi-
ty. Furthermore, these changes caused a sustained in-
crease in Notchl nuclear translocation and activation,
consistent with the observed reduction in the levels of
the NICD binding competitor MEF2c¢ [83]. A pharmacolog-
ical rise in intracellular Ca?* levels fully recapitulates the
calcineurin dependent Notchl activation, while calci-
neurin inhibition normalizes Notchl activity and rescues
cardiomyocyte differentiation in fusion-deficient ESCs.
Therefore, mitochondrial shape and localization impact
nuclear programs of differentiation through the intercon-
nection between Ca®*, calcineurin, and Notch signaling
[83]. Whether Notch signaling is downstream of mitochon-
dria in tissues other than the heart remains to be seen, but
these findings open novel possibilities to explore whether
mitochondrial shape participates in the plethora of cellular
and developmental processes controlled by Notch.

In a different model of differentiation, reactive oxygen
species (ROS), and not Ca®*, emerged as the signal ema-
nating from mitochondria to affect Notch signaling. Con-
ditional knockout of mitochondrial transcription factor A
(TFAM) in keratinocytes increased the proliferation of
epidermal cells, but inhibited epidermal differentiation
via the suppression of mitochondrial ROS and Notch sig-
naling, which is required for epidermal differentiation [84].
This finding suggests that several different signals are
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used by mitochondria to influence the nuclear differentia-
tion program. It is conceivable that organelles can influ-
ence complex pathways of development and differentiation
in a similar manner.

It is important to note that the crosstalk between mito-
chondria and nuclear signaling is bidirectional. The same
Notch cascade that is controlled by mitochondria during
differentiation can regulate mitochondrial metabolism. The
metabolic switch from oxidative to glycolytic frequently
occurs in cancer cells, and is related to tumor growth and
invasion suggesting that the nuclear programs coordinating
the acquisition of the malignant phenotype impinge on
mitochondria. In breast cancer cells, for example, activated
Notch shifts metabolism toward glycolysis via activation of
the phosphatidylinositol 3-kinase/AKT serine/threonine ki-
nase pathway, while downregulation of Notch induces gly-
colysis in a pb3-dependent manner, suggesting that
mitochondrial respiration is inhibited in these cells [85].
The Akt pathway is also recruited by Notch to protect
mitochondria from apoptotic permeabilization, by activat-
ing MFNs and inducing mitochondrial elongation [80]. A
non-canonical Notch signaling pathway was indeed found to
regulate mitochondrial respiratory function directly,
through potential interactions with the mitophagy compo-
nent PINK1, and select respiratory chain subunits [86],
similar to early observations in Drosophila where Notch
signaling affects mitochondrial respiration [87,88]. Recent-
ly, using a comparative proteomics approach, canonical
Notch activation was found to downregulate the levels of
respiratory chain subunits, such as components of complex I
NADH-ubiquinone oxidoreductase NDUFS1, and NDUFV2
subunits, and complex II Succinate dehydrogenase SDHA
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Figure 2. Mitochondrial dynamics and Notch signaling. (A) In the non-canonical Notch pathway, the cytosolic Notch intercellular domain (NICD) inhibits mitochondrial
fragmentation during apoptosis induced by the Bcl-2 family Bax and staurosporine, and protects the cell from apoptotic cell death via Akt and mitofusins (MFNs). (B)
Dynamin-related protein-1 (DRP1) downregulation induces hyperfused mitochondria, and inhibits follicle cell differentiation, but maintains proliferation via Notch
inactivation. (C) Upon Notch ligand binding to the Notch receptor, an ADAM metalloprotease and a y-secretase complex cleaves the Notch receptor and releases the NICD,
which migrates into the nucleus. NICD interacts with the DNA binding protein CSL (also called CBF1/RBP-jk) and recruits a coactivator complex composed of Mastermind
(MAML-1), and other transcription factors to activate Notch target genes. Notch signaling, which inhibits cardiac cell differentiation, is activated in fusion-deficient
embryonic stem cells (ESCs) where mitochondria are fragmented and accumulate in the cell periphery. Because of fragmented mitochondria in the cell periphery, a
negative feedback to the CRAC channel is attenuated, and capacitative Ca?* entry and activity of the Ca?* dependent phosphatase calcineurin are increased. Activated
calcineurin does not affect the production of NICD from full length Notch receptor, but does affect its migration to the nucleus, or stability or binding ability to the

transcription complex of NICD.

subunit [89]. In addition, a patient study showed that
Notch3 mutation induces the reduction of complex I activity
[90], suggesting strong link exists between Notch signaling
and mitochondrial respiratory chain complex I; however, the
detailed molecular mechanism by which Notch signaling
modulates mitochondrial respiration has yet to be uncov-
ered.

NF-«B signaling and mitochondria
A similar metabolic switch can be operated by nuclear
factor kappa-light-chain-enhancer of activated B cells

(NF-kB), a transcription factor composed of five family
members: RelA (p65), p105/p50 (NF-kB1), p100/p52 (NF-
kB2), c-Rel, and RelB. NF-«B is a key regulator of the
immune and inflammatory responses and plays a crucial
role in cell survival, proliferation, adhesion and angiogen-
esis [91]. Downregulation of RelA causes a shift from
oxidative metabolism to glycolysis via p53, by reducing
the p53 target SCO2, a subunit of the mitochondrial cyto-
chrome ¢ oxidase, with the predicted reduction of mito-
chondrial respiration [92]. Surprisingly, OPA1 has been
identified as an NF-«B target gene in a pathway linking
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the mitophagy ubiquitin ligase Parkin to the protection of
cells from apoptosis. Indeed, Parkin induces the linear
ubiquitination of the NF-kB essential modulator (NEMO)
ultimately increasing OPA1 levels, thereby protecting cells
from apoptosis [93]. These results indicate that mitochon-
drial morphology and nuclear signaling are interconnected
by unexpected pathways beyond established models, such
as mitophagy. Indeed, mitochondrial antiviral signaling
protein (MASV, also known as VISA) which localizes in the
OMM, interacts with MFN2 [94], and mediates NF-xB
signaling activation in response to viral infection [95,96].

Whnt signaling and mitochondria
Wnt is another nuclear signaling pathway impinging on
mitochondria. In the canonical pathway, Wnt binds to
members of the Frizzled family, thereby regulating the
LEF/TCF transcription factor family along with the tran-
scriptional coactivator B-catenin to control genes regulat-
ing cell fate and morphogenesis. For example, canonical
Wnt3a increases mitochondrial biogenesis, mtDNA con-
tents, oxygen consumption, respiration capacity, and ROS
levels. Furthermore, the activation of B-catenin in hemato-
poietic progenitor cells activates the mitochondrial apopto-
tic pathway, with loss of mitochondrial membrane
potential and caspase 3 and 9 cleavage [97]. Additionally,
Wnt activates a non-canonical pathway that regulates
planar cell polarity by stimulating cytoskeletal reorgani-
zation and calcium mobilization [98]. Specifically the non-
canonical Wnt5a antagonizes the Wnt3a effect on mito-
chondria [99]. Moreover, non-canonical Wnt5a, but not
canonical Wnt3a, modulates mitochondrial morphology
in hippocampal neurons by inducing mitochondrial frag-
mentation followed by re-elongation in a circuit that needs
to be further elucidated [100]. Whether mitochondrial
morphology reciprocally affects Wnt signaling during cell
development and differentiation remains to be explored.
These examples indicate that mitochondria work as
hubs to coordinate signaling cascades in response to
intra-extracellular cues, ultimately controlling not only
cell survival, but also fate, differentiation, and develop-
ment. In addition, by studying the contribution of mito-
chondrial dynamics and physiology to cell fate, previously
unknown crossroads between signaling cascades that con-
tribute to development and differentiation will be unveiled.

Concluding remarks

The core components of the mammalian mitochondrial
fusion—fission machinery have been identified, and grow-
ing evidence suggests that mitochondrial morphology reg-
ulates  apoptosis, ER-communication, autophagy,
neurodegenerative disorders, and cancer [101]. The recent
discoveries that mitochondria are not only targets of nu-
clear signaling cascades, but also influencers of these path-
ways to define the differentiation program of stem cells in
vitro and in vivo, adds a novel layer of complexity to the role
of these ancient endosymbionts. They are not only innocent
bystanders that simply amplify cellular cues, but are also
active players that signal to the nucleus to define perhaps
the most crucial property of multicellular organisms: dif-
ferentiation and development. What a remarkable revenge
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for a parasite domesticated to serve as a metabolic and
signaling platform!
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Autophagy is an evolutionarily conserved pathway that transports cytoplasmic components for degradation
into lysosomes. Selective autophagy can capture physically large objects, including cell-invading pathogens
and damaged or superfluous organelles. Selectivity is achieved by cargo receptors that detect substrate-
associated “eat-me” signals. In this Review, we discuss basic principles of selective autophagy and compare
the “eat-me” signals and cargo receptors that mediate autophagy of bacteria and bacteria-derived endo-

symbionts—i.e., mitochondria.

The maintenance of cellular homeostasis requires the controlled
elimination of cellular components. Autophagy is of particular
importance in this respect, since, in contrast to the proteasome
and other cytosolic degradation machinery, autophagy can
achieve the degradation of physically large and chemically
diverse substrates including protein aggregates, cellular organ-
elles, and even cytosol-invading pathogens (Deretic et al., 2013;
Levine et al., 2011; Mizushima and Komatsu, 2011; Randow
and Miinz, 2012). Evolutionarily, autophagy is thought to have
originated as a starvation-induced pathway that nonselectively
degrades cytosolic compounds into building blocks and
thereby provides energy and maintains essential anabolic
processes even when external resources are limiting. How
autophagy engulfs specific cargo is a particularly interesting
problem for which much progress has been achieved recently.
In this Review, we will discuss and compare how autophagy
eliminates cytosol-invading bacteria and damaged or excess
mitochondria, a conundrum conceptually related to the immune
system’s task of distinguishing self from non-self and further
complicated by the evolutionary relatedness of mitochondria
and bacteria. We therefore will focus on how “eat-me” signals
and cargo receptors provide specificity for these cellular
processes.

Overview of Autophagy

Macroautophagy (hereafter autophagy) is an evolutionarily
conserved cellular activity that delivers cytosolic material into
double-membrane vesicles, called autophagosomes, that even-
tually fuse with late endosomes or lysosomes (Mizushima and
Komatsu, 2011). Autophagosome biogenesis proceeds along a
stereotypical path (Weidberg et al., 2011). Initially a crescent-
shaped double membrane forms, which is known as an isolation
membrane or phagophore. The phagophore subsequently
grows and sequesters cytosolic material, which, upon fusion of
the phagophore edge, becomes fully enclosed inside the
autophagosome. Autophagosomes finally mature into organ-
elles competent to fuse with lysosomes, whereupon lysosomal
enzymes degrade the autophagosome contents including the
inner autophagosomal membrane.

@ CrossMark

Autophagosome biogenesis requires the coordinated action
of about 15 “core” autophagy-related or ATG genes, several of
which associate into protein complexes (Mizushima et al.,
2011). ATG9, the only polytopic transmembrane protein essen-
tial for autophagy, and the ULK complex are independently
recruited to nascent phagophores upon amino acid starvation.
Then ULK kinase activity recruits the VPS34 lipid kinase complex
that produces membrane patches rich in phosphatidylinositol
3-phosphate (PI(3)P) (Russell et al., 2013). Phagophores are
generated de novo from these PI(3)P-enriched domains at ER-
mitochondria contact sites under the control of PI(3)P-binding
proteins such as WIPI1/2 (Hamasaki et al., 2013). Phagophore
biogenesis requires extensive membrane remodeling, including
the formation of ER-derived, PI(3)P-enriched omegasomes
marked by DFCP1, another PI(3)P-binding protein (Axe et al.,
2008).

The elongation and ultimate closure of phagophores relies on
the conjugation of two ubiquitin-like proteins, ATG12 and ATGS,
to ATG5 and the lipid phosphatidyl ethanolamine (PE), respec-
tively (Mizushima et al., 2011). To catalyze the lipidation of
ATG8 the ATG12~ATG5 conjugate associates with ATG16 into
an E3-like enzyme complex, whose localization, together with
more upstream components, specifies the site of autophago-
some biogenesis. While yeasts encode only a single ATG8
gene, humans harbor six orthologs that cluster into the LC3
and GABARAP subfamilies (Weidberg et al., 2011). Membrane-
associated LC3/GABARAP provide docking sites for receptors
that deliver specific cargo to phagophores during selective auto-
phagy (Boyle and Randow, 2013; Johansen and Lamark, 2011).

Selective Autophagy

Starvation-induced autophagy is a nonselective process that de-
grades randomly engulfed cytosolic components in order to fuel
the cell in lean times and to provide building blocks for anabolic
activities. In contrast, the task of selective autophagy is the elim-
ination of specific cytosolic objects in the maintenance of cellular
homeostasis, such as bacteria, damaged organelles, or protein
aggregates (Weidberg et al., 2011). Selectivity is achieved by re-
ceptors that enforce physical proximity between cargo and
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autophagy machinery due to simultaneous binding of “eat-me”
signals on the prospective cargo and LC3/GABARAP on phago-
phores (Boyle and Randow, 2013; Johansen and Lamark, 2011).
Cargo receptors have emerged by convergent evolution and
subsequent gene duplication events; currently known are at
least five members (p62 and its paralog NBR1, NDP52 and its
paralog T6BP, and optineurin) (Figure 1). The interaction of cargo
receptors with LC3/GABARAP relies on the formation of an inter-
molecular B sheet to which the cargo receptor contributes a
single strand, the so-called LC3-interacting region (LIR). Nega-
tively charged residues adjacent to the LIR motif contribute to
the interaction, sometimes in a phosphorylation-dependent
and therefore regulable manner (Wild et al., 2011). Cargo recep-
tors displaying consensus variants of the LIR motif W/FxxI/L/V
interact promiscuously with most if not all LC3/GABARAP family
members. However, specificity for individual LC3/GABARAP
proteins can be provided by more extreme variants of the LIR
motif, such as the ILVV peptide occurring in NDP52, which binds
selectively to LC3C (von Muhlinen et al., 2012). This selectivity of
NDP52 for LC3C entrusts an essential role to LC3C in NDP52-
dependent selective autophagy. Why NDP52 in contrast to other
cargo receptors relies selectively on LC3C remains unknown but
preferential binding could enable NDP52 to control a specific
step of autophagosome biogenesis —a suggestion that supports
the general concept of specific functions for the LC3 and
GABARAP subfamilies in phagophore elongation and matura-
tion, respectively, although species specific differences exist
(Weidberg et al., 2010)

Mitophagy

Mitochondria are eliminated by autophagy when the demand for
metabolic capacity declines, for example in yeast when they
change from log-phase growth to the stationary phase (Abelio-
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dria upon reticulocyte differentiation in

mammalian cells are becoming under-

stood. The mitochondrial outer-mem-
brane protein, NIX/BNIP3L, was found to be dramatically
upregulated during reticulocyte differentiation into mature red
blood cells (Aerbajinai et al., 2003). Subsequent work revealed
that circulating red blood cells in NIX knockout mice atypically
retain mitochondria that are normally removed by mitophagy, es-
tablishing an important function in mitochondrial clearance for
this mitochondrial membrane protein (Sandoval et al., 2008;
Schweers et al.,, 2007). Although Nix was found to have a
consensus LC3 interaction region (LIR) motif that binds to both
LC3 and GABARAP (Novak et al., 2010), suggesting it functions
to recruit mitochondria into isolation membranes/phagophores,
in vivo experiments indicate additional unknown functions for
Nix during mitophagy more important than LIR-mediated dock-
ing to LC3 (Zhang et al., 2012).

The molecular mechanisms mediating quality-control mitoph-
agy in mammalian cells have become understood in recent years
(Twig and Shirihai, 2011; Youle and van der Bliek, 2012). The
mitochondrial kinase, PINK1, detects damaged mitochondria
and subsequently recruits and activates the RBR E3 ubiquitin
ligase, Parkin (Matsuda et al., 2010; Narendra et al., 2010).
Parkin, in turn, ubiquitinates proteins on the outer mitochondrial
membrane surface that likely initiate autophagosome isolation
membrane encapsulation of the damaged mitochondria
(Figure 2). This selective autophagy of damaged mitochondria
is thought to mediate quality control (Narendra et al., 2008). Inter-
estingly, autosomal recessive mutations in either PINK1 or
Parkin cause early onset Parkinson’s disease, suggesting that
insufficient mitochondrial quality control may be to blame.
PINK1 is able to “sense” mitochondrial “quality” based on its
turnover mechanism; PINK1 undergoes rapid and constitutive
degradation in healthy mitochondria by the inner mitochondrial
membrane protease PARL following import through the TOM
and TIM membrane translocation complexes. When the
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Figure 2. PINK1 and Parkin Mediate Mitochondrial Quality Control by Inducing Mitophagy

(Upper-right inset) PINK1 is constitutively degraded in healthy mitochondria through import via TIM and TOM translocation complexes and cleavage by PARL in
the inner membrane followed by proteosomal degradation. Mitochondrial damage prevents PINK1 import and cleavage, allowing the kinase to accumulate on the
outer membrane. (Top left to bottom right) When a mitochondrion loses membrane potential or accumulates misfolded proteins, PINK1 accumulates on the outer
mitochondrial membrane. The PINK1 kinase recruits Parkin to mitochondria from the cytosol and activates the E3 ligase to ubiquitinate outer mitochondrial
membranes. These ubiquitinated proteins act as “eat-me” signals for cargo adaptors that signal autophagosome engulfment of the mitochondrion.

membrane potential across the inner mitochondrial membrane
that is normally generated by oxidative phosphorylation deterio-
rates, PINK1 import into the inner mitochondrial membrane and
cleavage by PARL are blocked. PINK1 instead starts to accumu-
late on the outer mitochondrial membrane with its kinase domain
facing the cytosol where Parkin resides (Figure 2). On the outer
mitochondrial membrane PINK1 associates in a 2:1 molecular
complex with the TOM import machinery (Lazarou et al., 2012;
Okatsu et al., 2013). PINK1 also accumulates on the outer
mitochondrial membrane when misfolded proteins aggregate
in the matrix compartment (Jin and Youle, 2013), suggesting
that mitochondrial import or PINK1 proteolysis are shut down
in response to mitochondrial stress. PINK1 therefore selectively
accumulates only on those mitochondria within a cell population
that are dysfunctional and thus flags them for elimination (Naren-
dra et al., 2010).

The accumulation of active PINK1 on mitochondria recruits
Parkin and activates its latent HECT/RING hybrid mechanism
of ubiquitin transfer. The crystal structure of Parkin shows how
the enzyme is held in the cytosol in an autoinhibited form (Riley

et al., 2013; Trempe et al., 2013; Wauer and Komander, 2013).
Although the structure of active Parkin remains unknown, it
appears to form a dimer or multimer upon activation. PINK1
kinase activity is required for Parkin activation, but it is not clear
what the essential PINK1 substrate is. PINK1 ectopically placed
on peroxisomes recruits Parkin to peroxisomes ruling out mito-
chondria-specific PINK1 substrates as essential intermediates
of Parkin activation (Lazarou et al., 2012). Other models indicate
that PINK1 autophosphorylation (Okatsu et al., 2012) or Parkin
phosphorylation (Kondapalli et al., 2012) are involved or that an
unknown cytosolic protein is the essential PINK1 substrate
mediating Parkin translocation.

Once activated, Parkin ubiquitinates scores of substrates on
the mitochondria and in the cytosol (Sarraf et al., 2013). Which,
if any, of these individual substrates is essential for autophagy
remains unknown. Ubiquitin chain linkage or ubiquitin chain den-
sity above a certain threshold may be as or more important than
the identity of the ubiquitinated substrate—as discussed below
in relation to the role of ubiquitin in xenophagy. Parkin appears
to attach several ubiquitin chain linkages types, including K48-,
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K63-, and K27-linked chains, to proteins located on the outer
mitochondrial surface (Chan et al., 2011; Geisler et al., 2010;
van Wijk et al., 2012). The K63-linked ubiquitin chains are likely
to be important for recruitment of the cargo receptor p62 (Geisler
et al.,, 2010) and other adaptor proteins that can engage
phagophore-bound LC3 and GABARAP via LIR motifs. The
K48-linked ubiquitin chains are likely involved in the recruitment
of the AAA+ ATPase p97 (Tanaka et al., 2010) and the protea-
some (Chan et al., 2011) to mitochondria, which respectively
mediate the extraction and proteosomal degradation of ubiquiti-
nated outer mitochondrial membrane proteins. The robust
proteosomal elimination of outer mitochondrial membrane
proteins appears capable of rupturing the outer membrane and
may yield a membrane damage signal that triggers mitophagy
and recruitment of autophagosome machinery downstream of
Parkin (Yoshii et al., 2011).

Parkin-mediated mitophagy also involves noncanonical
adaptor proteins that guide autophagic targeting of mitochon-
dria. Notably, two RabGAPs, TBC1D15 and TBC1D17, which
are bound to the outer mitochondrial membrane protein, Fis1,
interact with LC3/GABARAP and participate in isolation mem-
brane formation during Parkin-mediated mitophagy (Yamano
et al., 2014). Despite identical core LIR motifs, TBC1D15 and
TBC1D17 bind differentially to LC3 and GABARAP members of
the ATGS8 family. Interestingly, both require their RabGAP activity
in the conserved TBC domain to restrict excessive LC3 protein
accumulation during mitophagy. This stems from excessive
Rab7 activity in the absence of RabGAP activity that appears
normally to be involved in LC3 membrane recruitment and
trafficking to mitochondria during mitophagy but not during
starvation-induced autophagy.

Additionally, recent evidence suggests that autophagic
machinery can be recruited to targeted mitochondria indepen-
dent of LC3. Ulk1, Atg14, DFCP1, WIPI-1, and Atg16L1 (Itakura
et al., 2012) are recruited to autophagosomes associated with
Parkin-bound and ubiquitin-labeled mitochondria even in the
absence of membrane bound LC3. Ulk1 and Atg9A recruitment
to damaged mitochondria are downstream of Parkin activity
but independent of one another. What signals the independent
recruitment of autophagy machinery proteins to mitochondria-
associated isolation membranes is unknown but may stem
from different linkage types of ubiquitin chains.

Mitochondrial fission is associated with mitophagy either to
reduce the size of elongated mitochondria to facilitate engulf-
ment by autophagosomes or to prevent damaged mitochondria
from fusing with healthy mitochondria and impairing them by the
exchange of damaged proteins and lipids (Twig et al., 2008).
Interestingly, Parkin ubiquitinates the mitochondrial fission pro-
teins Mfn1 and Mfn2 possibly to actively prevent mitochondrial
refusion in both Drosophila and mammalian cells (Gegg et al.,
2010; Poole et al., 2010; Tanaka et al., 2010; Ziviani et al.,
2010). This conclusion is corroborated by genetic studies in
Drosophila where promotion of mitochondrial fission compen-
sates for loss of PINK1 and Parkin and inhibition of fission exac-
erbates the phenotype of PINK1 and Parkin loss (Deng et al.,
2008; Park et al., 2009; Poole et al., 2008; Yu et al., 2011).
Mitochondrial trafficking is inhibited by Parkin-mediated ubiqui-
tination and proteosomal degradation of the adaptor protein
Miro that links mitochondria to kinesin motors, which may
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facilitate autophagic engulfment by stalling organelle mobility
(Wang et al., 2011; Weihofen et al., 2009). Although recent results
in Drosophila support the model that PINK1 and Parkin mediate
mitophagy in vivo (Burman et al., 2012; Pimenta de Castro et al.,
2012; Vincow et al., 2013), whether defects in mitophagy cause
Parkinson’s disease remains unclear.

Antibacterial Autophagy (Xenophagy)

Autophagy and autophagy genes have been implicated
through unbiased genome-wide association studies in antibac-
terial defense and in inflammatory conditions such as Crohn’s
disease (Deretic et al., 2013). Susceptibility genes for Crohn’s
disease include NOD2, which mediates the cytosolic response
to peptidoglycan fragments, IRGM, the sole human member of
a large family of antimicrobial GTPases, and ATG16L1, a core
autophagy gene. Exon sequencing of patients with Crohn’s
disease recently identified a missense mutation in the cargo
receptor NDP52, present at low frequency in the general pop-
ulation, as a potential risk factor (Ellinghaus et al., 2013). Func-
tional activities associated with these risk factors, for example
the NOD2-mediated recruitment of ATG16L1 to the site of
bacterial entry, suggest that autophagy may provide function-
ally important defense against cell-invading bacteria in Crohn’s
disease (Travassos et al., 2010). However, the role of ATG16 in
antibacterial defense might be more complex as the disease-
associated allele is of high prevalence and a hypomorphic
ATG16 allele enhances resistance of mice to Citrobacter
rodentium, an intestinal pathogen, and to uropathogenic
Escherichia coli (Marchiando et al., 2013; Wang et al., 2012).
Exposure to multiple pathogens and/or nonautophagy related
functions of ATG16L1, for example the secretion of anti-
microbial peptides from Paneth cells, may be additional con-
founding factors (Cadwell et al., 2008). Despite this apparent
complexity, deletion of ATG5 from intestinal epithelial cells
has recently provided direct experimental evidence for a pro-
tective in vivo role of autophagy against invasion of the intes-
tinal epithelium by both opportunistic invasive commensals
(Enterococcus faecalis) and intestinal pathogens (Salmonella
enterica serovar Typhimurium [S. Typhimurium]) (Benjamin
et al., 2013).

These and other intracellular bacteria and parasites inhabit
specific compartments. Most dwell inside vacuoles, which they
manipulate and in many cases prevent from fusing with lyso-
somes, the cell’s major degradative organelle and a source of
potent antimicrobial effectors. In contrast, the cytosol with its
vast abundance of nutrients is inhabited by a comparably small
number of bacterial species. This apparent paradox is largely
caused by cell-autonomous antibacterial effector mechanisms,
in particular by autophagy (Randow et al., 2013), although it
should be noted that compartmentalization is not absolute and
that temporary breaches of phagosomal membranes may be
part of the life cycle of several bacterial pathogens (Huang and
Brumell, 2014). Autophagy represents a fundamental host cell
response to invasion by a variety of bacteria including Shigella
flexneri (Ogawa et al., 2005), Listeria monocytogenes (Py et al.,
2007), S. Typhimurium (Birmingham et al., 2006), and Mycobac-
terium tuberculosis (Gutierrez et al., 2004). The impressive
degree to which autophagy antagonizes bacterial invasion of
the cytosol is, at least in part, due to the existence of multiple
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Figure 3. Targeting of Intracellular Bacteria for Lysosomal Destruction by Xenophagy

(Top) Phagosomes mature constitutively and ultimately deliver their bacterial cargo to lysosomes. During LC3-assisted phagocytosis (LAP), conjugation of LC3/
GABARAP to the limiting phagosomal membrane promotes phagosome maturation. (Bottom) On damaged vacuoles, exposure of otherwise hidden glycans
recruits the danger receptor galectin-8, whose accumulation provides an “eat-me” signal for the cargo receptor NDP52, thereby inducing autophagy. The
ubiquitin coat deposited by LRSAM1 and Parkin around cytosol-exposed bacteria (which may still be in association with vacuolar membrane remnants) serves as
an alternative “eat-me” signal for multiple cargo receptors (NDP52, Optn, p62), thereby inducing autophagy.

autophagy-related pathways that together establish a multilay-
ered and synergistic defense network (Figure 3) (Boyle and
Randow, 2013; Deretic et al., 2013; Levine et al., 2011). Evolu-
tionary evidence for the importance of autophagy is provided
by the variety of bacterial adaptations that inhibit or even usurp
autophagy (Huang and Brumell, 2014).

During host cell invasion, bacteria are initially taken up into a
membrane-surrounded compartment. Upon detection of micro-
organisms inside the (undamaged) vacuole by Toll-like receptors
(TLRs), LC3/GABARAP can become directly conjugated to the
limiting membrane of the bacterium-containing vacuole in a
process termed LC3-assisted phagocytosis (LAP). LAP requires
only a subset of ATGs, for example the ATG5/12/16 complex, but
not the most upstream ATGs, such as FIP200 in the ULK com-
plex, since conjugation of LC3 to the vacuolar membrane does
not involve de novo phagophore formation (Martinez et al.,
2011). Conjugation of LC3/GABARAP to pathogen-containing

vacuoles promotes content killing by enhancing lysosomal
fusion.

Transition of bacteria from their vacuole into the cytosol, which
is an essential step in the life cycle of all cytosol-dwelling bacte-
ria, causes massive damage to the limiting vacuolar membrane
and exposes glycans and other molecules normally hidden
inside the vacuole to the cytosol. Cells detect breaches to the
integrity of the endolysosomal compartment with the help of
galectins, a family of cytosolic lectins specific for $(1-4)-linked
galactosides that are present abundantly in post-golgi compart-
ments but are lacking in the cytosol (Dupont et al., 2009; Thur-
ston et al., 2012). Cytosolic detection of host-derived glycans
via galectins is a remarkably versatile principle of pathogen
detection as it enables cells to sense the entry of evolutionarily
distant pathogens including Gram-negative and Gram-positive
bacteria as well as nonenveloped viruses (Denard et al., 2012;
Dupont et al., 2009; Thurston et al., 2012). Although mammals

Cell Host & Microbe 15, April 9, 2014 ©2014 Elsevier Inc. 407



encode about a dozen galectins, so far only galectins 1, 3, 8, and
9 have been found to sense damaged bacteria-containing
vacuoles (Thurston et al., 2012). Accumulation of galectin-8 on
damaged vesicles provides an “eat-me” signal for the cargo
receptor NDP52, thereby triggering autophagy and restricting
the ability of S. Typhimurium to enter the host cytosol (Li et al.,
2013; Thurston et al., 2012).

A second “eat-me” signal is produced when cells coat
bacteria with polyubiquitin (Perrin et al., 2004). The substrates
of antibacterial ubiquitylation have not been identified so far.
However, it seems likely that bacteria are directly ubiquitylated
and that host proteins associated with bacteria, including pro-
teins of the vacuolar remnants, are also substrate for ubiquityla-
tion (Fujita et al., 2013). Whether ubiquitylation of any particular
substrate is essential for antibacterial autophagy is unknown,
although it seems likely that a larger number of bacteria-associ-
ated proteins become ubiquitylated and that therefore the ubig-
uitin coat per se is of greater importance than the identity of the
ubiquitylated substrate. It is clear, however, that ubiquitin chains
of different linkage types, including K48-, K63-, and M1-linked
chains, constitute the bacterial ubiquitin coat (Collins et al.,
2009; Manzanillo et al., 2013; van Wijk et al., 2012). The linkage
type analysis is still preliminary as it relied on the availability of
either linkage-specific antibodies or ubiquitin-binding proteins
of appropriate specificity. Further chain types may therefore
contribute to the bacterial coat and be detected in the future
either by mass spectrometry or once additional probes are
utilized. The bacterial ubiquitin coat is sensed by at least four
cargo receptors, namely NDP52, p62, NBR1, and optineurin, of
which all except NBR1 are essential to restrict bacterial prolifer-
ation and therefore execute unique functions (Mostowy et al.,
2011; Thurston et al., 2009; Wild et al., 2011; Zheng et al.,
2009). While the essential contribution of NDP52 might be ex-
plained by its unique abilities to sense the galectin-8 eat-me
signal on damaged vacuoles (Thurston et al., 2012) and to selec-
tively bind LC3C (von Muhlinen et al., 2012), the nonredundant
roles of p62 and optineurin in antibacterial autophagy indicate
that their function is also not limited to binding LC3/GABARAP
and the ubiquitin “eat-me” signal (Wild et al., 2011; Zheng
et al., 2009). The possibility that p62 and optineurin are essential
solely because they sense different ubiquitin-linkage types ap-
pears unlikely since the cargo receptor NBR1, although accumu-
lating on ubiquitin-coated bacteria, is not essential to restrict
bacterial proliferation (Mostowy et al., 2011; Zheng et al., 2009).

Insights into the identity of the antibacterial E3 ubiquitin ligases
and the nature of the ubiquitylation process have been obtained
recently. LRSAM1, a RING-domain E3 ligase, has been found to
generate the ubiquitin “eat-me” signal around S. Typhimurium in
a manner dependent on its leucine-rich repeat (LRR) domain, a
fold that mediates pathogen recognition in TLRs and other
pattern-recognition receptors (PRR). If LRSAM1 is indeed a
PRR, its ligand must be widely distributed as LRSAM1 colo-
calizes with both Gram-negative and Gram-positive bacteria,
although its activity does not extend to Mycobacterium
tuberculosis (M. tuberculosis) (Huett et al., 2012; Manzanillo
et al., 2013). For the latter species, the RBR E3 ligase Parkin
(PARK?2), discussed above for its role in mitophagy, is required
to generate the ubiquitin “eat-me” signal (Manzanillo et al.,
2013). Parkin alleles that predispose to the development of
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Parkinson’s disease (PARK2 T240R, P437L) are impaired in
coating M. tuberculosis with ubiquitin, while polymorphisms in
noncoding regions of PARK2 are associated with increased
susceptibility to Mycobacterium leprae and S. Typhi (Ali et al.,
2006; Manzanillo et al., 2013; Mira et al., 2004). In contrast to
LRSAM1, Parkin acts on bacteria still contained in vacuoles as
revealed by their inaccessibility to antibody staining (Huett
et al., 2012; Manzanillo et al., 2013), although limited permeabi-
lization of the vacuolar membrane seems likely to occur given the
dependence of Parkin recruitment and ubiquitin deposition on
ESX-1, the bacterial type VIl secretion system. Ubiquitin coating
of M. tuberculosis also requires STING (Watson et al., 2012),
a receptor for cytosolic cyclic dinucleotides, i.e., cyclic di-
GMP, cyclic di-AMP and cyclic GAMP (Danilchanka and Meka-
lanos, 2013). All three cyclic dinucleotides are bacterial second
messengers, while cyclic GAMP is also generated by host-
encoded cGAS, the recently identified cytosolic DNA receptor
(Danilchanka and Mekalanos, 2013). Although the epistatic
relationship of STING and Parkin has not been experimentally
addressed yet, the requirement of either gene for the develop-
ment of the ubiquitin coat around M. tuberculosis (Manzanillo
et al., 2013; Watson et al., 2012) suggests that they act in the
same pathway. Considering the established functions of the
two proteins, Parkin acts most likely downstream of STING
and is, based on the available literature (Manzanillo et al.,
2013; Watson et al.,, 2012), predicted to be activated by
M. tuberculosis DNA. However, how such DNA gains access to
the host cytosol remains to be clarified.

Outlook

It is interesting to compare the mechanisms involved in the auto-
phagy of endosymbiont mitochondria with those of pathogenic
bacteria: self versus nonself. Mitophagy relies on dedicated sen-
tinels such as Nix and PINK1 in mammals and ATG32 in yeast
(Kanki et al., 2009; Okamoto et al., 2009), which are all mem-
brane spanning proteins located on the outer mitochondrial
membrane. In contrast, bacteria are recognized by cytosolic
sensors such as STING and galectin-8 (Thurston et al., 2012;
Watson et al., 2012), components of innate immunity pathways,
that are recruited to the pathogens or their surrounding phago-
some. Following these distinct initiation steps, mitophagy and
xenophagy share some common themes. Notably, ubiquitina-
tion of mitochondria and bacteria (or their surrounding phago-
some membranes) is a shared means to recruit autophagosomal
machinery. The E3 ligase Parkin ubiquitinates mitochondria
subsequent to its recruitment and activation by the mitochon-
drial kinase PINK1. Interestingly, Parkin also ubiquitin coats
M. tuberculosis (or the surrounding phagosome) (Manzanillo
et al., 2013). What recruits the normally cytosolic Parkin to the
Mycobacterium-containing vacuole and derepresses the autoin-
hibited E3 ligase activity of Parkin during xenophagy remains to
be identified. A kinase localized to the pathogen that functions as
PINK1 does in mitophagy is a likely candidate. However, another
E3 ubiquitin ligase, LRSAMA1, is involved in ubiquitin coating of
S. Typhimurium and there are likely more E3 ligases to be iden-
tified in xenophagy (Huett et al., 2012). Adaptor proteins such as
p62 and NBR1 are recruited to mitochondria during Parkin-
mediated mitophagy and to bacteria during xenophagy that in
turn bind to LC3 on preautophagosomal membranes. While
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p62, NBR1 and likely NDP52 recognize K63 linked ubiquitin
chains on mitochondria, NDP52 also recognizes galectin-8
bound to bacterial permeabilized phagosomes independent of
ubiquitin binding.

Likewise, p62 is recruited independently of ubiquitin binding
to nascent phagophores (ltakura and Mizushima, 2011)
during starvation-induced autophagy, further suggesting we
have much more to learn about adaptor function in selective
autophagy.

As outlined in this review, much progress has been made
recently on the identity and generation of cargo-associated
“eat-me” signals and on the cargo receptors that mediate selec-
tive autophagy. From these studies a simple model has
emerged, in which selectivity is achieved by receptors that
bridge cargo and phagophores. However, this model implies
that cargo and pre-existing phagophores occur in each other’s
proximity. Such condition may occur frequently enough for
selective autophagy of certain cargos, for example protein
aggregates, or for cargos that could be safely transported to a
location where phagophores are generated. However, in order
to preempt the threat of bacterial proliferation, anti-bacterial
autophagy needs to be initiated with high efficiency in exactly
the location where the bacterium has been detected. Since
even the most upstream autophagy components, for example
ATG9 and the ULK kinase complex, colocalize transiently with
invading S. Typhimurium and also depolarized mitochondria, it
is tempting to speculate that the prospective cargo is indeed
able to instruct the autophagy machinery to generate phago-
phores in its proximity (Itakura et al., 2012; Kageyama et al.,
2011). While the membrane source for phagophore formation
has been an important problem for the autophagy field in
general, in selective autophagy the question becomes how
phagophores are generated in situ.
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SUMMARY

Respiratory chain complexes assemble into func-
tional quaternary structures called supercomplexes
(RCS) within the folds of the inner mitochondrial
membrane, or cristae. Here, we investigate the rela-
tionship between respiratory function and mitochon-
drial ultrastructure and provide evidence that cristae
shape determines the assembly and stability of RCS
and hence mitochondrial respiratory efficiency. Ge-
netic and apoptotic manipulations of cristae struc-
ture affect assembly and activity of RCS in vitro and
in vivo, independently of changes to mitochondrial
protein synthesis or apoptotic outer mitochondrial
membrane permeabilization. We demonstrate that,
accordingly, the efficiency of mitochondria-depen-
dent cell growth depends on cristae shape. Thus,
RCS assembly emerges as a link between membrane
morphology and function.

INTRODUCTION

Mitochondria are key organelles in intermediate cellular meta-
bolism, energy conversion, and calcium homeostasis (Dimmer
and Scorrano, 2006). They also integrate and amplify apoptosis
induced by intrinsic stimuli, releasing cytochrome ¢ and other
proapoptotic factors required for the activation of caspases
(Green and Kroemer, 2004). Cytochrome c release is regulated
by proteins of the BCL-2 family that control the permeabilization
of the outer membrane (OMM) (Danial and Korsmeyer, 2004).
Energy conversion occurs at the inner mitochondrial mem-
brane (IMM) that can be further divided into two subcompart-
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ments: the so-called “boundary membrane” and the cristae,
separated from the former by narrow tubular junctions (Frey
and Mannella, 2000). The cristae shape is dynamic: upon activa-
tion of mitochondrial respiration, “orthodox” mitochondria
become “condensed,” with an expanded cristae space (Hack-
enbrock, 1966). During apoptosis, the curvature of the cristae
membrane is inverted in a remodeling process required for the
complete release of cytochrome c, normally confined in the
cristae (Scorrano et al., 2002; Frezza et al., 2006; Yamaguchi
et al., 2008). Cristae remodeling occurs in response to proapo-
ptotic BH3-only BCL-2 family members, such as BID, BIM-S,
and BNIP3, and independently of the outer membrane multido-
main BCL-2 family members BAX and BAK (Scorrano et al.,
2002; Cipolat et al., 2006; Yamaguchi et al., 2008). Whether
changes in morphology of the cristae, where respiratory chain
complexes (RCCs) mainly localize (Vogel et al., 2006), affect
oxidative phosphorylation efficiency, as originally predicted
(Hackenbrock, 1966), is unclear. This issue is further compli-
cated by the assembly of RCC in supercomplexes (RCS) (Schag-
ger, 1995; Acin-Pérez et al., 2008), quaternary supramolecular
structures that, by channeling electrons among individual
RCCs, allow the selective use of RCC subsets for nicotine
adenine dinucleotide (NADH)- or flavin adenine dinucleotide-
derived electrons (Lapuente-Brun et al., 2013). Such a supramo-
lecular organization is common in cristae: also, the mitochondrial
ATP synthase is assembled into dimers with greater adenosine
triphosphatase (ATPase) activity (Campanella et al., 2008;
Gomes et al., 2011). Interestingly, cristae shape and ATPase
dimers are linked: in yeast mutants where the ATPase cannot
dimerize, cristae are disorganized (Paumard et al., 2002; Min-
auro-Sanmiguel et al., 2005; Strauss et al., 2008), whereas in
mammalian cells, increased cristae density favors ATPase
dimerization during autophagy (Gomes et al., 2011). On the con-
trary, despite their importance in mitochondrial bioenergetics,
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the relationship between RCS and cristae shape remains
unclear.

Mitochondrial morphology and ultrastructure depends on
“mitochondria-shaping” proteins that regulate organellar fusion
and fission (Griparic and van der Bliek, 2001). Mitofusins (MFN) 1
and 2, highly homologous dynamin-related proteins of the OMM,
orchestrate fusion (Santel and Fuller, 2001; Legros et al., 2002;
Chen et al., 20083; Santel et al., 2003). MFN1 primarily partici-
pates in fusion, cooperating with the IMM dynamin-related pro-
tein optic atrophy 1 (OPA1) (Cipolat et al., 2004), whereas MFN2
also tethers mitochondria to the endoplasmic reticulum (de Brito
and Scorrano, 2008). Mitochondrial fission is regulated by the
cytoplasmic dynamin-related protein 1 that, upon calcineurin-
dependent dephosphorylation, translocates to mitochondria
(Yoon et al.,, 2001; Smirnova et al., 2001; Cereghetti et al.,
2008). Genetic depletion of OPA1 leads to disorganization of
the cristae (Frezza et al., 2006), and oligomers that contain a
soluble and a membrane-bound form of OPA1 keep the cristae
junctions tight, independently from OPA1 role in fusion (Frezza
et al., 2006; Cipolat et al., 2006). During apoptosis, these oligo-
mers are early targets of BID, BIM-S, and BNIP3, as well as of
intrinsic death stimuli (Frezza et al., 2006; Yamaguchi et al.,
2008; Landes et al., 2010; Costa et al., 2010). Whereas our
knowledge of the molecular determinants of cristae shape and
their role in apoptosis is increasing, the relationship between
cristae morphology and mitochondrial function remains unex-
plored. We therefore set out to genetically dissect whether and
how cristae shape regulates mitochondrial respiration. We
show that cristae morphology determines assembly and stability
of RCS and hence optimal mitochondrial respiratory function
during life and death of the cell.

RESULTS

Genetic Dissection of Outer Membrane

Permeabilization from Cristae Remodeling

Whether apoptotic cristae remodeling that maximizes cyto-
chrome c release from mitochondria affects mitochondrial func-
tion is unclear, mainly because it occurs around the same time as
outer membrane permeabilization (Scorrano et al., 2002). In
order to genetically dissociate the two processes, we inspected
the primary structure of the prototypical cristae remodeling
inducer BCL-2 family member BID for homology with peptides
known to perturb the mitochondrial inner membrane, like masto-
paran, a 14 amino acid wasp venom component (Pfeiffer et al.,
1995). Interestingly, BID membrane inserting «6 helix as well
as the transmembrane domains of Bnip3 and BimS that also
remodel cristae (Yamaguchi et al., 2008; Landes et al., 2010) dis-
played homology to mastoparan (Figures S1A and S1B available
online). To exploit the role of this homologous sequence in
cristae remodeling, we mutagenized the two highly conserved
157 and 158 Lys H. sapiens BID residues to Ala (BIDK*) (Fig-
ure S1C). Because this mutation did not impair caspase-8
cleaved recombinant BID (cBID) integration in purified mouse
liver mitochondria (MLM) (Wei et al., 2000; Figure S1D), we could
measure its biological activity using an established quantitative,
specific cytochrome c release ELISA (Scorrano et al., 2002).
cBID efficiently released cytochrome c from purified mitochon-

dria, whereas a BH3 domain G94E mutant was, as expected,
inactive (Wei et al., 2000) and the cBIDX*** mutant released
~25%-30% more cytochrome c than the baseline (Figure 1A),
a figure close to the amount of free intermembrane space
cytochrome c (Scorrano et al., 2002). BAK oligomerization was
superimposable in cBID or cBID"*-treated mitochondria (Fig-
ure 1B); conversely, two established assays of intramitochon-
drial cytochrome c redistribution, the cytochrome bs-dependent
extramitochondrial NADH oxidation and the ratio of ascorbate-
driven over tetramethyl-p-phenylenediamine (TMPD)-driven
respiration (Scorrano et al., 2002), indicated that cBID¥** mobi-
lized the cristae cytochrome c pool less efficiently than cBID
(Figures 1C and 1D). Indeed, cBID** was unable to remodel
mitochondrial cristae, as indicated by morphometric analysis
of electron micrographs of mitochondria treated with the BID
mutants (Figures 1E and 1F) (Scorrano et al., 2002). Cristae re-
modeling is associated with the disruption of high molecular
weight (HMW) OPA1 oligomers (Frezza et al., 2006). Western
blots of blue native gel electrophoresis (BNGE) of mitochondrial
proteins revealed four major OPA1-containing complexes. Upon
treatment with cBID, OPA1 rapidly disappeared from ~720 kDa
HMW complexes (Figures 1G, S1E, and S1F). These HMW forms
of OPA1 were similarly targeted by cBID®®€ but significantly
less by cBID¥**, as determined by BNGE (Figure 1H, quantifi-
cation in [l]). Chemical crosslinking experiments (Frezza et al.,
2006) further confirmed that the OPA1-containing oligomer is
disrupted by the mutants of cBID able to induce cristae remod-
eling (Figures S1G and S1H). Finally, we measured the killing
efficiency of these truncated BID (tBID) mutants expressed in
mouse embryonic fibroblasts (MEFs). Only tBID efficiently killed
MEFs: tBIDK¥* and tBID®®*E elicited comparable low levels of
cell death, whereas the double tBIDK<AAG94E mutant appeared
completely ineffective (Figure 1J), suggesting that both outer
membrane permeabilization and mitochondrial cristae remodel-
ing are required for BID-induced apoptosis. In conclusion,
BIDXK* s deficient in cristae remodeling, cytochrome c release,
and induction of apoptosis.

RCS Disassemble during Cristae Remodeling

The BID¥K*A mutant dissociates outer membrane permeabiliza-
tion from cristae remodeling and can be used to investigate the
relationship between the latter and mitochondrial function. We
therefore measured the effect of the BID mutants on the respira-
tory control ratio (RCR), an index of respiratory efficiency, of
mitochondria incubated with excess exogenous cytochrome ¢
and NADH (to compensate for the potential effects of inner mem-
brane or outer membrane [OM] permeabilization). cBID reduced
RCR only when mitochondria were energized with substrates for
complex | (glutamate/malate) but not when they were fed with
substrates entering the electron transport chain at complex Il
(succinate) or complex IV (ascorbate + TMPD) (Figure 2A; data
not shown). Interestingly, these changes were recapitulated by
the BH3 domain mutant cBID®°*E that does not permeabilize
the OM but not by the cristae remodeling-deficient mutants
cBIDK™ and cBIDKKMG94E (Figure 2B). Maximal (uncoupled)
respiration was similarly affected by the cBID mutants tested,
ruling out that BID alters RCR, because it affects ATPase or ac-
tivity or ATP/ADP exchange (Figure S2A). These experiments
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suggest that cristae remodeling causes complex I-dependent
changes in mitochondrial bioenergetics.

Complex | is further assembled in quaternary functional RCS
with complexes Ill and IV (I + lll and | + 1l + IV), whereas most
complex Il is not found in RCS (Acin-Pérez et al., 2008). Thus,
the reduction in complex I-supported respiration could be a
consequence of specific inhibition of complex | or of issues in
RCS function. Even after 30 min of acute BID treatment, the
specific complex | NADH-ubiquinone reductase activity of puri-
fied mitochondria was unaltered (data not shown), prompting
us to investigate RCS assembly and stability in situ. We therefore
took advantage of Bax™/~, Bak™’~ (DKO) MEFs, resistant to
mitochondrial permeabilization, cytochrome c release, and
apoptosis triggered by expression of tBID (Wei et al., 2001).
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Figure 1. Two Conserved Lys in BID 26 He-
lix Are Required for Cristae Remodeling

(A) Mitochondria were treated for the indicated
times with the indicated mutants of cBID, and
cytochrome c release was measured by ELISA.
Data represent average + SEM of five indepen-
dent experiments.

(B) Mitochondria treated with the indicated mu-
tants of cBID for the indicated min were cross-
linked with 1 mM BMH for 30 min, spun, and
the pellets were separated by SDS-PAGE and
immunoblotted using anti-BAK antibody. The as-
terisks denote BAK oligomers.

(C) Mitochondria were treated as indicated (Ca"*,
200 pM), and cytochrome bs-dependent NADH
fluorescence changes were recorded. a.u., arbi-
trary units.

(D) Mitochondria were treated for 15 min with
the indicated BID mutants, transferred into the
chamber of a Clark’s type O, electrode, and the
ascorbate/TMPD-driven respiration ratio was
determined. Data represent average + SEM of four
independent experiments.

(E) Representative electron microscopy fields of
mitochondria treated for 15 min with the indicated
cBID mutants. Arrows indicate class Il and llI
mitochondria. The scale bar represents 450 nm.
(F) Blind morphometric analysis of randomly
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See also Figure S1.
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Upon transduction of metabolically labeled DKO MEFs with
tBID but not with tBID"K* that does not cause cristae remodel-
ing (Figure S2B), the RCS radioactivity signal as well as the RCS/
complex V radioactivity ratio were reduced (Figures 2C and 2D),
and we observed a reduction in the autoradiographic signal of
cytochrome b retrieved in RCS compared to that in free complex
Il (Figures 2E and 2F). Whereas this result could suggest that
complex Il was incorporated less efficiently into RCS, immuno-
blotting for the complex | subunit NDUFA9 revealed that RCSs
were also destabilized in DKO cells (Figure 2G). Functionally,
only cBID and cBID®%“E that cause cristae remodeling but not
cBIDK* reduced glutamate-supported RCR in DKO mitochon-
dria (Figure 2H). Thus, BID destabilizes RCS and selectively re-
duces glutamate-dependent RCR.
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Figure 2. Respiratory Chain Supercomplexes Are Disassembled during Cristae Remodeling

(A) RCR of mitochondria energized with 5 mM/2.5 mM glutamate/malate (GLU/MAL) or 10 mM succinate (SUCC) treated for the indicated times with cBID. Data
represent average + SEM of five independent experiments. Inset, RCR values normalized to t = 0.

(B) Experiments were as in (A), except that mitochondria were incubated with the indicated mutants of cBID for 15 min. Data represent average + SEM of four
independent experiments. The asterisk denotes p < 0.05 in a paired sample Student’s t test versus untreated.

(C) BNGE of mitochondrial OXPHOS protein from DKO MEFs transduced as indicated and, after 2 days, metabolically labeled for 2 hr and lysed after 24 hr. Equal
amounts of protein (100 ug) were separated by BNGE, and radioactivity was detected in the fixed and dried gels for 1 week. RCC and RCS of the respiratory chain
are indicated.

(D) Densitometric analysis of the autoradiographic RCS/complex V signal ratio. Data represent average + SEM of three independent experiments performed as in
(E). The asterisk denotes p < 0.05 in a paired sample Student’s t test versus untreated.

(E) 2D BN/SDS PAGE analysis of mitochondrial OXPHOS proteins from DKO MEFs transduced as indicated, metabolically labeled for 2 hr, and lysed after 24 hr.
Equal amount (50 ng) of proteins were separated in native condition, and then the lanes were excised and proteins separated by a second dimension SDS-PAGE.
The gels were dried and the signal was detected following 1 week of exposure. RCC and RCS of the respiratory chain as well as the single-labeled proteins are
indicated. Boxes and circles indicate RCS and cytochrome b, respectively.

(F) Densitometric analysis of the ratio of autoradiographic signal between supercomplex (boxed) and complex assembled cytochrome b (circled). Data represent
average + SEM of three independent experiments. The asterisk denotes p < 0.05 in a paired sample Student’s t test versus untreated.

(G) BNGE analysis of OXPHOS proteins in mitochondria from DKO MEFs transduced as indicated. Equal amounts (100 ng) of proteins were separated in native
conditions, transferred onto PVDF membranes, and probed with the indicated antibodies. RCC and RCS are indicated.

(H) RCR of DKO mitochondria energized with 5 mM/2.5 mM GLU/MAL or 10 mM SUCC treated for 15 min with the indicated cBID mutants. Data represent
average + SEM of four independent experiments. The asterisk denotes p < 0.05 in a paired sample Student’s t test versus untreated.

See also Figure S2.

Conditional Ablation of Opa1 Alters Cristae Shape and
RCS Assembly

To verify whether RCS disorganization was a general conse-
quence of altered cristae shape, we turned to cells lacking
Opal, a key regulator of cristae morphology (Frezza et al.,

2006). However, chronic Opa1 depletion impaired mitochondrial
DNA (mtDNA) levels and translation (Figures S3A and S3B),
complicating the analysis of the relationship between Opat
and RCS and calling for a model of conditional Opa? ablation.
We produced, by homologous recombination, C57BL6/J
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boxes), LoxP sites (white arrows), FRT recombi-

nation sites, and PGK-neomycin cassette (white
box) are indicated. The locations of PCR primers
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reverse) are indicated. Dimensions are not in scale.

(B) Prediction of the maximal possible aberrant
OPA1 protein.
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embryonic stem cells with loxP sites inserted in the Opa? gene
(Opa1™™) which were then microinjected in C57BL6/J blasto-
cysts to generate Opal™™ mice. Following Cre-mediated
recombination, the deletion of exons 2 and 3 resulted in an aber-
rant exon1-exon4 transcript with a stop codon immediately after
exon 1, producing a predicted 10 amino acid (aa) residual protein
(Figures 3A and 3B). Chimerism and germ-line transmission of
the offspring was tested by PCR, and germ-line transmittants
were bred to homozygosity (Figure 3C). Fibroblasts isolated
from the diaphragm of homozygous Opa?™™ 7-week-old
male mice (MAFs) were immortalized and used for subsequent
analysis. OPA1 was completely ablated 24 hr after adenoviral
delivery of Cre recombinase (Figure 4A) and, as expected, mito-
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the assembly of mtDNA-encoded sub-
units into RCC was not affected (data
not shown). We therefore followed the
RCS assembly rate (measured as the
ratio between RCS and complex V radio-
activity throughout the chase period) that resulted ~8-fold
slower when Opal was ablated from Opa?™™ MAFs (Figures
4] and 4J). A similar reduction in the RCS assembly rate was
observed in Opa?~’~ MEFs (Figure S3C), suggesting that, in
absence of Opa1, RCC are less superassembled, irrespective
of their initial levels. To test if acute Opa? ablation altered RCS
in vivo, we tail vein-injected Cre-expressing adenoviruses in
Opa1™™ animals. After 72 hr, OPA1 levels in liver mitochondria
were reduced by ~50% (Figure S4A), cristae morphology was
abnormal (Figure S4B), RCS were reduced (Figure S4C), and
glutamate/malate RCR was impaired (Figure 4K). These experi-
ments of conditional ablation of Opa? identify a role for cristae
shape in RCS assembly in vitro and in vivo.
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Figure 4. Acute Ablation of Opa1 Alters Mitochondrial Morphology, Cristae Shape, and RCS Assembly

(A) Opa1™/™ MAFs were infected with bicistronic adenoviruses carrying the indicated insert (EV, empty vector; CRE, Cre recombinase) upstream of GFP and,
after 24 hr, equal amounts of proteins (20 nug) were separated by SDS-PAGE and immunoblotted with the indicated antibodies.

(B) Opa1™™ MAFs were infected with the indicated adenoviruses and, after 24 hr, fixed, immunostained using an anti-TOM20 antibody, and representative
confocal images acquired. The green cytoplasmic staining identifies the coexpression of GFP. The scale bar represents 20 um.

(C) Average mitochondrial major axis length. Experiments were as in (B). Data represent average + SEM of four independent experiments (five mitochondria per
cell, at least 50 cells/experiment). The asterisk denotes p < 0.05 in a paired sample Student’s t test versus ad-EV.

(D) Opa1™/™ MAFs were infected with the indicated adenoviruses and, after 24 hr, fixed and processed for electron microscopy. The scale bars represent 2 um
(top) and 200 nm (bottom).

(E) Morphometric analysis of cristae width in 40 randomly selected mitochondria of Opa?™™ MAFs infected with the indicated adenoviruses. Data represent
average + SEM of three independent experiments. The asterisk denotes p < 0.05 in a paired sample Student’s t test versus ad-EV.

(F) Mitochondrial DNA copy number quantification. mtDNA was amplified by RT-PCR from total DNA of Opa1™/™ MAFs infected with the indicated adenoviruses.
Data are normalized to MAFs infected with control adenovirus and represent average + SEM of four independent experiments.

(G) mtDNA translation assay. Opa?™™ MAFs infected as indicated were metabolic labeled in presence of emetine and lysed after 30 min. Protein samples (40 ug)
were separated by SDS-PAGE, and the radioactivity was detected in the fixed and dried gels for 3 days. The mtDNA encoded proteins are indicated.

(H) Densitometric analysis of the mtDNA-encoded proteins. Experiments are as in (G). Data represent average + SEM of four independent experiments.

() RCS assembly assay. Opa1™™ MAFs were infected as indicated and, after 24 hr, metabolically labeled for 2 hr and then chased for the indicated times. Equal
amounts of protein (100 pg) were separated by BN PAGE, and radioactivity was detected in the fixed and dried gels for 1 week. RCC and RCS of the respiratory
chain are indicated.

(J) Densitometric analysis of the incorporation rate of radioactivity into supercomplexes. Values are normalized for the autoradiographic signal of complex V. Data
represent average + SEM from three independent experiments performed as in (H).

(K) RCR of mitochondria isolated from livers of Opa1™/™ mice 3 days after tail-vein injection of the indicated adenoviruses, energized with 5 mM/2.5 mM GLU/
MAL or 10 mM SUCC. Data represent average + SEM of four independent experiments. The asterisk denotes p < 0.05 in a paired sample Student’s t test versus
ad-EV.

See also Figure S4.

Overexpression of Opa7 Increases RCS Assembly thesis, we wanted to generate a mouse model of Opat

The model linking cristae shape to RCS predicts that higher overexpression. Very high OPA1 levels are, however, toxic,
OPAT1 levels should favor RCS assembly. To verify this hypo- causing paradoxical mitochondrial fragmentation (Cipolat
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et al., 2004): we therefore targeted, by homologous recombina-
tion in the murine X chromosome Hprt region, a transgene-car-
rying mouse variant 1 Opa? under the human g-actin promoter
(Opa1') (Figure 3D). The integration into microinjected BPES
embryonic stem cells was verified by PCR (Figure 3E), and the
cells were microinjected into C57BL6/J blastocysts. Six gener-
ated agouti chimeras with a chimerism exceeding 90% were
bred with C57BL6/J mates and tested for germline transmission
by fur color and transgene PCR analysis (Figure 3F). Mice were
viable, fertile, grew normally, and resisted to different forms of
tissue damage (T.V., M.E.S., V. Romanello, S.C., V.C., R. Me-
nabo, M. Sandri, F. Di Lisa, and L.S., unpublished data). Immor-
talized MAFs prepared from the diaphragm of hemizygous
Opa1'® 7-week-old C57BL6/J male mice displayed an ~1.5 in-
crease in OPA1 levels compared to age- and sex-matched litter-
mate controls MAFs (wild-type [WT]; Figure 5A). Mitochondria
were slightly elongated (Figures 5B and 5C) and cristae tighter
(Figures 5D and 5E), without any difference in mtDNA levels (Fig-
ure 5F) and translation (Figures 5G and 5H). Importantly, in
Opa1® MAFs, RCS assembly (Figures 51 and 5J) and gluta-
mate-supported RCR (Figure 5K) were increased. In vivo, an
~50% increase in liver mitochondria OPA1 levels (Figure S5A)
was similarly associated to tighter cristae (Figure S5B) and
increased RCS levels (Figure S5C). Taken together, these results
indicate that RCS assembly is facilitated by increased OPA1
levels and tighter cristae.

Mitochondria-Supported Cell Growth Is Controlled by
Cristae Shape

We next wished to address if cristae shape affects mitochon-
drial-dependent cell growth. We therefore measured the growth
of DKO cells (resistant to BID-induced outer membrane per-
meabilization, caspase-dependent mitochondrial damage, and
apoptosis) in galactose media, where most of cellular ATP
comes from the respiratory chain (Acin-Pérez et al., 2004). WT
and G94E tBID impaired growth in galactose, whereas cells
transduced with tBID"K* that does not cause cristae remodel-
ing did not display any defect (Figure 6A).

We next turned to genetic models of cristae shape changes.
Growth in galactose-containing media was impaired upon acute
ablation of Opa7 in MAFs, whereas it was normal for fusion-defi-
cient Mfn1~~, Mfn2~'~ MEFs (Figures 6B and 6C), where mito-
chondrial fusion is also inhibited. In Mfn1~/~, Mfn2~’~ MEFs,
mtDNA copy number was reduced (Figure S6A), but cristae shape
(Figures S6B and S6C), mtDNA translation (Figure S6D), RCS sta-
bility (Figure S6E), and assembly (Figure S6F) were not affected.
Thus, the galactose growth defect is not the consequence of
impaired fusion but correlates with altered cristae shape and
RCS. Finally, Opa1" MAFs grew faster than their WT counterparts
in galactose media (Figure 6D), further confirming the link be-
tween cristae shape, RCS levels, and mitochondria-dependent
cellular growth. In conclusion, cristae shape correlates with the
efficiency of mitochondria-dependent cell growth.

DISCUSSION

Respiratory chain supercomplexes have been considered BNGE
artifacts until direct respirometric experiments on purified RCS
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identified them as the functional mitochondrial respiratory units
(Acin-Pérez et al., 2008). Since then, RCS have been directly
visualized in intact cristae by electron tomography (Davies
et al., 2011), complex IV assembly factors that favor RCS forma-
tion have been identified (Chen et al., 2012; Vukotic et al., 2012;
Strogolova et al., 2012; Lapuente-Brun et al., 2013), and the role
of RCS in mitochondrial utilization of reducing equivalents has
been demonstrated (Lapuente-Brun et al., 2013). However, the
relationship between cristae shape and RCS, as well as between
RCS and mitochondrial function, remained obscure. Our results
demonstrate that cristae shape regulates respiratory chain
supercomplexes stability and assembly, impacting on respira-
tory efficiency and respiratory cell growth.

To dissect the role of cristae shape in RCS structure and func-
tion, we genetically ablated the master cristae shape regulator
OPA1. Individual respiratory chain units associate with OPA1
(Zanna et al., 2008), and mitochondrial metabolism is deranged
in dominant optic atrophy caused by OPA7 mutations (Lodi
et al., 2004). However, the defect in ATP production in OPAT
haploinsufficient cells was unexplained: OPA1 is not essential
for assembly of respiratory chain complexes and mtDNA levels
as well as activities of individual respiratory chain complexes
are normal in dominant optic atrophy (Zanna et al., 2008).
Conversely, the reduction in mtDNA copy number has been
invoked to explain the mitochondrial dysfunction of fusion-
deficient cells from Mfn1, Mfn2-deficient mice (Chen et al.,
2010). Our results challenge this hypothesis: upon acute Opa?
ablation, mtDNA levels are normal, whereas cristae shape,
RCS, complex-I-dependent respiration, and respiratory growth
are impaired. Conversely, in Mfn1~/~, Mfn2~'~ cells, mtDNA
copy number is reduced, but cristae shape, RCS, and respiratory
growth are normal. Thus, RCS disorganization shall be regarded
as a key mechanism of mitochondrial dysfunction accompa-
nying altered organelle morphology.

The role of OPA1 and cristae shape in RCS organization is
further supported by mouse models of Opa? conditional ablation
and mild overexpression. The first tool allowed us to dissociate
cristae biogenesis from mtDNA maintenance: whereas chronic
Opa1 depletion reduces mtDNA copy number and translation,
upon acute Opa1 ablation, mtDNA levels are normal, but cristae
are disorganized, impacting on RCS assembly and respiratory
function and growth. Thus, mtDNA reduction appears to be a
consequence of chronic fusion inhibition in Opa? '~ (and double
Mfn~"") cells. We can therefore predict that the Opa1™/™ cells
will be useful to elucidate how prolonged inhibition of mito-
chondrial fusion results in mtDNA levels reduction. Opa7 mild
overexpression lends further support to the model linking RCS
organization to cristae shape: RCS assembly and respiratory
function and growth are increased in Opa1" cells without any
measurable change in mtDNA levels and translation. The Opa?1%
mouse will be instrumental to investigate the role of Opa? and
cristae shape in vivo.

Apoptotic cristae remodeling further supports the relationship
between cristae shape and RCS. The role and mechanisms of
cristae remodeling in apoptosis are controversial (Scorrano
etal.,, 2002; Germain et al., 2005; Frezza et al., 2006; Yamaguchi
et al., 2008; Merkwirth et al., 2008; Costa et al., 2010). Despite
that OPA1-mediated stabilization of cristae shape inhibits
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Figure 5. Transgenic Overexpression of OPA1 Increases RCS Assembly

(A) Equal amounts of proteins (20 pg) from MAFs of the indicated genotypes were separated by SDS-PAGE and immunoblotted with the indicated antibodies.
(B) Representative confocal micrographs of mitochondrial morphology in WT and Opa1'® MAFs. Mitochondria were visualized by anti-TOM20 immunostaining.
The scale bar represents 20 uM.

(C) Average mitochondrial major axis length. Experiments were as in (B). Data represent average + SEM of four independent experiments (five mitochondria per
cell, at least 50 cells/experiment). The asterisk denotes p < 0.05 in a paired sample Student’s t test versus WT.

(D) Electron micrographs of MAFs of the indicated genotype. The scale bars represent 2 um (top) and 200 nm (bottom).

(E) Morphometric analysis of cristae width in 40 randomly selected mitochondria of MAFs of the indicated genotype. Data represent average + SEM of three
independent experiments. The asterisk denotes p < 0.05 in a paired sample Student’s t test versus WT.

(F) Mitochondrial DNA copy number quantification. mtDNA was amplified by RT-PCR from total DNA of MAFs of the indicated genotype. Data are normalized to
WT MAFs and represent the average + SEM of four independent experiments.

(G) mtDNA translation assay. MAFs of the indicated genotype were metabolic labeled in presence of emetine and lysed after 30 min. Protein samples (40 ug) were
separated by SDS-PAGE, and the radioactivity was detected in the fixed and dried gels for 3 days. The mtDNA-encoded proteins are indicated.

(H) Densitometric analysis of the mtDNA-encoded proteins. Experiments are as in (G). Data represent average + SEM of four independent experiments.

(I) RCS assembly assay. MAFs of the indicated genotype were metabolically labeled for 2 hr and then chased for the indicated times. Equal amounts of protein
(100 ng) were separated by BN PAGE, and radioactivity was detected in the fixed and dried gels for 1 week. Individual complexes and supercomplexes of the
respiratory chain are indicated.

(J) Densitometric analysis of the incorporation rate of radioactivity into RCS. Values are normalized for the autoradiographic signal of complex V. Data represent
average + SEM of three independent experiments performed as in (H).

(K) RCR of mitochondria isolated from livers of mice of the indicated genotype energized with 5 mM/2.5 mM GLU/MAL or 10 mM SUCC. Data represent
mean + SEM of four independent experiments. The asterisk denotes p < 0.05 in a paired sample Student’s t test versus WT.

See also Figure S5.

intrinsic apoptosis (Frezza et al., 2006; Yamaguchi et al., 2008; its role in cytochrome c release, cristae remodeling also impairs
Costa et al., 2010), cristae remodeling has been reckoned as a  mitochondrial function to precipitate apoptosis. The BID «6
mere feedback mechanism in situ, occurring after caspase acti- mutant generated here, which does not induce cristae changes
vation (Sun et al., 2007). Our results suggest that, in addition to and cytochrome ¢ mobilization but permeabilizes the outer
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Figure 6. Mitochondria-Dependent Cellular Growth Requires Assembled RCS
(A) Growth curves of DKO MEFs transduced with the indicated retroviruses and grown in DMEM supplemented with the indicated monosaccharides. Data

represent mean + SEM of five independent experiments.

(B-D) Growth curves of the indicated cell lines cultured in DMEM supplemented with the indicated monosaccharides. Data represent mean + SEM of five in-

dependent experiments.
See also Figure S6.

membrane, can be a useful tool to dissect in vivo the involvement
of cristae remodeling in developmental and homeostatic
apoptosis. We think that cristae remodeling influences RCS by
targeting OPA1 (Frezza et al., 2006), not by altering membrane
potential that is normal during cristae remodeling (Scorrano
et al., 2002) or by inhibiting mtDNA translation and insertion of
mtDNA-encoded subunits that similarly appear normal in DKO
cell-expressing BID (data not shown).

Our work unravels a role for cristae shape in RCS assembly
and stability, mitochondrial respiratory efficiency, and respira-
tory growth, suggesting that shape of biological membranes
can influence membrane protein complexes. Moreover, our
data highlight the importance of RCS in respiration by complex
|-feeding substrates. Finally, we unveil how OPA1 regulates
mitochondrial respiratory efficiency. The pathogenesis of domi-
nant optic atrophy where OPA1 is mutated (Alexander et al.,
2000) or of other mitochondrial diseases where OPA1 is
degraded (Duvezin-Caubet et al., 2006) could also depend on
this unexpected OPA1 function. In these latter settings, stabiliza-
tion of OPA1 could correct RCS and therefore mitochondrial
dysfunction, opening novel therapeutic perspectives for
currently intractable diseases.
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EXPERIMENTAL PROCEDURES

Generation of Opa1™/* and Opa1'® Mice

To generate Opa1™™ mice, amouse Bac clone containing the Opa? gene was
isolated from the C57BL/6J ES BAC clone library. An 11 kb Hpal DNA restric-
tion fragment containing the 5 kb upstream-exon3 was subcloned in a pUC-8
vector. The OPA1 fragment was excised with EcoRV and Xmal to generate
blunt ends and inserted into a pKO4.4a-LoxP cut with Xhol and Sall. A LoxP
site was introduced between intron1 and exon2 of Opa? and a phosphoglyc-
erate kinase (PGK) promoter-driven neomycin resistance gene, flanked by two
FRT sequences and with one LoxP sequence downstream, was inserted in
intron3. The targeting vector was linearized and electroporated into C57BL6
embryonic stem cells (ESCs). Neomycin-resistant ESC clones were tested
for homologous recombination. Three mutated ESC lines were microinjected
into C57BL6 blastocytes and implanted in host mice to obtain chimeric
mice, which were then bred with C57BL6 mates and their offspring tested
by PCR for germline transmission. Colonies were established in a C57BL6
background.

To generate Opa1' mice, the human B-actin promoter was extracted from
pDRIVE-hB-ACTIN (InvivoGen) using Spel and Ncol and cloned in pENTRY.
The complementary DNA of mouse isoform 1 Opa? and polyA extracted
from pcDNAS3.1-OPA1 (Cipolat et al., 2004) using Nhe1 and Ecil was ligated
into pENTRY using Quick Ligase (Ozyme). The transgene was then inserted
by homologous recombination in a pDEST vector containing part of the human
hypoxanthine phosphoribosyltransferase locus. The resulting vector was



linearized using Pvul and electroporated into C57BL6 BPES cells by Nucleis
(France). Homologous recombinants were selected on stringent hypoxanthine
aminopterin-thymidine-supplemented medium. Three positive ESC recombi-
nant clones were microinjected into C57BL6 blastocysts and implanted into
host pseudopregnant female C57BL6 to obtain chimeric mice. Six chimeras
(identified by fur agouti color) were bred with C57BL6 mates, and germline
transmission was verified by fur color and PCR. Colonies were established
in a C57BL6 and in a Sv129 background by crossbreeding. Details on mouse
genotyping and handling can be found in the Extended Experimental
Procedures.

BNGE, 2D BN/BNGE, and 2D BN/SDS PAGE

Mitochondria (10 mg/ml) were suspended in buffer D (1 M 6-aminohexanoic
acid, 1.25% V/V digitonin, 50 mM Bis-Tris-HCI, pH 7) and centrifuged. The
supernatant was collected, and 5% Serva Blue G dye in 1 M 6-aminohexanoic
acid was added to 1/3 of the final sample volume. Equal amounts (100 ng) of
mitochondrial proteins were separated by 3%-13% gradient BNGE (Schég-
ger, 1995). For RCS detection, the concentration of digitonin in buffer D was
4% (V).

For two-dimensional (2D) Blue Native (BN)/BNGE, the lane cut from the first-
dimension BNGE was casted on top of a native 3%-14% gradient gel in 1%
(V/V) dodecyl maltoside. For 2D BN/SDS PAGE, the lane cut from the first-
dimension BNGE was incubated for 1 hr at 25°C in 1% SDS and 1% B-mercap-
toethanol and then casted on top of an 8% or a 16.5% denaturing gel. After
electrophoresis, the complexes were electroblotted on a polyvinylidene fluo-
ride (PVDF) membrane and probed with the indicated antibodies.

To detect RCS from radiolabelled cells, samples were treated as described
above, and after electrophoresis, the gels were dried and the signal was de-
tected following exposure for 3-6 days.

Pulse-Chase Experiments
Labeling of mtDNA-encoded proteins was performed with [*°S]-methionine
and cysteine (EXPRE>®S®*S Protein Labeling Mix, Perkin Elmer Life Sciences).
Cells were preincubated for 12 hr in the presence of 40 ug/ml chloramphenicol
in uridine-supplemented medium and then exposed for 2 hr to the [*°S] protein
labeling mix (pulse) in the presence of 50 ug/ml cycloheximide. Cells were
washed for four times with PBS and cold Dulbecco’s modified Eagle’s medium
(DMEM) and then cultured for the indicated time (chase) prior to lysis and pro-
tein separation by BNGE.

To assay basal mtDNA translation, equal protein amounts (40 ng) from cells
metabolically labeled as described above treated for 30 min with 50 pg/ml
emetine were separated by SDS-PAGE.

Mitochondrial Assays

Mitochondria from liver of mice and from the indicated cell lines were isolated
as in Frezza et al. (2007). Cytochrome c release, ascorbate/TMPD-driven
respiration and cytochrome bs-dependent NADH oxidation were determined
as described (Scorrano et al., 2002). Details can be found in the Extended
Experimental Procedures.

Biochemistry

For protein crosslinking, mitochondria treated as indicated were incubated
with 1 mM 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC) or 1 mM bismaleimidohexane (BMH), as previously described (Frezza
et al., 2006). Carbonate extraction was performed as previously described
(Dimmer et al., 2008). Details and procedures for SDS-PAGE and immunoblot-
ting can be found in the Extended Experimental Procedures.

Molecular Biology
The retroviral vector pMIG-tBid was described previously (Cheng et al., 2001).
KKAA, G94E, and G94EKKAA mutants were generated by site-direct muta-
genesis using KOD polymerase (Biolabs). Details can be found in the Extended
Experimental Procedures.

To measure mtDNA copy number, total cellular DNA was amplified using
specific oligodeoxynucleotides for mt-Co2 and Sdha by real-time PCR. Details
can be found in the Extended Experimental Procedures.

Cell Biology

MEFs and human embryonic kidney 293 cells (HEK293) cells were cultured as
described (Gomes et al., 2011). When indicated, in DMEM, glucose was
substituted with 0.9 mg/ml galactose. Ecotropic viruses were generated as
described (Cheng et al., 2001). WT, Opa1™™ Opa1'9, and MAFs SV40 trans-
formed cell lines were generated from the diaphragm of the respective
7-week-old mouse killed by cervical dislocation. Details on the procedure
can be found in the Extended Experimental Procedures. Acute Opa? ablation
in Opa1™™ MAFs was obtained by infection with adenoviruses expressing
cytomegalovirus (CMV)-Cre-GFP (ad-CRE; 300 pfu/cell; Vector Biolabs).
CMV-GFP (ad-EV)-expressing adenoviruses were used as control.

Cell growth was determined by counting viable cells for the indicated time.
Opa1™™ MAFs were infected and DKO MEFs were transduced 24 or 16 hr
before the growth was assessed.

Apoptosis was measured by flow cytometric detection (FACSCalibur) of the
Annexin-V-PE positive events in the GFP-positive population. Details can be
found in the Extended Experimental Procedures.

Imaging and Transmission Electron Microscopy

For mitochondrial imaging, cells stained with a rabbit polyclonal anti-TOM20
(Santa Cruz; 1:200), as previously described (Frezza et al., 2006), were
analyzed by confocal microscopy. Adenovirus-infected cells were identified
by GFP expression. Electron microscopy (EM) was performed as described
(Scorrano et al., 2002). Details can be found in the Extended Experimental
Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures and
six figures and can be found with this article online at http://dx.doi.org/10.
1016/j.cell.2013.08.032.
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SUMMARY

We report that the mitochondrial chaperone TRAP1,
which is induced in most tumor types, is required
for neoplastic growth and confers transforming
potential to noncancerous cells. TRAP1 binds to
and inhibits succinate dehydrogenase (SDH), the
complex Il of the respiratory chain. The respiratory
downregulation elicited by TRAP1 interaction with
SDH promotes tumorigenesis by priming the succi-
nate-dependent stabilization of the proneoplastic
transcription factor HIF1a independently of hypoxic
conditions. These findings provide a mechanistic
clue to explain the switch to aerobic glycolysis of
tumors and identify TRAP1 as a promising antineo-
plastic target.

INTRODUCTION

Tumors undergo sustained growth in a dynamic environment
where oxygen and nutrients are often scarce (Denko, 2008;
Hanahan and Weinberg, 2011). To cope with the energetic
requirements of rapid proliferation in these challenging condi-
tions (Fritz and Fajas, 2010), tumor cells profoundly reorganize
their core metabolism (Cairns et al., 2011; Levine and Puzio-
Kuter, 2010). Glucose utilization, which provides ATP, essential
anabolic intermediates, and antioxidative defenses (Hsu and Sa-
batini, 2008; Vander Heiden et al., 2009), is boosted and dissoci-
ated from oxygen availability (the Warburg effect; Warburg, 1956;
Warburg etal., 1927). Key to the Warburg effect is the decrease of
mitochondrial respiration (Frezza and Gottlieb, 2009), which
allows cancer cells to grow in the hypoxic conditions found in
the interior of the tumor mass (Hsu and Sabatini, 2008).

The molecular mechanisms that inhibit oxidative phosphoryla-
tion (OXPHOS) in tumors are understood only partially. The tran-
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scription factor HIF1 (hypoxia-inducible factor 1) decreases the
flux of pyruvate into the Krebs cycle and, hence, the flow of
reducing equivalents needed to power the electron transport
chain (ETC) and stimulates glycolysis by inducing glucose trans-
porters and glycolytic enzymes (Denko, 2008; Semenza, 2010b).
HIF is activated by hypoxia as well as by the accumulation of the
Krebs cycle metabolites succinate and fumarate that inhibit the
prolyl hydroxylases (PHDs) responsible for proteasomal degra-
dation of the HIF1a subunit (Selak et al., 2005). Succinate accu-
mulation can originate from loss-of-function mutations in any of
the genes encoding for succinate dehydrogenase (SDH) sub-
units (or their assembly factor SDHAF2), which cause hereditary
paraganglioma-pheochromocytoma syndrome and are associ-
ated to a number of other neoplasms (Bardella et al., 2011).

Within this conceptual framework, we have analyzed the activ-
ity of TRAP1, an evolutionarily conserved chaperone of the
Hsp90 family mainly located in the mitochondrial matrix and
overexpressed in a variety of tumor cell types, where it exerts
antiapoptotic functions through mechanisms that are only
partially understood (Altieri et al., 2012; Kang et al., 2007). Our
results indicate that TRAP1 supports tumor progression by
downmodulating mitochondrial respiration through a decrease
in the activity of SDH, which leads to HIF1a stabilization even
in the absence of hypoxic conditions, by increasing succinate
levels.

RESULTS

Mitochondrial TRAP1 Promotes Neoplastic
Transformation

We found that TRAP1 is localized in mitochondria of cancer cell
models (Figures S1A and S1B available online), as expected
(Altieri et al., 2012), and that downregulation of TRAP1 expres-
sion by RNAi abrogated any transforming potential. In fact,
knockdown of TRAP1 expression made SAOS-2 osteosarcoma
cells, HCT116 colon carcinoma cells, and Hela cervix carci-
noma cells (dubbed shTRAP1 cells; Figures S1C-S1E) unable
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Figure 1. TRAP1 Knockdown Inhibits In Vitro and In Vivo Neoplastic Transformation

(A and B) Human osteosarcoma SAOS-2 cells, human colorectal carcinoma HCT116 cells, and human cervix carcinoma HelLa cells lose the capability to form foci
(A) or colonies in soft agar (B) after knocking down TRAP1 expression. Cells stably transfected with a scrambled shRNA or with TRAP1 shRNAs are dubbed mock
and shTRAP1, respectively. Data indicate the total focus or colony area at the 25™ experimental day. Representative areas showing focus or colony growth are
reported.

(C) Rate of growth of mock and shTRAP1 SAOS-2, HCT116, and Hela cells.

(D) Kinetics of tumor growth in nude mice after injection of SAOS-2 cells without or with a Matrigel bolus (left and right, respectively); representative tumors grown
with Matrigel are shown on the right. Data are reported as mean + SD values (n > 3).

to both form foci (Figure 1A) and grow in soft agar (Figure 1B)
without affecting the rate of cell growth (Figure 1C). Notably,
shTRAP1 tumor cells lost the ability to develop tumor masses
when injected into nude mice (Figure 1D).

Conversely, when the TRAP1 complementary DNA (cDNA)
was expressed in either RWPE-1 prostate epithelial cells or fibro-
blasts, these nontransformed cells acquired the capacity to form
colonies in soft agar (Figures 2A and 2D), and downregulation of
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Figure 2. Mitochondrial TRAP1 Confers
Transforming Potential to Cells
(A and B) Soft agar tumorigenesis assays were
performed both in nontransformed cells (i.e.,
human epithelial prostate RWPE-1 cells) (A) and
MEFs (D), stably transfected with either a TRAP1
cDNA or with a scrambled shRNA (mock); and in
transformed cells, i.e., human epithelial prostate
RWPE-2 cells obtained by v-Ki-Ras expression in
RWPE-1 cells (B); cells dubbed shTRAP1a and
shTRAP1b were transfected with different TRAP1
shRNAs.
(C) Expression of a mouse TRAP1 cDNA
(MTRAP1) insensitive to human-directed shTRAP1
constructs reinstated the capability to form foci in
human osteosarcoma SAOS-2 cells stably trans-
fected with TRAP1 shRNAs (shTRAP1).
(D and E) Growth of colonies in soft agar was also
assessed in MEF cells (D) or in SAOS-2 shTRAP1
@e}’\ cells (E) stably transfected with a TRAP1 construct
lacking the mitochondrial import sequence
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TRAP1 expression in RWPE-2 prostate cells, which are trans-
formed by expression of v-Ki-Ras in RWPE-1 cells (Rasola
et al., 2010a), abolished their tumorigenic features (Figure 2B).
Moreover, stable transfection of a murine TRAP1 cDNA, which
is insensitive to human-directed small hairpin RNA (shRNA)
constructs, reinstalled the tumorigenic capability of shTRAP1
cells (Figure 2C). Mitochondrial localization of TRAP1 was
essential for its proneoplastic activity, as expression of a
TRAP1 cDNA devoid of its mitochondrial targeting sequence
was not tumorigenic in either cancer or nontransformed cells
(Figures 2D and 2E).

TRAP1 Binds SDH and Inhibits its Succinate:Coenzyme
Q Reductase Enzymatic Activity

We then asked whether TRAP1 promotes transformation by
acting on mitochondrial metabolism, thus contributing to the
Warburg phenotype. This could occur through an inhibitory
effect on respiration. We used a blue native (BN)-PAGE
approach (Figure 3A), which allows the separation and charac-
terization of protein complexes under nondenaturing conditions
(Wittig and Schéagger, 2008), to investigate a possible interaction
between TRAP1 and ETC complexes. By cutting BN-PAGE
bands and running them on an SDS-PAGE, we could observe
the association between TRAP1 and both complex IV (cyto-
chrome oxidase, COX) and complex Il (succinate dehydroge-
nase, SDH) (Figure 3A). Moreover, by performing an immunoblot
directly on the BN-PAGE, we found TRAP1 to be in correspon-
dence with both complex IV and complex Il bands; notably,
these bands were diffused, and TRAP1 colocalized with their
upper portion, suggesting that TRAP1 contributes to form a mul-
timeric complex of higher molecular weight than the ETC com-
plex per se (Figure 3B). We confirmed the interaction between
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TRAP1 and complex [I/SDH through further approaches,
including (1) immunoprecipitation, finding coimmunoprecipita-
tion (colP) of TRAP1 with SDH and vice versa (Figure 3C), and
(2) mitochondrial protein crosslinking with dimethyl 3,3'-dithio-
bis-propionimidate (DTBP), a homobifunctional compound that
reacts with the primary amines of two interacting proteins at an
average distance of about 8 A (Giorgio et al., 2009), followed
by TRAP1 immunoprecipitation in order to determine whether
TRAP1 and SDH are closely associated. We found that two
TRAP1/SDH complexes are formed in mitochondria (Figure 3D).

We then measured whether TRAP1 affects complex Il enzy-
matic activity. Complex Il couples the Krebs cycle to OXPHOS
by oxidizing succinate to fumarate and then transferring elec-
trons to coenzyme Q; hence, the enzyme is called either SDH
or succinate:coenzyme Q reductase (SQR; Cecchini, 2003;
Lemarie and Grimm, 2011). SQR activity can be assessed spec-
trophotometrically in permeabilized mitochondria after inhibition
of the other ETC complexes by recording the reduction of 2,6-
dichlorophenolindophenol (DCPIP) in the presence of succinate
as an electron donor and coenzyme Q1 as an intermediate elec-
tron acceptor. The slope of the absorbance decline of DCPIP is
directly proportional to SQR activity (see Figure S2A). We found
that SQR enzymatic activity was increased in mitochondria from
shTRAP1 cells relative to those derived from control cells (Fig-
ures 4A, S2A, and S2B). TRAP1 did not affect either the cyto-
chrome oxidase enzymatic activity of complex IV (Figure S2C)
or complex |l protein levels (Figure S2D) or mitochondrial mass
(Figure S2E). Specificity of TRAP1 inhibition on SDH was
assessed by (1) expression of the mouse TRAP1 (in shTRAP1
cells) that is insensitive to human-directed shTRAP1 constructs,
which resulted in inhibition of SQR activity to values similar to
those of mock cells (Figure 4A), and (2) using an inhibitor of
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Figure 3. TRAP1 Binds to ETC Complexes IV and Il

(A) Blue native gel electrophoresis. Bands corresponding to complex IV
(cytochrome oxidase, COX) and complex Il (succinate dehydrogenase, SDH)
were cut, run on a SDS-PAGE, and probed with anti-TRAP1, anti-COX subunit
Il (COXII), and anti-SDH subunit B (SDHB) antibodies.

(B) Western immunoblotting was performed directly on a BN-PAGE. Probing
was carried out with an anti-TRAP1 antibody and, in parallel lanes, with either
an anti-COXII or an anti-SDH subunit A (SDHA) antibody. Note the smeared
signal of both COXIl and SDHA, suggesting that a population of complexes ||
and IV is present in the BN-PAGE; TRAP-1 is in the upper part of each complex
band.

(C) Complex Il and TRAP1 immunoprecipitations (IPs) on lysates of SAOS-2
mock cells. The interaction between TRAP1 and SDHA is shown by colP.
Immunoglobulin G (IgG) is used in negative isotype controls.

(D) Crosslinking experiments on mitochondria from mock SAOS-2 cells.
TRAP1 was immunoprecipitated after mitochondrial treatment with the
crosslinker DTBP, loaded in parallel on separate lanes of an SDS-PAGE, and
probed with either an anti-TRAP1 or an anti-SDHA antibody.
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TRAP1/Hsp90 ATPase activity (Felts et al., 2000), 17-allylamino-
17-demethoxygeldanamycin (17-AAG), whose availability to
mitochondria was recently shown in situ (Xie et al.,, 2011);
17-AAG specifically increased SQR activity in control mitochon-
dria, whereas shTRAP1 mitochondria were insensitive to the
drug (Figures 4A, 4B, and S2B). Notably, the effect of 17-AAG
was unrelated to Hsp90, as Hsp90 protein levels were the
same in mock and shTRAP1 cells (Figure S2F). The SQR activity
of ETC complex Il was further inhibited in mitochondria from con-
trol cells that progressed through the focus-forming assay
compared to mitochondria from the same cells kept in standard
culture conditions, whereas no change in SQR activity could be
appreciated in mitochondria from shTRAP1 cells during the

focus-forming experiments (Figure 4B). 17-AAG could still reac-
tivate the SDH enzyme in mitochondria of TRAP1-expressing
cells undergoing the focus-forming process (Figure 4B), indi-
cating that even the enhanced inhibition of SQR activity occur-
ring during the in vitro transformation progression is mediated
by TRAP1 and remains reversible. In further accord with an inhib-
itory function of TRAP1 on ETC complex Il, mitochondria from
MEF cells stably expressing TRAP1 showed a diminished SQR
activity compared to controls, and this inhibition was increased
during the focus-forming assay; 17-AAG reactivated SDH selec-
tively in mitochondria from TRAP1-expressing MEFs (Figure 4C).

TRAP1 Induction Inhibits Complex Il Enzymatic Activity
in Human Colorectal Cancers

TRAP1 expression was shown to be increased in a variety of
tumor types (Kang et al., 2007 and http://www.proteinatlas.
org/). We analyzed the SQR activity of ETC complex Il in a set
of human colorectal cancer samples and compared it with that
measured in the surrounding nontransformed mucosa for each
patient. In all colorectal cancer samples at stage IV, character-
ized by metastases to lymph nodes and to distant sites, and in
the majority of samples of stage I-lll, characterized by the
absence of distant metastases, TRAP1 was upregulated relative
to normal mucosa (Costantino et al., 2009). When we measured
SQR activity in extracts from these samples, we found that
TRAP1 upregulation was always paralleled by a decrease in
SQR activity, and that this decrease could be partially rescued
by adding 17-AAG before starting recordings (Figure 4D). In a
small subset of stage I-lll colorectal cancers, TRAP1 expression
was not induced relative to surrounding nontumor tissues. In
these samples, we could not detect any difference in SQR activ-
ity between samples from tumor and normal mucosa (Figure 4E),
strengthening the link between TRAP1 and the regulation of
complex Il activity.

TRAP1 Inhibits Cell Oxygen Consumption Rate and ATP
Production by OXPHOS

The SQR assays described so far measure the maximal enzy-
matic activity of complex Il, as the complex is made accessible
in permeabilized mitochondria and exposed to an excess of sub-
strates. We next analyzed whether TRAP1 also affects the oxy-
gen consumption rate (OCR) of living cells. Downregulation of
TRAP1 markedly increased mitochondrial-dependent respira-
tion in all cancer cell models we tested (Figures 5A, S3A, and
S3B); in full accord with the effect of the drug on SQR activity
(see Figure 4A), the TRAP1 inhibitor 17-AAG increased OCR
only in TRAP1-expressing cells (Figure S4A). In shTRAP1 cells,
the extra OCR was used to make ATP, as it was inhibited
by the ATP synthase blocker oligomycin; moreover, addition of
the uncoupler FCCP increased respiration well above the basal
level, indicating an increased respiratory capacity that remained
fully sensitive to ETC inhibition by rotenone (Figure 5A). The com-
parison with control cells is striking because, unlike shTRAP1
cells, they already utilize their maximal respiratory capacity
under basal conditions, as shown by the lack of OCR increase
with FCCP (Figure 5A), an arrangement implying that any addi-
tional ATP requirement must be provided by glycolysis. Consis-
tently, we found that OXPHOS marginally contributes to ATP
synthesis in mock cells, whereas a high proportion of the
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Figure 4. TRAP1 Downregulates the Enzymatic Activity of RC Complex Il

(A and B) Analysis of the SQR enzymatic activity of complex Il in mitochondria from SAOS-2 cells. In (A), analysis is performed on mitochondria from cultured cells;
in (B), complex Il activity values of mitochondria from cultured cells are compared with mitochondrial extracts from focus-forming assays obtained at the 15t
experimental day (i.e., 1-2 days before cells that did not form foci massively underwent death). Mock indicates SAOS-2 cells stably transfected with a scrambled
shRNA; shTRAP1 indicates SAOS-2 cells stably transfected with a TRAP1 shRNA; shTRAP1 + mTRAP1 indicates SAOS-2 shTRAP1 cells transfected with a
mouse TRAP1 cDNA insensitive to human-directed shTRAP1 constructs (see Figure 2C). Enzyme activity values are compared to those of SAOS-2 mock cells in
culture.

(C) SQR activity is measured on mitochondria from MEFs kept in culture or undergoing a focus-forming assay (15™ day). TRAP1 indicates cells stably transfected
with the TRAP1-containing vector; cells stably transfected with a control vector are dubbed mock. Enzyme activity values are compared to those of mitochondria
from TRAP1-expressing MEFs in culture. TRAP1 inhibitor 17-AAG was added 5 min before starting recordings. Bar graphs report mean + SD values (n > 3);
*p < 0.01 with a Student’s t test analysis.

(D and E) Representative analyses of SQR activity on human colorectal cancer (CRC) samples are compared to surrounding noncancerous mucosae of the same
patient. As shown in the insets, TRAP1 expression was compared between each CRC and noncancerous mucosa by western immunoblot followed by densi-
tometric analysis normalized to GAPDH, which was used as a loading control. TRAP1 was considered induced when the ratio of the protein level between tumor
sample and surrounding noncancerous mucosa was > 3. Samples reported in (D) were obtained from metastatic CRC tumors and display an increase of TRAP1
expression in tumors with respect to mucosae; samples reported in (E) were obtained from nonmetastatic CRC tumors and do not show any relevant increase of
TRAP1 expression.

intracellular ATP content is provided by glycolysis, with a marked
increase of glycolytic ATP during the in vitro tumorigenic pro-
cess; instead, in sShTRAP1 cells, most of the ATP comes from
OXPHOS (Figure 5B). Moreover, expression of the TRAP1
cDNA in nontransformed fibroblasts markedly inhibited basal
OCR and abolished any respiratory reserve (Figure 5C),
mimicking the respiratory pattern of TRAP1-expressing tumor
cells. Expression in shTRAP1 cells of the murine TRAP1 insensi-
tive to human-directed shTRAP1 constructs determined an OCR
pattern indistinguishable from that of mock cells (Figure 5D).

992 Cell Metabolism 77, 988-999, June 4, 2013 ©2013 Elsevier Inc.

SDH Inhibitors Selectively Affect Respiration, Survival,
and Soft Agar Growth in shTRAP1 Cells

A low concentration of the ETC complex Il inhibitors 3-nitropro-
pionic acid (3-NP), which inactivates SDH after covalent binding
with an Arg residue in the catalytic core of SDHA (Huang et al.,
2006), or thenoyltrifluoroacetone (TTFA), which blocks electron
transfer from succinate to coenzyme Q at the quinone-binding
site in subunits B and D (Huang et al., 2006), inhibited OCR in
shTRAP1 cells but were inactive in the presence of TRAP1 (Fig-
ures S4B and S4C), paralleling the downmodulation of the SQR
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Figure 5. TRAP1-Induced Downmodulation of SDH Activity Decreases Cell Oxygen Consumption Rate and OXPHOS-Dependent Synthesis

of ATP and Prompts Resistance to Stress Stimuli

(A) Representative traces of OCR experiments performed on monolayers of living SAOS-2 cells. Subsequent additions of the ATP synthase inhibitor oligomycin,
the uncoupler FCCP, the ETC complex | inhibitor rotenone, and the ETC complex Il inhibitor antimycin A were carried out.

(legend continued on next page)
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activity induced by 3-NP only in TRAP1-expressing mitochon-
dria (Figure 5E). These data indicate that TRAP1 limits maximal
respiration by acting at ETC complex Il. We also found that
3-NP inhibits death in a dose-dependent fashion in shTRAP1,
but not in mock SAOS-2 cells placed in conditions of long-
term starvation that mimic the paucity of nutrients found in the
inner tumor mass during the phases of its rapid accrual (Fig-
ure 5F). Moreover, treatment with 3-NP partially restored the
ability of shTRAP1 cells to form colonies in soft agar, whereas
it was ineffective on the colonies formed by control cells
(Figure 5G).

TRAP1 Induces Succinate Accumulation and HIF1«
Stabilization, which Is Required for Tumor Cell Growth

It was shown that succinate induces HIF1 by inhibiting PHDs, the
enzymes that hydroxylate HIF 14, allowing its subsequent ubiqui-
tin-dependent degradation (Selak et al., 2005). We observed that
during the focus-forming assay, the intracellular level of succi-
nate increased only in TRAP1-expressing cells (Figure 6A),
matching the downmodulation of their SDH enzymatic activity
(Figure 4B). In keeping with these results, HIF 1o was detectable
exclusively in TRAP1-expressing cells during the focus-forming
process (Figure 6B), whereas it was hydroxylated on Pro resi-
dues (i.e., primed for proteasomal degradation) both in culture
conditions, independently of the presence of TRAP1, and in
shTRAP1 cells exposed to focus-forming conditions (Figure 6C).
HIF2a, which shares some redundant functions with HIF1a and
whose expression is increased in a broad spectrum of cancer
cell types (Keith et al., 2012), was not stabilized in our experi-
mental conditions (Figure 6D). We then used pimonidazole, a
compound that is reductively activated under hypoxic conditions
and forms protein adducts by reacting with Cys residues (Arteel
et al., 1998), to understand whether HIF 1« stabilization could at
least partially depend on hypoxic conditions occurring during the
formation of foci. Remarkably, we could not detect any induction
of pimonidazole-protein adducts in TRAP1-expressing cells dur-
ing the process of in vitro tumorigenesis, even when HIF1e had
already been stabilized (Figure 6E), which demonstrates that
pseudohypoxic conditions elicited by the presence of TRAP1
are sufficient to promote HIF1a stabilization. Tumor samples
obtained from nude mice xenografted with TRAP1-expressing
SAOS-2 cells (see Figure 1D) were characterized by densely
packed cells, amidst which fibrotic and necrotic areas could
be observed (Figure 6F, marked as F and N, respectively);
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HIF1o was clearly detected in the majority of cells, the signal
being particularly strong in the nuclei of cells where proliferation
markers were also evident (compare the MIB/Ki67 and the HIF 1«
staining in Figure 6F). In these samples, cells displayed a punc-
tate TRAP1 signal that fits well with its mitochondrial localization
(see the high-magnification TRAP1 staining in Figure 6F). The
addition of dimethyl succinate, a membrane-permeable succi-
nate analog, to the focus-forming culture medium both stabilized
HIF1a (Figure 7A) and rescued the capability to form colonies
(Figure 7B) in shTRAP1 cells, while it did not further increase
the tumorigenicity of TRAP1-expressing cells (Figure 7B). More-
over, HIF1a inhibition either with a cell-permeable esterified
form of a-ketoglutarate (1-trifluoromethylbenzyl-a-ketogluta-
rate, TaKG), which reverses HIF1a stabilization by restoring
PHD enzymatic activity (MacKenzie et al., 2007; Tennant et al.,
2009), or with RNAi on HIF1« or HIF 1, the latter being the stable
subunit of the heterodimeric HIF transcription factors (Keith
et al.,, 2012), fully abolished formation of foci in TRAP1-express-
ing tumor cells and in MEFs transfected with a TRAP1 cDNA
(Figures 7C-7F). Taken together, these data indicate that
TRAP1 prompts neoplastic growth by inducing a succinate-
dependent stabilization of HIF1 4.

DISCUSSION

Tumor cells tend to increase their glycolytic activity without a
matching increase of oxidative phosphorylation (Warburg,
1956; Warburg et al., 1927). Inhibition of the tumor suppressor
p53 or activation of the transcription factor HIF1 curtails
OXPHOS by inducing the autophagic degradation of respiratory
complexes and by abrogating the synthesis of some of their sub-
units (such as SDHB) or assembly factors (Denko, 2008;
Semenza, 2010a; Vousden and Ryan, 2009). Conversely,
OXPHOS inhibition can play a causal role in tumorigenesis. Inac-
tivating mutations in mitochondrial DNA (mtDNA) genes encod-
ing for subunits of ETC complexes | and Il were found associ-
ated with renal oncocytomas (Gasparre et al., 2008) as well as
thyroid and prostate cancers (Abu-Amero et al., 2005; Petros
et al., 2005). However, these mutations are confined to a small
set of neoplasms, and the lack of clear-cut molecular mecha-
nisms hampers the definition of whether OXPHOS inhibition as
such can play a general tumorigenic role. Key findings of
the present work demonstrate that the mitochondrial chap-
erone TRAP1, which is widely expressed in most tumors, but

(B) ATP levels were measured in mock or shTRAP1 SAOS-2 cells kept in standard culture conditions (bars on the left) or in a focus-forming assay for 15 days (i.e.,
1-2 days before cells that did not form foci massively underwent death (bars on the right). Where indicated, cells were treated for 2 hr with the ATP synthase
inhibitor oligomycin or the hexokinase inhibitor 5-thioglucose (5TG) in a no-glucose medium to discriminate between ATP produced by OXPHOS and by
glycolysis.

(C and D) Representative traces of OCR experiments performed on monolayers of living MEF cells (C) or SAOS-2 cells (D). Experiments were carried out as in (A).
(E) Analysis of the effect of the SDH inhibitor 3-NP on the SQR enzymatic activity of complex Il in mitochondria from SAOS-2 cells. 3-NP was added 5 min before
starting recordings; 10 mM 3-NP was used to fully inhibit the SDH enzyme.

(F) Cytofluorimetric cell death analysis of SAOS-2 cells starved in a medium without serum for 96 hr with or without the reported concentrations of 3-NP. Viable
cells are identified as double negative for propidium iodide and Annexin V-FITC.

(G) Soft agar assay on SAOS-2 cells. Data are reported as fold increase of colony area of mock cells grown with 3-NP compared with mock cells kept without the
drug (left) and, separately, as fold increase of colony area of shTRAP1 cells grown with 3-NP compared with shTRAP1 cells kept without the drug (right). In
SAOS-2 experiments, mock indicates cells stably transfected with a scrambled shRNA; shTRAP1 indicates cells stably transfected with a TRAP1 shRNA;
shTRAP1 + mTRAP1 indicates cells stably transfected with a TRAP1 shRNA and expressing a mouse TRAP1 cDNA. In the experiment with MEFs, cells were
stably transfected with either a TRAP1 cDNA or a scrambled shRNA (mock). All bar graphs report mean + SD values (n > 3); *p < 0.01 with a Student’s t test
analysis.
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(A) Bar graphs showing liquid chromatography-mass spectrometry (LC-MS) measurements of intracellular succinate level. Values are compared with cultured

mock SAOS-2 cells.

(B-D) Western immunoblots showing HIF1a expression (B), HIF1a hydroxylation of the Pro402 and Pro564 residues (C), and HIF2a expression in cultured cells

and on extracts from focus-forming assays obtained at the 15" experimental day (i.e., 1-2 days before cells that did not form foci massively underwent death).

CoCl, is used as a positive control for HIF1a and HIF2a. stabilization. Blots were probed with an anti-actin (B) or an anti-GAPDH (C and D) antibody to check for

protein load.

(E) Detection of pimonidazole-protein adducts in SAOS-2 mock cells kept in either normal culture or focus-forming conditions for 10 or 15 days. Pimonidazole

(200 uM) was added on the focus-forming plate 2 hr before lysis. As a positive control, cells were kept for 24 hr in a hypoxic chamber (0.5% O,). On

(legend continued on next page)
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not in highly proliferating, nontransformed cells (http://www.
proteinatlas.org/), is a component of the molecular machinery
that decreases mitochondrial respiration and that this event is
crucial for neoplastic progression. Indeed, we find that TRAP1
behaves as an oncogene since (i) without TRAP1, tumorigenesis
is blunted both in vitro and in vivo, and (ij) TRAP1 expression con-
fers tumorigenic potential to nontransformed cells. We observe
that TRAP1-mediated inhibition of SDH limits the maximal rate
of respiration and leads to succinate accumulation followed by
HIF1a, but not HIF2a, stabilization. Remarkably, the mem-
brane-permeable succinate analog dimethyl succinate could
both elicit HIF1a stabilization and rescue the tumorigenic pheno-
type of shTRAP1 cells, highlighting the mechanistic connec-
tion between TRAP1-dependent succinate accumulation and
HIF1a-dependent tumor formation.

The role played by the transcription factor HIF1 in tumorigen-
esis is complex. Once activated by inhibition of the proteasomal
degradation of its « subunit (either HIF1a or HIF2a), and by the
ensuing association with the stable 8 subunit (HIF1p), HIF1 can
boost evolution of neoplasms by promoting angiogenesis,
epithelial-mesenchymal transition, and the glycolytic switch
(Brahimi-Horn et al., 2011; Semenza, 2010a). In multiple tumor
models, both HIF1e and HIF2a promote neoplastic progression
by regulating sets of genes that are only partially shared, and
independent roles for HIF1o and HIF2« can depend on the can-
cer type or on its growth and progression stages (Keith et al.,
2012). However, both o subunits can play a tumor suppressor
function in specific tumor types, such as renal cell carcinoma
(HIF1e) or lung adenocarcinoma (HIF2¢), through poorly
defined mechanisms. In our model, HIF1a stabilization, and
the ensuing HIF activation, have a crucial proneoplastic role,
as promoting HIF1a degradation or knocking down either
HIF1a or HIF1B abolishes the neoplastic potential of TRAP1-
expressing cells. Instead, we could not observe any HIF2q
stabilization, ruling out its role in the TRAP1-dependent tumor-
igenic process. It is interesting that HIF2o. accumulates at
higher O, concentrations than HIF1a (Keith et al., 2012), and
the possibility exists that, at variance with what we observe
for HIF1a, pseudohypoxic conditions are insufficient or unable
to stabilize HIF2a.

HIF1a stabilization emerges after several days of in vitro trans-
formation. This is not at all surprising because excess succinate
can be utilized in multiple pathways, including increased heme
synthesis (Frezza et al., 2011), and because SDH becomes
more strongly inhibited by TRAP1 during the focus-forming
assay. The latter observation also suggests that a threshold
SDH inhibition must be reached to allow for succinate accumu-
lation. Despite a partial respiratory inhibition, TRAP1-expressing
cells fully utilize their residual respiratory capacity to produce
ATP, as shown by OCR experiments, but reorient their meta-
bolism toward glycolysis to meet any energy demand that
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exceeds respiratory capacity, in complete accord with War-
burg’s observations.

TRAP1 is likely to begin a feedforward loop, as it inhibits SDH
and respiration (hence OXPHOS) and induces HIF1, which in turn
further inhibits OXPHOS (Denko, 2008; Semenza, 2010b) and
directly downregulates SDH by induction of miR-210 (Puisségur
et al., 2011). Notably, we have determined that TRAP1-depen-
dent stabilization of HIF1« occurs in a pseudohypoxic way (i.e.,
in the absence of any hypoxic stress). This observation has
potential implications for the kinetics of tumor development, as
TRAP1 could induce HIF1 transcriptional activity even before
the dysregulated accrual of the tumor mass creates hypoxic
areas in its inner core.

At variance with the complete block of the SDH enzyme, which
is an extreme case caused by loss-of-function mutations only
seen in specific subsets of tumors (Bardella et al., 2011), the par-
tial and reversible SDH inhibition caused by TRAP1 and its
increased expression levels would mediate a more general pro-
neoplastic function, which fits with TRAP1 identification as a
bona fide inducible target of the proto-oncogene c-Myc (Coller
et al., 2000).

Tumor cells could be endowed with a multichaperone mito-
chondrial complex, as TRAP1 interacts with cyclophilin D,
Hsp90, and Hsp60 (Ghosh et al., 2010; Kang and Altieri, 2009).
Given the multiplicity of chaperone client proteins, we cannot
exclude further interactions of TRAP1 with other mitochondrial
components. For instance, TRAP1 is involved in the inhibition
of the mitochondrial permeability transition pore (Kang et al.,
2007), whose opening irreversibly commits cells to death (Rasola
and Bernardi, 2007; Rasola et al., 2010b), and we have observed
that keeping the pore locked can be used by tumor cells to evade
apoptosis (Rasola et al., 2010a). Thus, TRAP1 could take part in
several mitochondrial changes that crucially contribute to the
neoplastic phenotype. Targeting its chaperone activity and
molecular interactors could dismantle the metabolic and survival
adaptations of neoplastic cells, paving the way to the develop-
ment of highly selective, mitochondriotropic antineoplastic
drugs.

EXPERIMENTAL PROCEDURES

Detailed methods can be found in the Supplemental Experimental Procedures.

Cell Cultures and Tissue Samples

Experiments were performed on different cell models: human SAOS-2 osteo-
sarcoma cells, human HCT116 colorectal carcinoma cells, RWPE1/RWPE2
prostate epithelial cells, HelLa cervix carcinoma cells, and MEFs. TRAP1,
HIF1a, and HIF1B expression was knocked down by stable transfections
with shRNAs. Cells transfected with scrambled shRNA were always used as
controls. TRAP1 re-expression in interfered human cells was obtained by
using a mouse cDNA. Stable transfection of a TRAP1 cDNA was performed
in MEF cells that show negligible levels of the endogenous protein. Tissue

the same samples, both HIF1a stabilization and the expression level of TRAP1 were evaluated; blots were probed with an anti-GAPDH to check for

protein load.

(F) Immunohistochemical inspections of tumors formed by SAOS-2 control cells after injection in nude mice (see Figure 1F). Hematoxylin and eosin (H&E) and
Azan-Mallory staining reveal tumors rich in densely packed cells, with few fibrotic areas (F) and a large number of necrotic regions (N). TRAP1 is visible in most
cells (see the 6.25x magnification) as a punctate signal (100 x magnification), which is compatible with its mitochondrial localization. HIF1a expression is evident
all along the samples (see the 6.25x magpnification), mainly in the nuclear compartment of cells (100x magnification), and the signal is particularly strong in the
perinecrotic areas, where the proliferation marker MIB-1/Ki67 is also found (25x magnification).
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Figure 7. TRAP1 Favors Tumor Growth
through Succinate-Dependent Stabilization
of HIF1a

(A) Western immunoblot showing HIF1a stabiliza-
tion in SAOS-2 cells kept either in culture or in
focus-forming conditions in the presence of the
cell-permeable succinate analog dimethyl succi-
nate (20 mM, 48 hr). Extracts from focus-forming
assays were obtained at the 15" experimental day
(i.e., 1-2 days before cells that did not form foci
massively underwent death). Blots were probed
with an anti-GAPDH to check for protein load.
Cells are dubbed as in previous figures with
respect to TRAP1 expression.
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(B) Soft agar experiments performed on SAOS-2
cells treated with dimethyl succinate (5 mM). Data
indicate the total colony area at the 25™ experi-
mental day.

(C-F) Focus-forming assays on SAOS-2 cells (C) or
MEFs (D) grown with or without TaKG and on
SAO0S-2 cells in which HIF1a (E) or HIF1B (F)
expression had been knocked down by RNAi. Data
are reported as in Figure 1A. In (E), CoCl, treatment
is used to maximize HIF1a. expression. In (F),
knocking down of HIF1p is obtained with a mixture
of three different shRNAs. Bar graphs report
mean + SD values (n > 3); *p < 0.01 with a
Student’s t test analysis. Cells are dubbed as in
previous figures.
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samples from both tumor and normal, noninfiltrated peritumoral mucosa were
obtained from patients with colorectal carcinoma during surgical cancer
removal after express written informed consent was obtained from all patients.

Tumorigenesis Assays

Three different tumorigenesis assays were performed: (1) focus-forming
assays, in which cells were grown to confluence and kept in culture for the sub-
sequent 25 days; tumor cells lose contact inhibition and overgrow to form foci;

TRAP1
kDa mock shHIF1p

36-| . W |GAPDH

Focus-forming assay

mock shHIF1p

mock

(2) soft agar assays, in which cells are embedded
in an agar matrix; only transformed cells, which
escape anoikis death signals, can grow to form
colonies; (3) cell injection in nude mice, in order
to follow the growth of primary tumors. Samples
obtained from these assays were also exploited
for investigating changes in complex Il enzymatic
activity in succinate levels and in HIF1a stabiliza-
tion and distribution.

HIF1p

Cytofluorimetric Analyses

Cytofluorimetric analyses were utilized to analyze
cell death induction with the use of Annexin V-
FITC and propidium iodide probes as well as mito-
chondrial mass with the use of N-acridine orange.

Mitochondria Purification

Mitochondria were isolated through sequential
centrifugations after mechanical cell disruption.
In order to establish submitochondrial protein
localization, isolated mitochondria were partially
digested with different concentrations of trypsin.

Western Imnmunoblots and
Immunoprecipitations, BN-PAGE,

and Crosslinkings

Western immunoblot and immunoprecipita-
tion experiments were performed following stan-
dard techniques. BN-PAGE experiments were carried out on isolated
mitochondria in order to identify ETC complexes. After a first elec-
trophoresis in nondenaturing conditions, bands were visualized with
Coomassie blue staining, cut, and run on SDS-PAGE for the identi-
fication of protein components by western immunoblot. Crosslinking
assays were performed on isolated mitochondria incubated with the
membrane-permeable, homobifunctional reagent DTBP prior to TRAP1
immunoprecipitation.
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ETC Complex Il Activity Assays and Oxygen Consumption Rate
Experiments

Complex Il enzymatic activity was investigated, measuring the SQR activity
with classical spectrophotometric approaches on cell or tumor lysates. Com-
plex IV enzymatic activity was investigated, measuring the oxidation of
reduced cytochrome c. Each measurement of the respiratory chain (RC)
complex activity was normalized for protein amount and for citrate synthase
activity. In vivo respiration was followed in a kinetic mode by measuring the
oxygen consumption rate (OCR) of cell monolayers with an extracellular flux
analyzer.

Immunohistochemical and Immunoelectron Microscopy Analyses
Immunohistochemical inspections were performed on serial sections of
paraffin-embedded tumor samples obtained from xenografted nude mice
following standard procedures. Immunoelectron microscopy (immuno-EM)
inspections were performed on antibody-labeled fixed cells using the gold-
enhanced protocol.

Determination of Intracellular Succinate Level

Intracellular succinate level was analyzed on lysates obtained by scraping
cells placed in a cold methanol/acetonitrile solution. After spinning down
the insoluble material, the supernatant was collected, and metabolites
were separated using a liquid chromatography system coupled online to an
LTQ Orbitrap mass spectrometer equipped with an electrospray ionization
source.

Intracellular ATP Determination
Intracellular ATP was quantified by the luciferin/luciferase method. Cells were
kept for 2 hr in the different experimental conditions.

Statistical Analysis
Student’s t test was used to compare pairs of data groups. In all figures, bar
graphs report mean + SD values (n > 3); *p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cmet.2013.04.019.
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SUMMARY

The increased longevity of the C. elegans electron
transport chain mutants isp-7 and nuo-6 is mediated
by mitochondrial ROS (mtROS) signaling. Here
we show that the mtROS signal is relayed by
the conserved, mitochondria-associated, intrinsic
apoptosis signaling pathway (CED-9/Bcl2, CED-4/
Apaf1, and CED-3/Casp9) triggered by CED-13, an
alternative BHS3-only protein. Activation of the
pathway by an elevation of mtROS does not affect
apoptosis but protects from the consequences of
mitochondrial dysfunction by triggering a unique
pattern of gene expression that modulates stress
sensitivity and promotes survival. In vertebrates,
mtROS induce apoptosis through the intrinsic
pathway to protect from severely damaged cells.
Our observations in nematodes demonstrate that
sensing of mtROS by the apoptotic pathway can,
independently of apoptosis, elicit protective mecha-
nisms that keep the organism alive under stressful
conditions. This results in extended longevity when
mtROS generation is inappropriately elevated. These
findings clarify the relationships between mitochon-
dria, ROS, apoptosis, and aging.

INTRODUCTION

The observed association of the aging process with the biology
of reactive oxygen species (ROS), in particular ROS origi-
nating from mitochondria (mtROS), has led to the formulation
of the oxidative stress theory of aging. Recently, however,
more nuanced interpretations have been proposed to explain
the basic observations that led to the formulation of the theory
(Lapointe and Hekimi, 2010; Sena and Chandel, 2012). One pos-
sibility is that ROS damage is not causally involved in the aging
process but that ROS levels are correlated with the aged pheno-
type because they modulate signal transduction pathways that
respond to cellular stresses brought about by aging (Hekimi
et al., 2011). In other words, ROS generation may be enhanced
by the aging process because, in their role as signaling mole-
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cules, ROS help to alleviate the cellular stresses caused by
aging. This hypothesis is supported by findings in a variety of
organisms, in particular in C. elegans where changes in ROS
generation or detoxification can be uncoupled from any effect
on lifespan (Doonan et al., 2008; Van Raamsdonk and Hekimi,
2009, 2010; Yang et al., 2007). Most strikingly, moderate mito-
chondrial dysfunction (Felkai et al., 1999; Feng et al., 2001;
Yang and Hekimi, 2010b), severe loss of mtROS detoxification
(Van Raamsdonk and Hekimi, 2009), and elevated mtROS
generation (Yang and Hekimi, 2010a), as well as treatments
with pro-oxidants (Heidler et al., 2010; Lee et al., 2010; Van
Raamsdonk and Hekimi, 2012; Yang and Hekimi, 2010a), can
all lengthen rather than shorten lifespan. In addition, the pro-
longevity effects of both dietary restriction (Schulz et al., 2007),
and reduced insulin signaling in C. elegans (Zarse et al., 2012),
appear to involve an increase in ROS levels. Such observations
are not limited to C. elegans. For example, mtROS signaling can
act to extend chronological lifespan of the yeast S. cerevisiae
(Pan et al., 2011).

The longevity phenotype of isp-71(gm150) (Feng et al., 2001)
and nuo-6(gm200) (Yang and Hekimi, 2010b) mutants is most
unequivocally connected to mtROS generation (Yang and
Hekimi, 2010a). isp-1 encodes the “Rieske” iron sulfur protein,
one of the major catalytic subunits of mitochondrial complex
lll, and nuo-6 encodes the mitochondrial complex | subunit
NDUFB4. The gm150 and gm200 mutations are missense muta-
tions that do not lead to a full loss of protein function. Mitochon-
dria isolated from both mutants show elevated superoxide
generation, as measured by fluorescence sorting of purified
mitochondria incubated with the dye MitoSox (Yang and Hekimi,
2010a). This is a very specific phenotype that is not accompa-
nied by an increase in overall mitochondrial oxidative stress,
nor by a measurable increase in overall oxidative damage. The
long-lived phenotype can also be phenocopied by treatment of
the wild-type with a very low level (0.1 mM) of the superoxide
generator paraquat (PQ). In contrast, treatment of the mitochon-
drial mutants with PQ has no effect, suggesting that treatment
with PQ extends lifespan by the same mechanisms as the mito-
chondrial mutations (Yang and Hekimi, 2010a).

Increased longevity can also result from induction of the mito-
chondrial unfolded protein stress response (mtUPR), which can
be triggered by RNA interference knockdown of mitochondrial
components (Dillin et al., 2002; Durieux et al., 2011; Lee et al.,
2003). This response is however distinct from the response to
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elevated mtROS as the lifespan increases produced by the
elevated mtROS in the mutants and by the activated mtUPR
are fully additive (Yang and Hekimi, 2010b).

How might elevated mtROS promote longevity? ROS are well
known to act as modulators in signal transduction pathways,
and it is as such that they might be enhancing longevity. One
candidate signaling pathway that could include potential mtROS
sensors as well as a mechanism of downstream signaling is the
intrinsic apoptosis pathway. Apoptosis is a highly controlled pro-
cess that in mammals is sensitive to mitochondrial function,
including mtROS, via the intrinsic apoptosis signaling pathway
(Wang and Youle, 2009). In C. elegans the intrinsic apoptotic
machinery consists of the BH3-only protein EGL-1, CED-9
(Bcl2-like), CED-4 (Apaf1-like), and CED-3 (Casp9-like). CED-9
is tethered to the outer mitochondrial membrane and binds
CED-4. However, in contrast to vertebrates, there is no evidence
for any role for mtROS in regulating apoptosis in C. elegans.

Interestingly, the individual proteins or pairs of interacting pro-
teins of the apoptotic signaling machinery appear to be able to
carry out apoptosis-independent functions. For example, EGL-
1 and CED-9 affect mitochondrial dynamics (Lu et al., 2011),
CED-4 and CED-3 promote neuronal regeneration (Pinan-
Lucarre et al., 2012), CED-4 appears to be involved in hypoxic
preconditioning (Dasgupta et al., 2007) and S-phase checkpoint
regulation (Zermati et al., 2007). These and similar findings in
other organisms (Galluzzi et al., 2008) suggest that the proteins
of the intrinsic apoptotic pathway have bona fide signal trans-
duction activities in other processes. However, in no case to
date has the full pathway, from a BH3-only protein to a caspase,
been found to be involved in a process distinct from apoptosis.

Here, we show that the isp-7 and nuo-6 mutations and 0.1 mM
PQ treatment induce a unique pattern of changes in gene expres-
sion. Strikingly, we found that mutations in the conserved intrinsic
apoptosis signaling pathway (ced-9, ced-4, and ced-3) suppress
the longevity of isp-1 and nuo-6 mutants, independently of inhibi-
tion of apoptosis. Moreover, unlike apoptosis, which requires the
BH3-only protein EGL-1, the suppression of isp-1 and nuo-6
requires the BH3-only protein CED-13, which is not required for
apoptosis. Treatment with PQ can bypass the need for CED-
13, suggesting that mitochondrial ROS acts directly on activation
of the pathway, possibly by acting on CED-9 and CED-4, which
are associated with mitochondria. Loss of apoptotic signaling
also suppresses most of the other phenotypes of isp-7 and
nuo-6, such as slow development, slow behaviors, altered gene
expression, and sensitivity to heat, but not the primary defects
of low oxygen consumption and low ATP levels. The finding
that the hypometabolic and hypersensitive phenotypes can be
suppressed at the same time as longevity, without suppression
of the low oxygen consumption and ATP concentration, indicates
that these phenotypes are actively induced by mtROS to protect
from mitochondrial dysfunction.

RESULTS
Pro-Longevity mtROS Signaling Induces a Unique
Pattern of Gene Expression

The effects of isp-1(gqm150) and nuo-6(gm200) mutations on
longevity are not additive, and a low dose of PQ (0.1 mM)
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increases the lifespan of the wild-type, but not of either of
the mutants, (Yang and Hekimi, 2010a, b). These observations
suggest that a common mechanism underlies the increased
longevity in all three conditions. To test this further, we used
Affymetrix C. elegans microarrays to characterize patterns
of gene expression in the two mutants and in wild-type
PQ-treated worms. The lists of genes with significantly altered
expression overlap considerably (Table S1 available online);
621 genes were upregulated and 1,161 were downregulated
in all three conditions (Figure 1A). This confirms that PQ
treatment and the two mutations induce common changes
in worm physiology. However, the only feature revealed by
Gene Ontology (GO)-term analysis was a downregulation of
large families of kinases and phosphatases whose expression
is linked to the production of sperm (Reinke et al., 2000). GO-
term analysis did not reveal any obvious pattern pointing to a
specific biological process that could be responsible for the
slow aging phenotype (Table S2). In particular, the list of genes
upregulated in all three conditions is not significantly enriched
in ROS-detoxifying activities or ROS-damage repair activities
(Table S3). This strongly suggests that the longevity increase
under the three conditions is not the result of an over-compen-
satory increase in oxidative defenses in response to increased
levels of mtROS.

We compared the lists of gene with similar lists obtained
by genome-wide expression studies of other mutants and treat-
ments related to the aging process (Table S4). The overlaps were
from 1% to 20% for upregulated genes and from 0% to 33%
for downregulated genes. The highest overlap was with the
short-lived gas-1(fc21) mutant. Although gas-1 is short-lived, it
encodes a subunit of a mitochondrial complex |, which is likely
the source of the similarities. However, the comparison did not
identify a particular process by GO-term analysis (Table S2).
Finally, in contrast to a recent study in yeast where mitochondrial
ROS signaling ultimately resulted in the specific silencing at
subtelomeric loci (Schroeder et al., 2013), we found a uniform
distribution of the downregulated loci across all chromosomes
(Figure S1). Taken together our findings suggest that the pattern
of gene expression induced by elevated mtROS is unique, which
is consistent with the observation that PQ treatment is fully or
partially additive to the pro-longevity effects of mutations in
daf-2, eat-2, and clk-1, and is not fully suppressed by mutations
in daf-16, aak-2, wwp-1, hif-1, skn-1, or hsf-1 (Yang and Hekimi,
2010a).

The Changes in Gene Expression Are Necessary for the
Pro-Longevity Effect of mtROS

To provide a proof-of-principle demonstration of the relevance
for lifespan of the observed changes in gene expression, we
focused on a small group of genes. The possibility that genome
instability is important in determining lifespan remains a strong
hypothesis in biogerontology. Furthermore, there are strong links
between DNA damage and general stress responses (Ermolaeva
et al., 2013). We tested 16 upregulated genes belonging to this
group (Figures 1B, S2 and S3). All numerical values and statistics
for survival data presented in the paper are provided in Table S5.
The knockdown of 3 of the genes in isp-1 mutants only had a very
small effect on lifespan. The knockdown of the 13 other genes
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and in vertebrates is sensitive to mito-
chondrial oxidative stress. We there-
fore tested whether this pathway was
involved in the pro-longevity signal in
worms by scoring the lifespan of double
mutants of isp-7 and nuo-6 with ced-
9gf, ced-4, and ced-3 mutations (Figures
2A-2B, S4A-S4D). The mutations in all
three ced genes significantly suppressed
the longevity of both isp-7 and nuo-6,
without having any significant effects on
lifespan by themselves. The suppression

had a much larger effect on the mutant than on the wild-type and
the knockdown of 7 of these had virtually no effect on the wild-
type but strongly suppressed the longevity of the mutants (Fig-
ures 1B, S2 and S3). The fact that the knockdown of at least
some of the upregulated genes limits the longevity of isp-1
without affecting the wild-type strongly suggest that at least
some and probably many of the changes in gene expression
we observed are necessary for the longevity resulting from
mtROS signaling.

The Longevity Response of isp-1 and nuo-6, but Not that
of Other Longevity Mutants, Requires the Conserved
Intrinsic Apoptotic Signaling Pathway

The intrinsic pathway of apoptosis, which uses conserved
signaling proteins, is physically associated with mitochondria,

by ced-4(n1162) was consistently the
most robust. The suppression by ced-
9(n1950) was somewhat less effective,
possibly because it is a gain-of-function
allele and might therefore not be fully
equivalent to a loss of ced-4(n1162). The somewhat lesser sup-
pression by ced-3(n717) suggests that CED-4 recruits other
effectors as well.

We tested possible effects of ced-4 on other lifespan mutants
that had previously been shown to be genetically distinct from
isp-1/nuo-6, including eat-2, clk-1, daf-2, and glp-1. For this,
we tested lifespan in double-mutant combination with ced-4,
but no effects on the lifespan of these mutants were detected
(Figures S4E-S4H). In addition, previous findings had suggested
that RNAIi against subunits of the ETC prolong lifespan by a
mechanism that is distinct from that of the genomic mutants
isp-1 and nuo-6 (Yang and Hekimi, 2010b). We therefore tested
RNAi against isp-1 and nuo-6 on ced-4 mutants and, as
predicted, ced-4 did not suppress the longevity induced by
the RNAI treatments (Figures S4l and S4J). We conclude that

A
&

Cell 157, 897-909, May 8, 2014 ©2014 Elsevier Inc. 899



A oo - Wild Type B - Wild Type
oo - ced-4 9 - ced-4
E 80 . ® 80 B
3 - isp-1 27 - nuo-6
3 6 - isp-1 ced-4 2 60 - nuo-6; ced-4
€ 50 - 50
8 » § 40
3 30 5 30
& 2 % 20
10 10
0 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45
Days Days
C D )
100; - Wild Type 1004 = Wild Type
90 -egl1 s -egl1
80 5 80
i - isp-1 b =-nuo-6
o - isp-1;egl-1 60 - nuo-6;egl-1

Percent survival
'd
-3

Percent survival
o
=

40 40
30 30
20 20
10 10
04 04
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Days Days
E F )
1004 - Wild Type 133‘ = Wild Type
s - ced-13 4 - ced-13
o - isp-1 o = nuo-6

- isp-1, ced-13 - nuo-6,ced-13

Percent survival
bl
o

Percent survival
L
=

40 40
30 30
20 20
10 10
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Days Days
G 100y - Wild Type H ‘gg' - Wild Type
z: - isp-1 b = isp-1
zs - isp-1 ced-4 70 - isp-1 ced-4

- isp-1 ced-4;ced-13 = isp-1 ced-4; egl-1

Percent survival
d
o

Percent survival
o
=

40 40
30 30
20 20
10 10
'0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55
Days Days
I J 1004 :
% - Wild Type po = Wild Type
5 80 = nuo-6 3 80 —nuo-6.
3 70 = nuo-6;ced-4 2 70 - nuo-6;ced-4
5 = nuo-6;ced-4;ced-13 5 60 - nuo-6;ced-4;egl-1
3 60 4
50 € 50
5w § a0
5 30 E 30
S 2 20
10 10
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Days Days

Figure 2. Genetic Interactions between Longevity and Cell Death Genes
(A and B) Effect of ced-4(n1162) on the survival of isp-1(gm150) and nuo-6(gmZ200).
(C and D) Effect of egl-1(n1084n3082) on the survival of isp-1 and nuo-6.

(legend continued on next page)
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the intrinsic apoptotic signaling machinery uniquely mediates the
longevity of isp-1 and nuo-6.

The Longevity Response Is Independent of Apoptosis
Per Se

As ced-99f, ced-4, and ced-3 affect apoptosis, we scored em-
bryonic and pharyngeal apoptosis in isp-1 and nuo-6 mutants
as well as in ced-4, isp-1 ced-4, and nuo-6;ced-4 double mu-
tants (Table S6). The pattern of apoptosis in the mitochondrial
mutants was indistinguishable from the wild-type, and the
pattern of apoptosis in the double mutants with ced-4 was indis-
tinguishable from that produced by the ced-4 mutation alone,
that is, most cell deaths were eliminated. These findings indi-
cated that isp-17 and nuo-6 do not affect normal or mutant
apoptosis, but they cannot establish whether the normal pattern
of apoptosis is necessary for the mutants’ increased longevity.
For this we turned to the BH3-only protein EGL-1, which is
required for all apoptosis in C. elegans. We scored both
apoptosis and lifespan in egl-1 mutants as well as in egl-1;isp-
1 and egl-1;nuo-6 double mutants. As expected, the egl-7 muta-
tion, like the ced-4 mutation, abolished apoptosis in all three
genotypes (Table S6). However, in contrast to ced-4, ced-9,
and ced-3, egl-1 had no effect at all on lifespan (Figures 2C
and 2D). Thus it is not the absence of apoptosis in the intrinsic
pathway mutants that suppresses the lifespan of the mitochon-
drial mutants.

The Activity of the Intrinsic Apoptotic Signaling Pathway
on Longevity Requires CED-13, an Alternative BH3-Only
Protein

For canonical apoptotic signaling, the intrinsic pathway requires
stimulation by a BH3-only protein. CED-13 is the only other pro-
tein in C. elegans to possess a BH3 domain (Schumacher et al.,
2005). CED-13 has been shown to be able to have some effect
on somatic apoptosis when overexpressed and is also able to
interact with CED-9 in vitro in a way that is similar to that of
EGL-1 (Fairlie et al., 2006). However, loss of CED-13 has very
limited effects and only on DNA damage-induced germline
apoptosis. We found however that the ced-13(sv32) mutation
suppressed the longevity of isp-7 and nuo-6 mutants as effi-
ciently as the mutations in the genes of the core pathway (Fig-
ures 2E and 2F). We verified whether CED-13 acted indeed in
the same pathway as the other CED proteins by testing whether
the effects of ced-13(sv32) were additive to those of ced-
4(n1162) for suppression of the lifespan of isp-1. We found that
the lifespan of the triple mutants isp-7 ced-4;ced-13 and nuo-
6,ced-4;ced-13 were indistinguishable from those of the double
mutants isp-1 ced-4 and nuo-6;ced-4, respectively (Figures 2G
and 2I), indicating that ced-13 acts in the same pathway as
ced-4. As expected, egl-1 had no effect either in triple combina-
tions (Figures 2H and 2J). Thus, rather than EGL-1, CED-13 is the

BH3-only protein that is required for pro-longevity signaling
through the intrinsic pathway.

mtROS Act Downstream of CED-13 for Longevity

We first determined if treatment with 0.1 mM PQ (which does
lengthen wild-type lifespan) or with 0.5 mM PQ (which is too
toxic to lengthen wild-type lifespan) had any effect on apoptosis
(Table S6). No effect was found at either concentration, which is
consistent with mtROS being capable of regulating the CED-13-
dependent activation of the pathway and not apoptosis. We
then treated mutants of all four genes (ced-13, ced-99gf, ced-
4, and ced-3) with 0.1 mM PQ. The effect of PQ on lifespan
was almost completely suppressed by ced-4 and ced-9,
partially by ced-3 but not at all by ced-13 and egl-1 (Figure 3).
This suggested that PQ (and thus mtROS) act downstream
of CED-13. As the ced-13 mutation is capable of suppressing
the lifespan of isp-1 and nuo-6 mutants, its inability to suppress
the longevity induced by PQ suggests that the level of mtROS
is insufficient in the isp-1 and nuo-6 mutants to trigger the
pathway in the absence of stimulation by CED-13 but that the
level of mtROS induced by PQ treatment is sufficient to directly
activate the mitochondria-associated CED-9 and/or CED-4.
Although ced-4 does not suppress the longevity induced by
RNAI against ETC subunits the position of CED-13 upstream
of CED-4 and of mtROS could in principle allow it to regulate
RNAi-dependent longevity through a parallel pathway. How-
ever, no suppression of isp-1(RNAi) by ced-13 or egl-1 was
observed (Figure S5). All further analyses of the pathway
described below were conducted with ced-4 for part of the
pathway downstream of ROS activity, with ced-13 for the
part of the pathway upstream of ROS activity, and with eg/-1
as control for apoptosis per se.

Loss of the Intrinsic Pathway Signaling Does Not
Suppress Low Oxygen Consumption and ATP Levels
isp-1 and nuo-6 encode subunits of mitochondrial respiratory
complexes and the mutations lead to reduced oxygen con-
sumption (Figure S6A and Table S5). This is likely a primary
phenotype directly resulting from altered function of the electron
transport chain. Lower electron transport chain function is
expected to lead to ATP depletion. We found that ATP levels
were low in both mutants and particularly severely in isp-7 mu-
tants (Figure S6B and Table S5). Neither oxygen consumption
nor ATP levels were affected in ced-4, ced-13, or egl-1. To
test whether suppression by the ced mutations was achieved
by restoration of electron transport or ATP levels, we measured
oxygen consumption and ATP levels in suppressed double
mutants (Figures S6C and S6D and Table S5). No effect on ox-
ygen consumption or ATP levels was observed, indicating that
this is not the mechanism by which phenotypic suppression is
achieved.

(E and F) Effect of ced-13(sv32) on the survival of isp-1 and nuo-6.
(
(
(

G) Effects of ced-4 and ced-13 on isp-1 survival in the triple mutant combination.
H) Effects of ced-4 and egl-1 on isp-1 survival in the triple mutant combination.
1) Effects of ced-4 and ced-13 on nuo-6 survival in the triple mutant combination.
(J) Effects of egl-1 and ced-4 on nuo-6 survival in the triple mutant combination.

See also Table S7; Figures S4 and S5. Numerical values and statistical analyses for all lifespan experiments are presented in Table S5.
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Figure 3. Lifespan Extension by 0.1 mM PQ Requires the Intrinsic Apoptosis Pathway

(A) Effect of 0.1 mM PQ treatment on the wild-type.

(B-F) Effects of 0.1 mM PQ treatment on: (B) ced-4(n1162), (C) ced-9(n1950 gf), (D) ced-3(n717), (E) ced-13(sv32), and (F) egl-1(n1084n3082). See also Table S5.
Numerical values and statistical analyses for all lifespan experiments are presented in Table S5.

Loss of the Intrinsic Pathway Suppresses the
Hypometabolic and Gene Expression Phenotypes of
isp-1 and nuo-6 Mutants

The isp-1 and nuo-6 mutations induce other phenotypes in
addition to an increase in lifespan, including slow embryonic
and postembryonic development, as well as slow behaviors
such as pumping, defecation, and thrashing. Mutations in
ced-13 and ced-4, but not egl-1, partially suppressed all these
phenotypes of both isp-1 and nuo-6, (Figure 4 and Table S5).
The fact that the egl-1 mutation, which abolishes cell death
but has no effect on lifespan, had no effect on any of the
phenotypes implies, as for longevity, that these phenotypes
do not depend on changes in apoptosis. One phenotype that
is not rescued and is in fact worsened by ced-4 is brood size
(Figure 4D). This suggests that the germline phenotype due
to mitochondrial dysfunction does not involve the longevity
pathway we have uncovered. Recent findings suggest that
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apoptosis in the germline is necessary for oocyte quality (An-
dux and Ellis, 2008), which might be the cause of the reduction
in brood size.

As described above, the isp-7 and nuo-6 mutations result
in many changes in gene expression relative to wild-type.
We determined whether ced-4(n1162), which suppresses the
increased lifespan of the mutants as well as most other pheno-
types also suppressed the gene expression changes. Using
Affymetrix C. elegans microarrays as before, we compared
the changes in gene expression in isp-1 ced-4 and nuo-6;
ced-4 double mutants relative to wild-type to those in the
single mutants relative to wild-type (Table S1). The ced-4 muta-
tion partially suppressed both upregulated and downregulated
changes in both isp-7 and nuo-6. 57% of the genes upregu-
lated in nuo-6 were back to wild-type levels in nuo-6;ced-4,
and 36% of the genes upregulated in isp-7 were back to
wild-type level in isp-1 ced-4. Similarly ced-4 suppressed the



downregulation of 62% of the genes in the case of nuo-6 but
only 18% in the case of isp-7. GO-term analysis of the list of
genes affected by ced-4 in both mutants showed a meaningful
enrichment only in the kinases and phosphatases linked to
sperm production that were downregulated in the mutants
(Table S2). However, as the low brood size of the mutants
was not suppressed by ced-4 the significance of this observa-
tion is unclear.

Constitutive Activation of the CED Pathway Leads to
Heat-Stress Hypersensitivity

To further investigate the hypothesis that the CED pathway is a
stress pathway that responds to mitochondrial dysfunction, we
examined the effects of a severe heat stress. To establish the
level of stress on mitochondrial function produced by this treat-
ment we measured ATP levels after the animals had experienced
37°C for 1.5 hr. The stress led to a severe ATP depletion in all
genotypes (Figure 5A and Table S5). However, the depletion
was substantially more severe for the two mitochondrial mu-
tants. While the wild-type, ced-13, ced-4, and egl-1 experienced
an ~30% drop, isp-1 and nuo-6 lost >50% of their already low
ATP levels. Surprisingly, but consistent with our other findings,
ced-13 and ced-4, but not egl-1, suppressed the severity of
this effect (Figure 5B and 5C, and Table S5). To explore this
further, we treated young adult for 4 hr at 37°C and scored sur-
vival (Treinin et al., 2003). Treatment of all genotypes with this
longer heat stress decreased survival, but much more severely
in the mitochondrial mutants. Treatment of the wild-type, ced-
13, ced-4, and egl-1 resulted in ~80% survival but the treatment
killed virtually all isp-1 or nuo-6 mutants (Figure 5D and Table
S5). Again, ced-13 or ced-4, but not egl-1, suppressed the
mitochondrial mutants such that the double mutants had much
higher survival rates (40%-50%). Taken together these observa-
tions suggest that resources required for acute survival are not
available in animals in which the CED pathway is strongly and
constitutively activated by mitochondrial dysfunction because
they have been diverted to processes involved in long-term
survival.

CED-13 Acts Upstream of mtROS for All Phenotypes

We focused on isp-1 to explore further the epistatic relationships
in the ced-13-dependent pathway. Previous observations indi-
cated that the longevity effect of PQ is not additive to isp-1
(Yang and Hekimi, 2010a), which we have confirmed (Table
S5). On the other hand, the observation that ced-13 does not
suppress the longevity induced by PQ treatment (Figure 3), pla-
ces its action upstream of that of mtROS. This suggests that PQ
should suppress the suppressed longevity of isp-7;ced-13 dou-
ble mutants, which is what we observed (Figure 6A). Similarly,
the slow defecation, pumping, and thrashing of isp-7 mutants
are partially suppressed by ced-13 and by ced-4 (Figures
4A-4C). If mtROS act downstream of ced-13 but upstream of
ced-4, PQ treatment should suppress the suppressive effect of
ced-13 but not that of ced-4, which is what we observed (Figures
6B-6D). Finally, ced-13 and ced-4 partially suppress the lethality
induced by heat treatment (Figure 5D). Thus treatment with PQ
should partially suppress the lethality suppression of ced-13
but not that of ced-4, which is what we observed (Figure 6E).

SOD-3 Is Involved in Generating the Pro-Longevity
mtROS Signal

Treatment with PQ and altered ETC function in the mitochondrial
mutants are believed to generate superoxide (Yang and Hekimi,
2010a). However, only peroxide is believed to cross membranes
readily, which might be necessary to affect the CED pathway
proteins, which are associated with the outer mitochondrial
membrane. The main mitochondrial superoxide dismutase
SOD-2 is not required to generate the pro-longevity ROS signal,
as PQ treatment can further lengthen the already long lifespan
of sod-2 mutants (Van Raamsdonk and Hekimi, 2009), which
we have confirmed (Table S5). sod-3, which encodes a minor,
inducible, mitochondrial superoxide dismutase very similar to
SOD-2 in structure, was the only ROS handling enzyme whose
expression was found to be increased by microarray analysis
(Table S3). Interestingly, we found that sod-3 was absolutely
required for the pro-longevity signal induced by PQ treatment
as this treatment was without effect on longevity in the sod-
3(tm760) knockout background. (Figure 6F). This suggests that
peroxide is the necessary intermediate for pro-longevity
signaling. The specificity of the action of SOD-3 could be
achieved by specific submitochondrial localization in relation to
the outer membrane localization of CED-4/CED-9 complexes.
Interestingly, both SODs have recently been found to be closely
associated with the ETC (Suthammarak et al., 2013).

DISCUSSION

A Model for Lifespan Determination by Mitochondrial
Dysfunction and mtROS Signaling

Previous studies have suggested that the mechanism of life-
span extension operating in the long-lived isp-1 and nuo-6
mutants is based on increased mtROS generation due to mito-
chondrial dysfunction. Here, we provide further evidence for this
by showing that PQ treatment and the mutations induce a com-
mon pattern of changes in gene expression which is at least in
part required for longevity. Most importantly, we show that the
mtROS signal requires the activity of the intrinsic apoptosis
signaling pathway (including CED-9, CED-4, and CED-3), acti-
vated by a dedicated BH3-only protein, CED-13 (Figure 7).
However, the recruitment of this pathway by mtROS and the
consequences on longevity are fully independent of apoptosis
per se. The known association of CED-9 and CED-4 with mito-
chondria; their involvement in sensing mtROS in vertebrates;
and our findings from epistasis analysis that PQ, and therefore
ROS, acts immediately downstream of CED-13 suggest that
this pathway is the most immediately affected by mtROS and
likely functions upstream of other pathways that might also be
engaged (Lee et al., 2010; Walter et al., 2011). We found that
loss of CED-3 suppresses less efficiently than loss of CED-4,
suggesting that CED-4 could have other effectors in addition
to CED-3, which is consistent with the existence of CED-3-inde-
pendent activities of CED-4. ROS-independent activation by
CED-13 provides the opportunity for input from upstream sig-
nals to modulate the sensitivity of the pathway to mtROS. For
example, ced-13 expression appears to be regulated by cep-
1, the C. elegans homolog of p53 (Schumacher et al., 2005).
Furthermore, cep-1 appears to affect lifespan modulation by
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Figure 4. The Behavioral and Growth Defects of isp-1(gqm150) and nuo-6(gqm200) Mutants Are Partially Suppressed by ced-4(n1162) and
ced-13(sv32) but Not egl/-1(n1084n3082)
(A) Pharyngeal pumping rate. isp-1 and nuo-6 pump at a significantly slower rate than the wild-type. Loss of ced-4 or ced-13 but not egl/-1 partially rescues the
slow pumping rates of isp-7 and nuo-6. None of the cell death genes affects the pumping rate of the wild-type.
(B) Defecation cycle length. isp-1 and nuo-6 mutants have a significantly lengthened defecation cycle length. Loss of ced-4 or ced-13 but not egl-1 partially
rescues the slow defecation phenotype of isp-7 and nuo-6. None of the cell death genes affect the defecation cycle length of the wild-type.

(legend continued on next page)
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mitochondrial dysfunction in a complex manner (Baruah et al.,
2014; Ventura et al., 2009). Thus the action of CED-13 might
have affinities with that of BH3-only proteins such as PUMA
and NOXA, which are regulated by p53 (Nakano and Vousden,
2001; Oda et al., 2000).

Loss of the CED pathway cannot rescue the low oxygen con-
sumption and the low ATP levels. This is expected as isp-7 and
nuo-6 mutations are point mutations in subunits of the mito-
chondrial respiratory chain and the ATP and oxygen phenotypes
are likely primary defects that cannot be fixed. However, the
loss of the CED pathway abolishes a large part of the increased
longevity and several other phenotypes of the mutants, such as
slow growth and behavior, a large subset of the changes in
gene expression, and the hypersensitivity to heat stress. Taken
together this suggests that mtROS acts in the mutants through
the CED pathway to trigger phenotypic changes that alleviate
the consequences of the primary defects, including protective
changes that ultimately result in increased lifespan. Interest-
ingly, the slow growth and behavioral phenotypes are the type
of effects expected from mitochondrial dysfunction and the re-
sulting low ATP production. Even slow aging can be postulated
to result from low energy production, based on the observation
that cold temperature and low metabolic rates are associated
with longer lifespans. Thus it appears that the mtROS/CED
pathway amplifies phenotypes that would be produced to a
lesser extent by the immediate effects of mitochondrial dysfunc-
tion on energy metabolism alone. This could be a protective
mechanism that, in the wild-type, allows the mitochondria to
recover their function when the dysfunction is only transient,
sparing ATP and rerouting its use to protective mechanisms
(Figure 7). In this model, longevity in the mutants is the result
of both a slowing down of ATP-dependent processes that limit
lifespan and by an abnormally intense activation of the protec-
tive pathway induced by elevated mtROS acting through the
CED cascade. This model is consistent with the finding that,
in contrast to the mutants that are only partially suppressed
by ced-4 and ced-9gf, the longevity induced by PQ, which
does not affect oxygen consumption nor ATP levels (Yang and
Hekimi, 2010a), can be almost completely suppressed by ced-
4 and ced-9gf (Figure 3).

Activation of the Apoptotic Pathway by mtROS
In vertebrates mtROS are involved in the regulation of apoptosis
by the intrinsic mitochondrial pathway. However, no clear role

for mtROS in C. elegans apoptosis has yet been discovered.
We confirmed this by showing that neither mtROS-generating
mitochondrial mutations nor PQ treatment affect the extent of
somatic apoptosis (Table S5). Two biological roles for apoptosis
have been proposed: a role in shaping the development of multi-
cellular organisms by eliminating cells that are not needed, and
a protective role by eliminating cells that are damaged. In the
somatic lineage of worms, apoptosis appears to have a devel-
opmental role but in the germline it might have a protective
role for fertility by eliminating damaged gamete precursors
(Gartner et al., 2008) and reallocating resources to produce
high-quality gametes (Andux and Ellis, 2008). In vertebrates,
the mtROS-sensitive intrinsic pathway is part of a protective
program and participates in the elimination of defective cells,
including cells with defective mitochondria. Our findings suggest
that in C. elegans, the intrinsic apoptotic machinery, including
CED-9, CED-4, and CED-3, is also sensitive to mtROS when
stimulated by the BH3-only protein CED-13. Stimulation by
CED-13 leads to the activation of a protective program but not
to apoptosis. How stimulation of the same pathway by CED-
13 and EGL-1 results in different outcomes is unknown at the
present time but likely involves cell type-specific differences. A
program of protective apoptosis similar to that in vertebrates
is probably not possible in C. elegans because of its very small
number of postmitotic cells. Losing damaged cells is not an op-
tion without losing important functions and bodily integrity. How-
ever, stimulating protective and repair mechanisms in the face
of injury remains useful. Thus it appears that what is conserved
from nematode to vertebrates is the use of the proteins of the
intrinsic pathway to transduce a mtROS signal that stimulates
a protective response to mitochondrial dysfunction. It is inter-
esting to speculate whether a nonapoptotic protective function
of the intrinsic pathway is also acting in vertebrate postmitotic
cells such as neurons and could have a role in protecting from
neurodegeneration.

EXPERIMENTAL PROCEDURES

Strains and Genetics

All strains were maintained by standard methods, at 200C, on solid agar (NGM
plates), fed E. coli OP50, and grown continuously. The following genotypes
were used: Bristol N2 (wild-type); LGIl: nuo-6(qm200), sod-2(ok1030); LGll:
eat-2(ad1116); LGIII: daf-2(e1370), clk-1(gm30), ced-4(n1162), ced-9(n1950);
glp-1 (e2141ts); LGIV: isp-1(gm150), ced-3(n717); LGV: egl-1(n1084n3082);
LGX: ced-13(sv32), sod-3(tm783).

(C) Thrashing rate. isp-1 and nuo-6 mutants have a significantly decreased rate of thrashing. Loss of ced-4 or ced-13 but not egl-1 partially rescues the slow
thrashing phenotype of isp-71 and nuo-6. None of the cell death genes affect the thrashing rate of the wild-type.

(D) Brood size (the number of progeny produce by self-fertilization of a single hermaphrodite). Both isp-7 and nuo-6 have significantly reduced brood sizes. The
reduction in brood size was enhanced by loss of ced-4 but not ced-13 or egl-1. Loss of ced-4, and to a lesser degree egl-1, also significantly reduced brood size
the wild-type background.

(E) Length of embryonic development. The time taken for a 2-cell stage embryo to reach hatching is significantly increased in isp-1 and nuo-6 mutants. Loss of
ced-4 and ced-13 but not egl-1 partially rescues this phenotype of isp-7 and nuo-6. None of the cell death genes affect the rate of embryonic development of the
wild-type.

(F) Length of postembryonic development. The time taken for freshly hatched L1-stage larva to reach the young adult stage is significantly increased in isp-1 and
nuo-6 mutants. Loss of ced-4 and ced-13 but not egl-1 partially rescues this phenotype of isp-7 and nuo-6. None of the cell death genes affect the rate of
postembryonic development of the wild-type. Bars represent the mean value of 25 animals. Error bars represent standard error of the mean. Significance was
determined using a Student’s t test (*** denotes p < 0.0001 as compared to the wild-type; # denotes p < 0.0001 as compared to either isp-1 or nuo-6 single
mutants).

Complete numerical values and statistics are provided in Table S5.
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Figure 5. Effects of isp-1, nuo-6 and Cell
Death Genes on ATP Levels and Survival
under Heat Stress

(A) isp-1 and nuo-6 mutants, but not ced-4, ced-13
or egl-1 mutants exhibit reduced ATP levels when
grown under standard conditions (20°C). Acute
exposure (1.5 hr) to heat (37°C) reduces the ATP
levels of all genotypes.

(B) Loss of ced-4, ced-13 or egl-1 does not affect
ATP levels in isp-1 mutants at 20°C. However, the
reduction in ATP levels after heat stress is signifi-
cantly reduced in ced-4 isp-1 and isp-1;ced-13,
but not egl-1;isp-1 double mutants compared to
isp-1(qm150).

(C) Mutations in ced-4, ced-13 and egl-1 do not
affect ATP levels in nuo-6 mutants at 20°C. How-
ever, the reduction in ATP levels after heat stress is
significantly less in ced-4;nuo-6 and nuo-6;ced-
13, but not egl-1;isp-1 double mutants compared
to nuo-6(gm200).

(D) Exposure to heat stress for 4 hr significantly
decreases the survival of all genotypes, but much
more severely for isp-1(qm150) and nuo-6(gm200)
mutants. However, loss of ced-4 or ced-13 but not
egl-1 strongly rescues the survival of isp-1 and
nuo-6 mutants.

Significance was determined using a Student’s
t test (A) * denotes p < 0.05, *** denotes p <
o gv 8 0.0001 as compared to the wild-type. # denotes
p < 0.05 compared to the control at 20°C, ##
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Lifespan Analysis

All lifespan measurements were performed at 20°C and set up using a 4 hr
limited lay. An experimental pool of 50 animals was used for each genotype
in any given experiment, and lost or animals that died prematurely were
replaced from a backup pool. Statistical analysis was performed using
GraphPad Prism (v5.0) and Student’s t tests in Microsoft Excel.

Paraquat Treatment

Paraquat (Sigma-Aldrich, St. Louis, USA) was added to NGM plates at a final
concentration of 0.1 mM, 0.15 mM or 0.5 mM. OP50 grown on regular NGM
plates was transferred onto NGM-PQ plates using a platinum pick instead of
seeding directly onto the NGM-PQ plates. Control NGM plates containing
no PQ were treated in a similar fashion.

Gene Expression Studies

A total of 2,000 synchronized young adults grown at 20°C on NGM plates were
collected, frozen in liquid nitrogen, and total RNA was extracted using a
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denotes p < 0.05 compared to the wild-type
at 37°C. ### denotes p < 0.005 compared to
the wild-type at 37°C. (B) *** denotes p < 0.0005
relative to the wild-type control, ## denotes p <
0.05 relative to isp-1(gm150) at 37°C. (C) * de-
notes p < 0.05 as compared to the wild-type
control at 20°C, *** denotes p < 0.001 as
compared to the wild-type control at 37°C, ##
denotes p < 0.005 as compared to the nuo-
6(gm200) at 37°C. Error bars represent standard
error of the mean. Complete numerical values
and statistics are provided in Table S5.

W

QIAGEN RNeasy Tissue Microarray Mini kit. Total
RNA samples were analyzed for concentration
and dissolution spectrophotometrically using a
Nanodrop ND-100 Spectrophotometer. RNA sam-
ples were processed by Génome Québec (Montreal) and hybridized onto
Affymetrix C. elegans GeneChips. Raw expression data were analyzed using
FlexArray v1.6.1 (Génome Québec) and normalized using the GC-RMA
method. Comparisons of each genotype were compared to the wild-type
using the Empirical Base (Wright & Simon) algorithm and fold changes were
represented on a log, scale. A threshold of p < 0.05 and a fold change of 1.3
(logo) was set to determine differentially expressed targets.

Comparisons of Gene Expression Patterns

Comparisons made to other published data sets were done using raw
Affymetrix data sets wherever possible (obtained from NCBI Gene
Expression Omnibus [GEQ] (http://www.ncbi.nim.nih.gov/geo/). Raw data
were imported to FlexArray and handled identically to the data that was
generated in this study. For studies that did not deposit their data to
GEO or used technologies other than Affymetrix, comparisons of gene
lists (upregulated and downregulated transcripts) were conducted using
Microsoft Excel.
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(A) Treatment of isp-1;ced-13 with 0.1 mM PQ rescues lifespan to the isp-1 level (n > 50, p < 0.0001 for the difference between treated and untreated double

mutants).

(B) Treatment with 0.1 mM PQ does not affect the defecation of isp-1 ced-4 but partially restores the defecation of isp-1;ced-13 toward the isp-1 level (n = 25).
(C) Treatment with 0.1 mM PQ does not affect the pumping rate of isp-1 ced-4 but partially restores isp-1;ced-13 pumping toward the isp-1 level (n = 10).
(D) Treatment with 0.1 mM PQ does not affect the trashing rate of isp-1 ced-4 but partially restores isp-1;ced-13 thrashing toward the isp-1 level (n = 15).

(legend continued on next page)
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Figure 7. A Model for the Regulation of Lifespan by mtROS Signaling
through the Intrinsic Apoptosis Pathway

The intrinsic apoptosis pathway (composed of CED-9, CED-4, and CED-3) is
sensitive to mtROS from the ETC when it is activated by the alternative BH3-
only protein CED-13. Mitochondrial dysfunction leads to an increase in mtROS
which activates the CED signaling pathway to reduce ATP usage and redis-
tribute it to protective rather than active functions. We propose that the
mitochondrial dysfunction inisp-1(gm150) and nuo-6(qm200) mutants induces
the mutant phenotypes, including longevity, both by directly lowering ATP
generation and by stimulating mtROS signaling to alter ATP usage. In the wild-
type this mechanism could provide a protective role in case of transient
mitochondrial dysfunction or nutrient shortage. In the mutants its continuous
action leads to the mutant phenotypes, including longevity.

Gene Ontology Term Analysis

GO-term analysis was performed using Cytoscape (v2.8.3) and the BINGO plu-
gin (v2.44). A hypergeometric test using the Benjamini & Hochberg false dis-
covery rate (FDR) correction was implemented at a significance level of 0.05.

Measurement of Apoptosis
Quantification of corpses or cells was performed as previously described (Lu
et al., 2009; Schwartz, 2007).

Whole-Worm Phenotypes
All phenotypes were measured as before (Yang and Hekimi, 2010b).

Oxygen Consumption
Mixed populations of worms were collected and washed 3x in M9 to a final
volume of 50 L of packed worms. A total of 25 uL of worms were then resus-

pended to a final volume of 50 pL using M9 buffer and loaded into a chamber of
an Oroboros Oxygraph-2K. The remaining 25 pL of worms were freeze-thawed
3x in liquid nitrogen and resuspended in lysis buffer forimmediate determina-
tion of protein concentration by a BCA Protein Assay kit (Thermo Scientific,
Rockford, USA).

ATP Measurements

Young adult populations were collected using a 4 hr limited lay. Worms were
picked and washed three times in M9. Worm pellets were subjected to 3 cycles
of freeze-thaw using liquid nitrogen and subsequently spun down for 15 min at
top speed. The resulting supernatant was assayed using an ATP Determina-
tion kit (Life Technologies, Carlsbad, USA). Protein concentrations were deter-
mined as described above.

Heat Stress Assays

Young adults were picked onto NGM plates that were preheated to 37°C and
incubated for 4 hr at 37°C. Animals were allowed to recover for 30 min and
scored for viability. For ATP measurements after heat stress, mixed popula-
tions were transferred onto preheated NGM plates and incubated for 1.5 hr
at 37°C. Animals were then collected and washed three times with M9 and
flash frozen and stored in liquid nitrogen. ATP measurements were performed
as described above. For experiments performed using paraquat, paraquat
plates were made as described and worms were grown on paraquat for one
generation. Young animals that were grown on paraquat were subsequently
assayed on preheated paraquat plates.
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SUMMARY

Electron flux in the mitochondrial electron transport
chain is determined by the superassembly of mito-
chondrial respiratory complexes. Different superas-
semblies are dedicated to receive electrons derived
from NADH or FADH,, allowing cells to adapt to the
particular NADH/FADH, ratio generated from avail-
able fuel sources. When several fuels are available,
cells adapt to the fuel best suited to their type or func-
tional status (e.g., quiescent versus proliferative).
We show that an appropriate proportion of superas-
semblies can be achieved by increasing Cll activity
through phosphorylation of the complex Il catalytic
subunit FpSDH. This phosphorylation is mediated
by the tyrosine-kinase Fgr, which is activated by
hydrogen peroxide. Ablation of Fgr or mutation of
the FpSDH target tyrosine abolishes the capacity of
mitochondria to adjust metabolism upon nutrient re-
striction, hypoxia/reoxygenation, and T cell activa-
tion, demonstrating the physiological relevance of
this adaptive response.

INTRODUCTION

To utilize fuels efficiently, cells must exquisitely integrate the ac-
tivities of membrane receptors and transporters, the intracellular
compartmentalization of molecules, the enzymatic balance of
each metabolic step, and the elimination of byproducts (Stanley
et al.,, 2013). Appropriate orchestration of all these changes
is critical for the cell’s ability to adapt to changing functional
requirements, such as quiescence, proliferation, and differen-
tiation, and to environmental changes, including survival in
response to diverse insults. Factors known to influence this
adaptation include the cellular response to oxygen availability
(hypoxia-inducible factors HIF1a and HIF1p); regulators of
energy availability such as mammalian target of rapamycin
(mMTOR), AMP-activated protein kinase, sirtuin, and forkhead
box (FOX)O; and mediators of the response to reactive oxygen
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species (ROS), such as peroxisome proliferator-activated recep-
tor gamma coactivator-1 alpha (PGC-1¢). The involvement of
these factors illustrates the interconnection between the use of
alternate carbon substrates (carbohydrates, amino acids, fatty
acids and ketone bodies) and the cellular response to stress,
particularly oxidative stress.

At the core of this process are mitochondria. In response to
changes in fuel source, mitochondria must modify their location,
structure, and metabolite fluxes in order to balance their contri-
bution to anabolism (lipogenesis and antioxidant defenses from
citrate, gluconeogenesis, serine and glycine biosynthesis from
pyruvate, nucleotide biosynthesis) and catabolism (TCA cycle,
B-oxidation, oxidative phosphorylation). Mitochondria are cen-
tral to ATP synthesis, redox balance, and ROS production, pa-
rameters directly dependent on fuel use. All catabolic processes
converge on the mitochondrial electron transport chain (mETC)
by supplying electrons in the form of NADH"H* or FADH,. The
relative proportion of electrons supplied via NADH and FADH,
varies with the fuel used; for example, oxidative metabolism of
glucose generates a NADH/FADH, electron ratio of 5, whereas
for a typical fatty acid (FA) such as palmitate the ratio is =2
(Speijer, 2011).

Our recent work on the dynamic architecture of the mETC re-
veals that supercomplex formation defines specific pools of Clll,
CIV, CoQ, and cyt c for the receipt of electrons derived from
NADH or FAD (Lapuente-Brun et al., 2013). Since CIII preferen-
tially interacts with Cl, the amount of Cl determines the relative
availability of Clll for FADH,- or NADH-derived electrons. The
regulation of ClI stability is thus central to cellular adaptation to
fuel availability. A substrate shift from glucose to FA requires
greater flux from FAD, and this is achieved by a reorganization
of the mETC superstructure in which Cl is degraded, releasing
Clll to receive FAD-derived electrons (Lapuente-Brun et al.,
2013; Stanley et al., 2013). Failure of this adaptation results
in the harmful generation of reactive oxygen species (ROS)
(Speijer, 2011). The proportion of supercomplexes dedicated
to receiving NADH electrons is further dependent on the struc-
ture and dynamics of mitochondrial cristae (Cogliati et al.,
2013; Lapuente-Brun et al., 2013), so that reducing the number
of cristae favors flux from FAD. In agreement with this, ablation
of the mitochondrial protease OMA1, which prevents optic
atrophy 1 (OPAT1)-specific proteolysis and cristae remodeling,
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impairs FA degradation in mice, resulting in obesity and impaired
temperature control (Quirds et al., 2012).

Cells are normally exposed to a mixed supply of fuels, but
despite this, cells are often predisposed to preferentially use
one source over another, according to their physiological role
or status (Stanley et al.,, 2013). T cells, for example, switch
from oxidative to glycolytic metabolism upon activation, coin-
ciding with entry into a proliferative state, and later increase FA
oxidation when they differentiate into regulatory T cells. These
changes require remodeling of the mETC NADH/FADH flux ca-
pacity, but how cells regulate this choice of carbon source is not
understood.

Here, we show that fuel choice is regulated via tyrosine phos-
phorylation of complex Il (Cll) subunit FpSDH, mediated by ROS-
activation of the tyrosine kinase Fgr. This activation is required
to adjust the level of complex | (Cl) to optimize NADH/FADH,
electron use. Our data show this mechanism operating in three
physiological situations: upon T lymphocyte activation, in the
adaptation of liver and cultured cells to starvation, and in the
adaptation of cells to hypoxia/reoxygenation.

RESULTS

Above-Normal Cll Activity in Cells Expressing Mutant Cl
Our laboratory has isolated mouse cell lines carrying different
proportions of a null ND6 mutation (Acin-Pérez et al., 2003):
EB2615 (30% mutant mtDNA), E23 (66%), E12 (80%), FG12-1
(95%), and FG23-1 (98%). Mitochondria from ND6 mutants
showed reductions in Cl proportional to the mutation load (Fig-
ure 1A). Interestingly, the lines with the highest mutation loads
showed elevated activity of ClI (Figure 1B). Similar observations
have been reported in human cells derived from patients with CI
deficiencies (Cardol et al., 2002; Fan et al., 2008; Majander et al.,
1991; Pitkanen and Robinson, 1996) and in Cl-deficient mice
(Kruse et al., 2008). Increased Cll activity was proposed to
compensate for impaired activity of Cl, but the underlying mech-
anism is unknown. This compensatory phenomenon is specific
for Cl-deficient cells, since cells lacking CllI or CIV showed no
changes in Cll activity (Figure S1A).

As reported (Acin-Pérez et al., 2003; Bai and Attardi, 1998), the
amount of Cl was reduced in cells with a high ND6 mutant load
(FG12-1, FG23-1; Figure 1C, upper panel), whereas Cll content
was unchanged, despite above-normal activity determined
spectrophotometrically (Figure 1B) and by in-gel assay (data
not shown). G3PDH activity did not differ between WT and
ND6 mutants (Figure 1D), indicating that increased CII activity
does not reflect a generalized response of enzymes that donate
electrons to Clll and is a specific response to Cl deficiency.

As a further control, we treated WT FBalb/cJ cells with the
specific inhibitor rotenone (200 nM), which blocks Cl activity
without affecting Cl assembly. Rotenone-mediated inhibition of
Cl was accompanied by a parallel increase in Cll activity, after
short and long rotenone treatment, indicating that loss of Cl
function, not its physical absence, is responsible for the high
Cll activity (Figure 1E).

CII Activity Is Regulated by Phosphorylation
Several groups have proposed that Cll subunit A (FpSDH) is a
kinase target (Bykova et al., 2003; Salvi et al., 2007; Schulen-
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berg et al.,, 2003). To investigate FpSDH phosphorylation,
we separated mitochondrial proteins by 2D IEF/SDS-PAGE
(isoelectric focusing followed by SDS polyacrylamide gel elec-
trophoresis) and detected FpSDH protein by immunoblot (Fig-
ure 1F). The CI subunit NDUFS3 was used as a reference
since the stability and migration of this protein are unaffected
by the failure of Cl assembly (Figure S1B). FpSDH in FG23-1
samples migrated as multiple spots, running at more acidic po-
sitions than samples from WT FBalb/cJ cells. This is compatible
with increased phosphorylation of the protein in mutant cells.
Treatment of permeabilized FG23-1 mitochondria with calf-
intestine phosphatase (CIP) to remove phosphoryl residues
restored the WT migration pattern, confirming that the altered
pattern is due to phosphorylation (Figure 1F, lower panels).
Moreover, blockade of Cl activity in FBalb/cJ cells reproduced
the FpSDH mobility pattern seen in FG23-1 cells (not shown).
These observations indicate that FpSDH is phosphorylated
when Cl activity is impaired. Consistent with these findings,
most FpSDH from FG23-1 mitochondrial samples eluted in
the phosphorylated fraction after separation on phosphopro-
tein-enrichment columns, and this effect was blocked by pre-
treatment of permeabilized mitochondria with CIP (Figure S1C).
In contrast, FpSDH from FBalb/cJ mitochondria was more
concentrated in nonphosphorylated fractions (Figure S1C).
The activity of Cll in mitochondria from FBalb/cJ and FG23-1
cells was sensitive to CIP-mediated dephosphorylation, but
this reduction was proportionally more severe in FG23-1 mito-
chondria, suggesting that phosphorylation increases Cll activity
(Figure 1G).

Phosphorylation of FpSDH Is Triggered by ROS

Cells lacking CI contain high levels of ROS (Robinson,
1998), and ND6-deficient cells produce abundant hydrogen
peroxide (Moreno-Loshuertos et al., 2006) (Figure 2A), an effect
mimicked by treatment with the Cl inhibitor rotenone (Dlaskova
et al., 2008; Radad et al., 2006). Short and long rotenone treat-
ment of WT cells showed an increase in Cll activity (Figure 1E)
that was accompanied by a parallel increase in ROS production
(Figure S2A). ROS modulate several signaling pathways (Droge,
2002; Hamanaka and Chandel, 2010), prompting us to evaluate
the involvement of ROS in CII activation. Culturing cells for
1 week with N-acetyl cysteine (NAC, 5 mM) lowered basal
H>O, levels and decreased Cll activity in control and mutant
cells (Figures 2A and 2B), but the reduction was proportionally
stronger in FG23-1 cells (Figure 2B). Since NAC is not a direct
ROS scavenger but rather a precursor of glutathione, which
changes the redox status of the cell, we investigated H,O,-
dependent CII activity stimulation in isolated mitochondria.
Addition of H,O, to WT mouse liver mitochondria increased
Cll activity (Figure 2C) and the phosphorylation of FpSDH (Fig-
ure 2D). Cll activation was blunted by the presence of catalase,
which catalyzes H,O, decomposition (Figure 2C). As a further
control, we analyzed the response to moderate ROS production
of fibroblasts lacking supercomplex assembly factor | (SCAFI),
which is required for association between CllI and CIV
(Lapuente-Brun et al., 2013). The response of WT and SCAFI-
deficient fibroblasts to ROS (generated by incubation in
the presence of xanthine and xanthine oxidase) was indistin-
guishable, indicating that ROS-induced upregulation of Cll is a
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Figure 1. Phosphorylation of FpSDH Increases Cll Activity in Cl-Deficient Cells

(A) Fibroblast lines with mutations in ND6 show decreased ClI activity in proportion to the mutation load. Activity is expressed as the percentage of activity in
FBalb/cJ cells (WT, no mutation; n = 12): EB2615 (70%; n = 6); E23 (34%; n = 6); E12 (20%; n = 9); FG12-1 (5%; n = 9); and FG23-1 (2%; n = 9).

(B) Cll activity (CoQ reduction) in cell lines with high loads of the iC13887 ND6 mutation, expressed as the percentage of activity in FBalb/cJ cells (n = 18): EB2615

(n=9); E23 (9 n=9); E12 (n = 12); FG12-1 (n = 9); and FG23-1 (n = 20).

(C) Western blot after BNGE, detecting subunits of CI (NDUFA9), ClI (FpSDH), and CIV (COX I).

(D) G3PDH activity in FG23-1 and FBalb/cJ (n = 6).

(E) Activities of Cl (left) and Cll (right) in a time course rotenone treatment of FBalb/cJ (200 nM) as a percentage of activity in untreated cells (n > 6). Short: 2 and
6 hr treatment; long: 12 hr and 1.5 day treatment.

(F) FpSDH immunobilot after 2D IEF/SDS-PAGE (IEF strip pH 3-10) of control and calf intestine phosphatase (CIP)-treated mitochondrial protein (100 ng) from
FBalb/cJ and FG23-1 cells. The acidic shift of FpSDH spots in FG23-1 cells is blocked by CIP. The Cl subunit NDUFS3 was used to align and compare the blots.
(G) ClI activity in CIP-treated mitochondria from FBalb/cJ and FG23-1 cells (n = 6). Data are presented as the percentage of activity in untreated FBalb/cJ.

**p < 0.001; *p < 0.0001. Enzyme activities were determined spectrophotometrically.

All data are presented as mean + SD. See also Figure S1.

general response independent of the assembly of supercom-
plexes containing CIV (Lapuente-Brun et al., 2013) (Figure 2E).
To determine whether CIl is activated by superoxide or
hydrogen peroxide produced in the mitochondrial matrix, we
generated FBalb/cJ- and FG23-1-derived lines expressing
mitochondria-targeted catalase (mt-cat) or MnSOD (Fig-
ure S2B). ROS production as well as catalase and MnSOD ac-
tivities measured before and after overexpression confirmed
that the cells were expressing functional enzymes (Figures
S2C-S2F). Control and Cl mutant cells also exhibited basal dif-
ferences in catalase and MnSOD activities, as previously shown
(Moreno-Loshuertos et al., 2006). The expected elevation in
H>O, production and CIlI activity in FG23-1 cells and rote-

none-treated FBalb/cJ cells was decreased by expression of
mt-cat, but not MnSOD (Figures 2F and 2G), suggesting that
the key activator of the pathway is H,O, and not superoxide.

Cll Is Activated by Phosphorylation on FpSDH Mediated
by a Src-Type Tyrosine Kinase

We next analyzed immunoprecipitated FpSDH by western blot
with anti-phospho-Tyr, anti-phospho-Ser, and anti-phospho-
Thr antibodies. Only Tyr phosphorylation of FpSDH was de-
tected in FBalb/cJ and FG23-1 cells, but the signal was stronger
in FG23-1 cells (Figure 3A). Incubation of isolated mouse liver
mitochondria with protein kinase inhibitors revealed that ClI
activity and FpSDH phosphorylation were reduced by PP2, an

1022 Cell Metabolism 79, 1020-1033, June 3, 2014 ©2014 Elsevier Inc.
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Figure 2. FpSDH Phosphorylation and CllI Activity Are ROS Dependent
(A) ROS (H20.) levels measured in nontreated (n.t.) FG23-1 and FBalb/cJ cells and in cells treated with NAC (5 mM, 7 days) (control, n = 35; NAC, n = 12).
(B) Effect of NAC treatment on Cll activity in FBalb/cJ and in FG23-1 cells (untreated, n = 15; NAC, n = 4). Data in (A) and (B) are presented as the percentage of

nontreated FBalb/cJ cells.

(C) Cll activity in isolated mouse liver mitochondria treated for 10 min with H,O, (50 uM), catalase (25 U/ml), or both (n > 4).
(D) 2D IEF/SDS-PAGE (IEF strips pH 4-7) Western analysis of FpSDH from H,O,-treated mouse liver mitochondria.
(E) Cll activity in mitochondria isolated from SCAFI— (left) and SCAFI+ (right) fibroblasts treated with the ROS generator xanthine oxidase (XO) (n = 4). Data are

presented as the percentage of activity in nontreated fibroblasts.

(F) H202 production in FG23-1 and rotenone-treated FBalb/cJ fibroblasts is prevented by expression of mitochondrially targeted catalase (mt-cat, n = 5).
(G) Elevated ClI activity in FG23-1 and rotenone-treated FBalb/cJ cells is prevented by expression of mt-cat but not MnSOD (n = 3). *p < 0.01; **p < 0.001;

***p < 0.0001.
All data are presented as mean + SD. See also Figure S2.

inhibitor of Src-family kinases (SFK), whereas no effect was
observed with the cAMP/cGMP-dependent protein kinase inhib-
itor H89 or the PKA agonist 8Br-cAMP (Figures 3B and 3C).
These results thus suggest that FpSDH is phosphorylated in vivo
by a Src-type tyrosine kinase.

H>O, can promote phosphorylation on Tyr residues by acti-
vating Tyr kinases (Balamurugan et al., 2002; Chiarugi, 2008;
Minetti et al., 2002) or by inhibiting Tyr phosphatases (Chiarugi,
2008). We incubated isolated mouse liver mitochondria with
H,0, in the presence of either PP2, to inhibit SFKs, or orthovana-
date (Ov), a general inhibitor of Tyr-phosphatases. PP2 reduced
the activity of Cll and prevented the activation induced by H,O,,
whereas Ov had no effect. If we assume that Ov is able to inhibit
the phosphatase involved, these results are compatible with a
model in which H,O, promotes FpSDH phosphorylation by acti-
vating a PP2-sensitive kinase (Figure 3D). Full demonstration of
this mechanism would require the identification of the phospha-
tase involved.

Cell Metabolism 79, 1020-1033, June 3, 2014 ©2014 Elsevier Inc.

The Src-Type Tyrosine Kinase Fgr Interacts with Cll

In Vivo

The SFKs Lyn, Fyn, Fgr, and Csk have been reported to localize
in mitochondria (Augereau et al., 2005; Salvi et al., 2005; Tibaldi
et al., 2008). Immunoblot analysis of mitochondrial preparations
pretreated with proteinase K detected several tyrosine protein
kinases (Src, Lyn, and Fgr), the regulator of Src-type tyrosine
kinases Csk (itself a Tyr kinase), and the Ser/Thr kinase
PKA (Figure 3E). To establish whether any of these interact
with Cll, we performed coimmunoprecipitation experiments
targeting FpSDH. Mitochondrial membranes were solubilized
either with the nonionic detergent dodecyl-maltoside (DDM),
to isolate individual respiratory complexes, or with the milder
detergent digitonin (DIG), to isolate supercomplexes. In the
DDM lysates, none of the probed protein-kinases was coim-
munoprecpitated with Cll (Figure 3F), whereas in DIG lysates
anti-FpSDH specifically coimmunoprecipitated the Src-family
kinase Fgr, suggesting physical interaction between Fgr and
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Figure 3. The Src-Type Kinase Fgr Phosphorylates Cll

(A) Immunoblot phoshoprotein analysis in FpSDH immunoprecipitates from FBalb/cJ and FG23-1 cells.

(B) Complex Il activity in mouse liver mitochondria incubated with the Tyr kinase inhibitor PP2, the PKA agonist 8Br-cAMP, or the PKA antagonist H89 (n = 5).
(C) 2D IEF/SDS-PAGE (3-10 IEF strips) Western analysis of mouse mitochondria treated with PP2, 8Br-cAMP, or H89. PP2 induces a basic shift in FpSDH
compared with nontreated mitochondria (n.t.). Modulation of PKA activity had no effect on FpSDH phosphorylation. NDUFS3 (Cl) was detected to align and
compare blots.

(D) H2O,-induced activation of complex Il is blocked by the Tyr kinase inhibitor PP2, but not by the Tyr phosphatase inhibitor orthovanadate (Ov) (n = 6).

(E) Intact mouse mitochondria (mt) protect a portion of Fgr, Csk, Src, Lyn, and PKA kinases from digestion by proteinase K: hom, cell homogenate; n.t., non-
treated; PK, proteinase K; T+PK, proteinase K treatment of mitochondria solubilized with Triton X-100. Tim23 was used as a marker of intact mitochondria.
(F) Anti-FpSDH specifically coimmunoprecipitates Fgr kinase from mitochondria solubilized with digitonin (DIG), which preserves intact supercomplexes, but not
dodecyl maltoside (DDM), which resolves individual respiratory complexes. mt, fully solubilized mitochondria.

(G) 2D BNGE/SDS-PAGE of DDM- and DIG-solubilized mitochondria, showing comigration of Fgr and FpSDH in DIG-treated mitochondria. Note comigration of
Csk and Src in both preparations.

(H) Mitochondrial Fgr is located in the matrix. Fractionation experiment showing protection of Fgr from PK digestion in intact mitochondria (mt) and mitoplasts
(Mp) but not in either fraction solubilized with Triton X-100 (T+PK). Fgr was present in the supernatant fraction of Triton X-100-solubilized mitoplasts (Mp+T-SN).
P-Mp, post-mitoplast fraction. Markers used: hsp60 and Grp75, mitochondrial matrix; FpSDH, association with inner membrane; COXI, inner membrane; cyt c,
intermembrane space; B-actin, cytoplasm.

All data are presented as mean + SD.

CIl in the mitochondrial inner membrane. To confirm this, we samples. None of the other kinases analyzed comigrated
separated DIG and DDM lysates by BNGE followed by dena-  with FpSDH, but Src/Csk and PKA both appeared to be asso-
turing SDS-PAGE (Figure 3G). Fgr kinase was detectable in ciated with high molecular weight complexes (Figure 3G).
both preparations but only comigrated with Cll in the DIG-lysed  Interestingly, Src comigrated with its regulator Csk in both

1024 Cell Metabolism 79, 1020-1033, June 3, 2014 ©2014 Elsevier Inc.
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Figure 4. Cll Is Regulated by Fgr Phosphorylation at Tyr604

(A) SDS-PAGE western analysis of Fgr tyrosine kinase in liver mitochondrial protein preparations from control or Fgr~/~ mice.

(B) Cll activity in isolated liver mitochondria from WT or Fgr~/~ mice in the presence of H,O,, PP2, or both. Data are presented as mean + SD.

(C) 2D IEF/SDS-PAGE (IEF strips pH 4-7) Western analysis of FoSDH from WT liver mitochondria and from nontreated and H,O,- or PP2-treated Fgr—~ liver
mitochondria. NDUFS3 (Cl) is used to align and compare blots.

(D) Complex Il activity in liver mitochondria from different Tyr kinase null mice.

(E) Complex Il activity in tissue homogenates from Fgr*/ ~and Fgr’/ ~ null mice (n = 4).

(F and G) Individual and combined mitochondrial complex activities in isolated mitochondria from liver (F) and heart (G) (n > 4). In (D)—(G), lines extending from the
boxes indicate the variability outside the upper and lower quartiles.

(H) ClI activity in FBalb/cJ cells silenced for endogenous FpSDH and re-expressing WT and mutant FpSDH variants (n = 4). ROT, rotenone (200 nM); shRNA,
silencing of endogenous FpSDH. Data are presented as the percentage of activity in nontreated, mock-infected FBalb/cJ (mean + SD). Statistical significance
versus nontreated: **p < 0.001; **p < 0.0001. Statistical significance versus shRNA: #, p < 0.01; ###, p < 0.0001.

() Fgr in vitro phosphorylation (bottom) and FpSDH immunodetection (top) of immunocaptured complex Il from FBalb/cJ cells expressing WT FpSDH (left line) or
the Y604F mutant (right line). See also Figure S3.

preparations, suggesting strong interaction between these Ablation of Fgr Abolishes the Activation of ClI

kinases. The mitochondrial matrix localization of Fgr kinase To demonstrate the role of Fgr in the regulation of Cll we exam-
was confirmed by subfractionation of pure mouse liver mito-  ined liver mitochondria from fgr~’'~ mice (Lowell et al., 1994), in
chondria (Figure 3H). which Fgr is undetectable but Cll content is normal (Figure 4A).

Cell Metabolism 79, 1020-1033, June 3, 2014 ©2014 Elsevier Inc. 1025
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Figure 5. T Cell Activation and CIl Activity Response

(A) Flow cytometry analysis of T cell activation. Naive T cells from Fgr*”~ and
Fgr’/ ~ mice were activated with anti-CD3/CD28, and activation was assessed
by detection of CD69. Gray line: negative control. The chart shows data from
one representative experiment of four.

(B) Flow cytometry analysis of ROS production (2,7-DCFH,-DA) in resting
T cells and upon CD3/CD28 or ConA activation (n = 3). Data are presented as
mean + SD.

(C) Cll activity measured in resting and activated T cells (n = 4). Data are
presented as the percentage of activity compared to resting T cells. Lines
extending from the boxes indicate the variability outside the upper and lower
quartiles.

+—

Basal Cll activity in these mitochondria was below normal and
insensitive to H,O, or PP2 (Figure 4B), and FpSDH phosphoryla-
tion was prevented (Figure 4C). Cll activity was normal in mito-
chondria from Lyn and Hck Tyr kinase knockout mice (Figure 4D).
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The absence of Fgr affected CllI activity in all analyzed tissues
(Figure 4E), whereas activities of the other mitochondrial respira-
tory complexes remained unchanged or, in the case of Cl or
combined CI+lll, increased (Figures 4F and 4G). We can thus
conclude that Fgr is the tyrosine kinase responsible for FpSDH
phosphorylation, that it interacts with its substrate, and that
FpSDH phosphorylation activates CII.

Fgr Activates CIl through FpSDH Phosphorylation on
Y604

Analysis of mouse FpSDH identified six candidate tyrosines for
phosphorylation (Figure S3A), three of them in Fgr target motifs
predicted by Scansite and Prediction of PK phosphorylation
site (PPSP). One residue, Y604, which is conserved among
mammals (Figure S3B), was previously identified as an Fgr target
in in vitro phosphorylation assays (Salvi et al., 2007). The same
report showed phosphorylation of Y543, but in silico predictions
indicate this residue is not an Fgr target.

To identify the residue involved in Cll regulation, we measured
Cll activity in FBalb/cJ cells transfected with WT FpSDH or one
of the mutant FpSDH variants Y543F and Y604F. To ascertain
the effect of the specific residues, we also silenced endogenous
FpSDH expression (Figure S3C) and analyzed the response to
treatment with rotenone (Figure 4H). In cells silenced for endog-
enous FpSDH, re-expressed WT and Y543F FpSDH restored
rotenone-activated CII activity, but this effect was not seen in
cells re-expressing the single mutant Y604F (Figure 4H). We
next immunocaptured CIl from cells expressing WT or Y604F
FpSDH and performed Fgr in vitro phosphorylation assays. As
proposed for rat (Salvi et al., 2007), mouse FpSDH was phos-
phorylated by Fgr. In contrast, Fgr was unable to phosphorylate
the Y604F FpSDH variant (Figure 4l). No other CII proteins were
labeled by this approach. These results confirm the in silico pre-
diction that FpSDH Y604 is the unique Fgr target in CII.

ROS/Fgr/CIl Regulatory Pathway in T Lymphocyte
Activation

Activation of resting T cells with anti-CD3/CD28 antibodies
(Abs), concanavalin A/IL2 (ConA/IL2), or phorbol-12-myristate-
13-acetate (PMA) plus ionomycin triggers ROS production
(Kaminski et al., 2010; Nagy et al., 2003). In response to anti-
CD3/CD28 Abs or ConA/IL2, T cells isolated from Fgr’~ and
Fgr~'~ produced similar levels of ROS (Figures 5A and 5B). How-
ever, whereas Cl| activity was increased in Fgr*’~ T cells, it re-
mained unaffected in Fgr~'~ cells (Figure 5C). Consistent with
this result, restimulation of T lymphoblasts with PMA/ionomycin
increased Cll activity in Fgr*’~ but not Fgr~'~ cells (not shown).

ROS/Fgr/CIll Pathway in Starvation and Serum
Deprivation

One of the better-characterized ways in which liver cells adapt
to starvation is through phosphorylation-mediated inhibition of
pyruvate dehydrogenase (Huang et al., 2003), which reduces
mitochondrial utilization of pyruvate and has been proposed to
increase ROS production (Ten and Starkov, 2012). We recently
reported that electrons derived from NADH and FADH, follow
separate routes along the mETC, and that this is important for
metabolic adaptation to starvation, with an increase in the rate
of FADH, oxidization occurring at the expense of the NADH route
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(Lapuente-Brun et al., 2013). Since Fgr-kinase activates Cll (and
hence use of FADH, electrons), we conducted a more detailed
evaluation of the consequences of the lack of Fgr-kinase for liver
mitochondria function. The significantly lower maximum Cll activ-
ity in mitochondrial preparations from Fgr null liver was accompa-
nied by lower-succinate-driven respiration and ATP synthesis
(Figure 6A). Maximum CI activity was similar for both genotypes
(Figure 6B). Surprisingly, pyruvate-plus-malate- and glutamate-
plus-malate-driven respiration rates were below normal in well-
fed Fgr null mice, and in the case of pyruvate-plus-malate this
was accompanied by significantly lower ATP synthesis (Fig-
ure 6B). Lack of Fgr kinase thus appears to have a broader than
anticipated effect on liver energy metabolism. No significant dif-
ferences in citrate synthase activity were detected that could
explain this decline in Cl dependent respiration (Figure 6A). But
although both the CI (NADH route) and the CIl (FADH, route) are
altered in Fgr™/~ liver mitochondria, the balance of electron
supply potential to the mETC from NADH and FADH, is shifted,
increasing the CI/CIlI activity ratio (Figure 6C). Starving Fgr—/~
mice overnight increased CI activity in liver mitochondria and
reduced ClI activity (Figures 6A, 6B, and S4), sharply increasing
the CI/CII activity ratio, whereas the ratio in mitochondria from
starved control mice decreased (Figure 6C). Feeding mitochon-
dria with pyruvate or glutamate should generate intramito-
chondrial NADH, for delivery of electrons to Cl. As expected,
starvation-induced downregulation of pyruvate dehydrogenase
activity reduced pyruvate-plus-malate-driven respiration and
ATP synthesis in Fgr*’~ and Fgr null mice (Figure 6B). In contrast,
starvation only decreased respiration and ATP synthesis driven
by glutamate-plus-malate in Fgr~'~ mice, despite the higher
maximal Cl respiration (Figure 6B). These observations unexpect-
edly show that lack of Fgr kinase affects liver glutamate utilization.

To avoid the complex pleiotropic effects of Fgr-kinase ablation
in liver, we mimicked starvation in cultured embryonic fibroblasts
(derived from Fgr” ~and Fgr’/ ~ littermates) by overnight serum
deprivation. Serum-deprived Fgr~ fibroblasts showed the
typical mitochondrial hyperfusion phenotype required to maintain
ATP production upon nutrient deprivation (Gomes et al., 2011),
whereas Fgr™~ mitochondria were fragmented (Figure 6D).
Consistently, mitochondria from serum-deprived Fgr~/~ cells
showed higher processing of OPA1 (Figure 6E). Serum depriva-
tion increased Cll activity in Fgr*’~ but not Fgr~~ cells (Figure 6F),
recapitulating the lack of Cll activation in Fgr~/~ liver mitochondria
from overnight-starved mice. To assess whether starvation re-
sponses were due only to Fgr-dependent Cll phosphorylation,
we analyzed the effects of serum deprivation in fibroblasts
silenced for endogenous FpSDH and exogenously re-expressing
WT or Y604F FpSDH. Serum deprivation triggered OPA-1 pro-
cessing in YB604F cells (Figure 6E), mimicking the result in Fgr
null fibroblasts, and only cells re-expressing WT FpSDH upregu-
lated ClI activity after serum deprivation (Figure 6G). The blunted
Cllactivationin Y604F cells compromised cell survival after serum
deprivation, revealed by a higher proportion of apoptotic annexin
V positive YB04F cells (Figures 6H and S5C).

ROS/Fgr/CIl Pathway in Reoxygenation-Induced
Metabolic Reprogramming

A drop in O, availability triggers several adaptive mechanisms,
including reduction in the activities and protein levels of

Cell Metabolism 79, 1020-1033, June 3, 2014 ©2014 Elsevier Inc.

OXPHOS components and in ROS production (Ali et al., 2012;
Heather et al., 2012; Papandreou et al., 2006), and a notable
accumulation of succinate (Cascarano et al., 1976). However,
sudden reoxygenation, as occurs in reperfusion after ischemia,
is accompanied by a sharp increase in ROS production as the
electron transport chain readapts to oxygen availability. To
evaluate the role of ROS-mediated phosphorylation of FpSDH
in this adaptation, we cultured Fgr”’~ and Fgr~/~ fibroblasts
for 48 hr at 21% O, (normoxia), 1% O, (hypoxia), or 1% O,
followed by reoxygenation at 21% O, for an additional 48 hr.
Immunostaining and western blot analysis indicated that
ROS-mediated mitochondrial biogenesis upon reoxygenation
was impaired in Fgr~/~ cells, with only Fgr*’~ cells recovering
normoxic mitochondrial numbers and shape (Figures 7A and
7B). In both genotypes, hypoxia reduced the amount of the
mitochondrial proteins Tom20 and FpSDH (Figure 7B), consis-
tent with the reported loss of mitochondria upon hypoxia (Kim
et al.,, 2011). In the FpSDH re-expression model, hypoxia
reduced mitochondrial content (measured as the FpSDH:actin
and Tom20:actin ratios) in FpSDH-silenced fibroblasts re-ex-
pressing WT or Y604F FpSDH. As predicted, reoxygenation
restored or increased mitochondrial protein content in cells
re-expressing WT FpSDH, and this recovery was impaired in
Y604F cells; however, Y604F cells did show partial mitochon-
drial recovery, differing from the more severe phenotype in
Fgr~'~ fibroblasts (Figure 7B). The reason for this difference is
likely that germline lack of Fgr affects targets other than ClI
required for full recovery.

To test the metabolic effect of reoxygenation, we measured
Cll activity in Fgr*/~ and Fgr™~ fibroblasts cultured with
25 mM glucose or the more physiological 10 mM. Hypoxia did
not alter Cll activity under any conditions, and reoxygenation
increased ClI activity only in Fgr"/* cells (Figures 7C and S5A).
Likewise, in re-expression assays only WT FpSDH fibroblasts
upregulated CllI activity upon posthypoxia reoxygenation (Fig-
ures 7C and S5B). Cll has been proposed to trigger apoptosis,
depending on its attachment to the inner mitochondrial mem-
brane (reviewed in Grimm, 2013). When detached, Cll is not
assembled as a holocomplex, and its succinate ubiquinol reduc-
tase (SQR or Cl) activity, which involves coenzyme Q reduction,
is decreased. However, succinate dehydrogenase (SDH) activity
is unaltered, resulting in superoxide leakage that leads to
apoptosis (Albayrak et al., 2003; Lemarie et al., 2011). SDH activ-
ity was slightly higher in Y604F-expressing cells in normoxia, but
the proportion of apoptotic cells (annexin V positive) was unaf-
fected. Upon reoxygenation, the balance between Cll and SDH
activity in cells re-expressing WT FpSDH shifted toward ClI,
whereas in cells re-expressing Y604F it shifted more toward
SDH (Figure 7D). This was reflected in significantly more severe
apoptosis after hypoxia/reoxygenation in Y604F-re-expressing
cells, in which Cll activation is blunted, but not in cells re-ex-
pressing WT FpSDH (Figures 7D and S5C).

BNGE revealed a hypoxia-induced generalized decrease
in the content of assembled OXPHOS complexes and Tom20
(consistent with loss of mitochondrial proteins evident in Fig-
ure 7B), with no alteration in the proportion of Clll dedicated to
each coenzyme Q pool (Figure 7E). Posthypoxia reoxygenation
of WT re-expressing cells restored OXPHOS complexes and
supercomplex assembly while maintaining these proportions.
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Figure 6. Mitochondria Lacking Fgr or Expressing Y604F FpSDH Respond Abnormally to Starvation and Serum Deprivation

(A) Succinate-driven OXPHOS function in mouse liver mitochondria from Fgr*/~ and Fgr '~ mice fed a normal diet (well fed) or starved overnight (ON st, n > 4). ClI
activity (left), succinate-driven respiration (center left), succinate-driven ATP synthesis (center right), and citrate synthase activity (CS, right).

(B) NADH-driven OXPHOS function in mouse liver mitochondria from Fgr*'~ and Fgr’/’ mice fed a normal diet or starved overnight (n > 4). Cl activity (left),
glutamate-driven respiration (center left), pyruvate-driven respiration (center), glutamate-driven ATP synthesis (center right), and pyruvate-driven ATP synthesis
(right) are shown.

(C) Rate of use of NADH/FADH reducing equivalents in mouse liver mitochondria from Fgr*’~ and Fgr~/~ mice (n > 4). Data in (A)=(C) are presented as the
percentage of values obtained in well-fed Fgr*/~ mice. Lines extending from the boxes indicate the variability outside the upper and lower quartiles.

(D) Immunostaining of mitochondria (Tom20, green) in Fgr*/’ and Fgr~/~ fibroblasts cultured with serum or without serum overnight (No FBS ON).

(E) Immunoblot showing the migration of OPAT in lysates from control and serum-deprived Fgr*’~ and Fgr~'~ cells (left) or control and serum-deprived FpSDH-
silenced fibroblasts re-expressing WT or Y604F FpSDH (right).

(F) Cll activity in Fgr*’~ and Fgr '~ fibroblasts grown in 10 mM glucose in the indicated conditions (n > 5). Data are presented as the percentage activity in Fgr*/~
cells grown in normoxia; lines extending from the boxes indicate the variability outside the upper and lower quartiles.

(G) Cll activity in FpSDH-silenced fibroblasts re-expressing WT or Y604F FpSDH, cultured at 5 mM glucose under the indicated oxygenation conditions (n > 5).
Data are presented as the percentage of activity in WT-expressing cells grown in normoxia; lines extending from the boxes indicate the variability outside the
upper and lower quartiles.

(H) Apoptotic events in FpSDH-silenced fibroblasts re-expressing WT or Y604F FpSDH and grown with or without serum. Apoptosis was determined by flow
cytometry as the percentage of cells positive for annexin V and propidium iodide (n = 3). Data are presented as mean + SD. *p < 0.01; **p < 0.001; ***p < 0.0001.
See also Figures S4 and S5.

In contrast, reoxygenated Y604F-expressing cells restored the a higher-than-normal dedication to processing electrons from
normoxic level of ClIl dedicated to NADH but not the amount the NADH-CoQ pool than from the FADH,-CoQ pool (La-
dedicated to FADH, (CllI+IV and free Clll) (Figure 7E), indicating  puente-Brun et al., 2013).
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Figure 7. Mitochondria Lacking Fgr or Expressing Y604F FpSDH Respond Abnormally to Hypoxia-Reoxygenation

(A) Immunostaining of mitochondria (Tom20, green) in Fgr*’~ and Fgr~'~ fibroblasts cultured in normoxia (21% Oy) or hypoxia (1% Oy) for 48 hr followed by 48 hr
normoxia (Reoxy 48 hr).

(B) Left: Immunoblot analysis of Fgr*/~ and Fgr /'~ cells cultured under normoxia (Nx), hypoxia for 48 hr (Hyp 48 hr), or hypoxia followed by normoxia (Reoxy 48 hr).
Right: Immunoblot analysis of FpSDH-silenced fibroblasts re-expressing WT or Y604F FpSDH and cultured under the indicated oxygenation conditions.
Numbers beneath blots show FpSDH (Fp):actin and Tom20 (T20):actin ratios (n = 4).

(C) Top: Cll activity in Fgr’~ and Fgr~/~ fibroblasts grown in 10 mM glucose under the indicated conditions (n > 5). Bottom: FpSDH-silenced fibroblasts re-
expressing WT or Y604F FpSDH, cultured with 5 mM glucose under the indicated oxygenation conditions (n > 5). Data are presented as the percentage activity in
Fgr*’~ cells or WT-FpSDH-re-expressing cells grown in normoxia; lines extending from the boxes indicate the variability outside the upper and lower quartiles.
(D) Top: Relative activities of Cll (CoQ reduction) and SDH in WT- and YB04F-re-expressing FpSDH-silenced cells grown in normoxia or through a hypoxia/
reoxygenation cycle. For each cell line and condition, 100% = the sum of Cll and SDH activities; absolute SDH activity did not differ between cell lines and
conditions. Bottom: Apoptotic events in FpSDH-silenced fibroblasts re-expressing WT or Y604F FpSDH and grown in normoxia or through a hypoxia/reox-
ygenation cycle. Apoptosis was determined by flow cytometry as the percentage of annexin V- and Pl-positive cells (n = 3). Data are presented as mean + SD.
(E) BNGE of FpSDH-silenced fibroblasts re-expressing WT or Y604F FpSDH cultured at 5 mM glucose under the indicated oxygenation conditions; the blot
reveals the distribution of CllI (anti-core 1 immunodetection) among the different forms of free complex and supercomplexes. The outer membrane protein Tom20
is used as a mitochondrial protein loading control. Upper and lower panels are taken from two independent experiments. Note that upon reoxygenation the
amount of Clll super assembled with Cl is abnormally elevated in the Y604F mutant. See also Figure S5.

/-

DISCUSSION cessing NADH- versus FADH,-derived electrons. This Tyr phos-

phorylation is H,O, mediated, is catalyzed by the Src-family
The data presented here demonstrate that Tyr phosphorylation  kinase Fgr, and specifically targets Y604 in FpSDH. The finding
of FpSDH increases Cll activity in vivo, and that this mechanism  that the catalytic subunit of Cll can be phosphorylated is consis-
triggers remodeling of the mETC to reset its capacity for pro- tent with earlier observations (Bykova et al., 2003; Schulenberg
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et al., 2003). Moreover, our proposal that Fgr is the tyrosine
kinase responsible for this phosphorylation concurs with a previ-
ous report demonstrating that Fgr, but not Lyn, is able to pro-
mote the in vitro phosphorylation of Y535 and Y596 of rat
FpSDH, which correspond to Y543 and Y604 in mouse (Salvi
et al., 2007).

H,0O,-triggered activation of Cll provides a mechanism for the
association of increased Cll activity and defective Cl, observed
in human patients and in a range of organisms from Chlamydo-
monas reinhardtii (Cardol et al., 2002) and Rhodobacter capsula-
tus (Dupuis et al., 1998) to mouse and humans (Esteitie et al.,
2005; Fan et al., 2008; Majander et al., 1991). Another feature
of ROS-driven activation of Cll is that since hydrogen peroxide
can permeate through cell membranes, any extramitochondrial
source of H,O, can potentially activate Cll, suggesting a mech-
anism to promote metabolic adaptation in response to signals
that increase H,O,. Our results thus show that activation of ClI
by Fgr kinase in response to a primary wave of extramitochon-
drial ROS can trigger a secondary wave of ROS production as
a consequence of Cll activation. This pathway provides a mech-
anism for amplifying ROS signals within the cell. The increase in
CIl activity triggered by H,O, is a quick response mechanism,
independent of gene expression and therefore not involving
any increase in mitochondrial biogenesis or regulation through
PGC-1a, a common feature of mitochondrial disease (Moreno-
Loshuertos et al., 2006; Acin-Perez et al., 2009; Srivastava
et al., 2009; Wenz et al., 2008).

FpSDH activity is regulated by acetylation on several lysine
residues, and deacetylation mediated by sirtuin 3 (Cimen
et al., 2010; Finley et al., 2011) increases Cll activity indepen-
dently of ROS. The regulation of CllI acetylation is incompletely
understood, but fuel availability is likely to play a part, probably
in a complex tissue-specific pattern (Boyle et al., 2013; Finley
et al.,, 2011). The convergence of multiple posttranslational
modifications on the catalytic subunit of Cll highlights the impor-
tance of fine-tuning CII activity to ensure correct cell meta-
bolism. This role has remained unappreciated despite the
considerable knowledge accumulated on the function of the
tricarboxylic acid (TCA) cycle. Two other TCA cycle enzymes,
aconitase and KGDH, are known to be reversibly downregulated
by physiological increases in ROS levels (Bulteau et al., 2003;
Moreno-Loshuertos et al., 2006). Our current results show that
CllI should be included among the TCA cycle enzymes regulated
by ROS.

Our results also show that Src-family kinase signaling oper-
ates within mitochondria, regulating the fundamental metabolic
processes of the TCA cycle and oxidative phosphorylation.
SFKs are implicated in a wide variety of signaling pathways,
regulating cell growth, differentiation, cell shape, migration,
and survival (Ingley, 2008; Parsons and Parsons, 2004). More-
over, the physiological role of SFK activation by H,O, has also
been shown in another model system: the role of Lyn kinase
as a redox sensor activated by H,O, in leukocyte wound attrac-
tion (Yoo et al., 2011). The role of reversible protein phosphory-
lation in mitochondria is an emerging field (Pagliarini and Dixon,
2006; Pagliarini et al., 2005), and several mitochondrial proteins
have been proposed as Tyr phosphorylation targets (Augereau
et al., 2005; Salvi et al., 2005, 2007; Tibaldi et al., 2008). More-
over, a number of SFKs have been proposed to localize in mito-
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chondria (Pagliarini and Dixon, 2006; Tibaldi et al., 2008). One
previous report has described the function of a mitochondrial
SFK, demonstrating that c-Src enhances the activity of subunit
Il of cytochrome ¢ oxidase, the terminal mETC enzyme (Miya-
zaki et al., 2003). Thus the TCA cycle and the mETC are both
positively regulated by the action of SFKs: Fgr for the TCA cycle
and c-Src for the mETC. By bringing the regulation of mitochon-
drial energetic metabolism within the remit of cellular signaling
pathways regulated by SFKs, these findings have broad impli-
cations for the integration of cell adaptation and energy regula-
tion. The results presented here highlight the importance of
this regulation in the adaptation to loss of Cl, regulation of ClI
activity during the metabolic switch upon activation of naive
T cells, and metabolic adaptation of mitochondria to starvation
and hypoxia/reoxygenation. Cll has also been proposed to act
as universal oxygen sensor (Baysal, 2006), suggesting that
this pathway is also critically important in situations where cells
need to respond rapidly to changes in fuel availability or O,
concentration.

EXPERIMENTAL PROCEDURES

Further details of methods are provided in Supplemental Experimental
Procedures.

Cell Culture

Cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM;
GIBCOBRL) supplemented with 5% fetal bovine serum (FBS; GIBCOBRL).
Fibroblasts from Fgr*’~ and Fgr null mice were isolated from mouse ear and
immortalized by transfection with pLOX-Ttag-iresTK (Addgene) and grown in
DMEM with 10% FBS. FBalb/cJ and FG23-1 cells expressing MnSOD or
HA-tagged mt-catalase and FBalb/cJ cells overexpressing different forms
of FpSDH and silenced for the endogenous FpSDH were generated by viral
infection using polybrene (8 ng/ml).

Isolation of Mitochondria and Mitochondrial Fractions from Mouse
Liver and Cell Lines

Mitochondria were isolated from cell lines as described (Schégger and von
Jagow, 1991) with some modifications, and from mouse liver as described
(Fernandez-Vizarra et al., 2002).

OXPHOS Function and Enzyme Activities

O, consumption was measured in mouse liver mitochondria (100 pg) as
described (Hofhaus et al., 1996). ATP synthesis in isolated mitochondria (15—
25 pg mitochondrial protein) was measured using a kinetic luminescence
assay (Vives-Bauza et al., 2007). Mitochondrial fractions were prepared and
the activities of individual complexes measured spectrophotometrically
(Birch-Machin and Turnbull, 2001). Catalase activity was measured in total
cell lysates (300 ng) (Moreno-Loshuertos et al., 2006). Total SOD and MnSOD
(KCN insensitive) activities were assessed in total cell lysates (50 ng) using the
SOD Assay Kit (Sigma-Aldrich).

Blue-Native Gel Electrophoresis
Cell-culture-derived mitochondria (50-75 ng) were separated on 5%-13%
gradient blue native gels (Schagger and von Jagow, 1991).

Isoelectric Focusing and 2D SDS-PAGE

Mitochondrial preparations (100 pg) were processed with by Ready Prep 2D
Cleanup (BioRad) and applied to pH 3-10 or pH 4-7 IPG strips (BioRad) and
incubated overnight at room temperature. Isoelectric focusing and second
dimension SDS-PAGE were run under standard conditions.

Phoshoprotein Enrichment
Phosphoprotein-enriched mitochondrial fractions were isolated on phospho-
protein enrichment columns (QIAGEN).
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Immunocapture

Complex Il and FpSDH were immunocaptured from mitochondria isolated
from either cells or mouse liver. For details see Supplemental Experimental
Procedures.

In Vitro Fgr Phosphorylation
Recombinant Fgr kinase (Abnova) was used to phosphorylate complex Il im-
munocaptured from cells expressing WT and Y604F FpSDH (Salvi et al., 2007).

Immunological Analysis
Antibodies used in this study are listed in Supplemental Experimental
Procedures.

H.0, Production
H,O, production was measured in cultured cells grown in the absence or pres-
ence of 5 mM NAC for 7 days (Moreno-Loshuertos et al., 2006).

Isolation and Stimulation of Naive CD4* and CD8* T Cells

CD4* and CD8" T cells were purified from splenic cell suspensions obtained
from 8- to 10-week-old Fgr*/~ and Fgr~/~ male mice. To obtain differentiated
T lymphoblasts, naive T cells were cultured with concanavalin A (Sigma) and
human recombinant IL-2 (50 U/ml, Glaxo).

Flow Cytometry ROS Production Determination

ROS production in naive or activated T lymphocytes and in cells before and
after overexpression of detoxifying enzymes was assessed by flow cytometry
of 2,7-DCFH,-DA or MitoSOX staining (Kaminski et al., 2012).

Determination of Apoptosis in Cultured Cells

Apoptosis was monitored by flow cytometry detection of annexin V and propi-
dium iodide (Pl) staining in 10° cells resuspended in 10 mM HEPES/NaOH
(pH 7.4), 140 mM NaCl, 2.5 mM CaCl,.

Mouse Strains
Animal studies were approved by the local ethics committee. Analyses were
performed in 8- to 11-week-old male mice.

In Silico Analysis
See Supplemental Experimental Procedures.

Statistical Analysis
Comparisons between groups were made by one-way ANOVA. Pairwise com-
parisons were made by Fisher’s PLSD post hoc test. Differences were consid-
ered statistically significant at p < 0.05. Data were analyzed with StatView
(Adept Scientific, UK).

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.cmet.2014.04.015.
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