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ARTICLE INFO ABSTRACT

Keywords: Recent studies have led to the discovery of multiple mitochondrial quality control (mQC) processes that operate

Cardiac physiology and pathophysiology at various scales, ranging from the degradation of proteins by mitochondrial proteases to the degradation of

Mitochondria selected cargos or entire organelles in lysosomes. While the mechanisms governing these mQC processes are

x;iz;};‘;‘dria] quality control progressively being delineated, their role and importance remain unclear. Converging evidence however point to
y

a complex system whereby multiple and partly overlapping processes are recruited to orchestrate a cell type
specific mQC response that is adapted to the physiological state and level of stress encountered. Knowledge
gained from basic model systems of mQC therefore need to be integrated within organ-specific (patho)physio-
logical frameworks. Building on this notion, this article focuses on mQC in the heart, where developmental
metabolic reprogramming, sustained contraction, and multiple pathophysiological conditions pose broadly
different constraints. We provide an overview of current knowledge of mQC processes, and discuss their im-
plication in cardiac mQC under normal and diseased conditions.

Mitochondrial-derived vesicles
Mitochondrial proteases

1. Introduction

Mitochondria are responsible for the production of ATP through
oxidative phosphorylation (OXPHOS) and also influence several other
facets of cell biology, including intra- and inter-cellular metabolic
fluxes, redox and Ca®>* homeostasis, production of physiological levels
of reactive oxygen species (ROS) for cell signaling, and modulation of
nuclear gene expression through genetic and epigenetic mechanisms
[1,2]. Not surprisingly, dysfunction of these organelles is linked to the
development of numerous diseases through a variety of mechanisms
that include energetic failure, dysregulation of Ca®* flux, oxidative
damage, genetic reprogramming, and triggering of cell death [2-4].
Moreover, stressed mitochondria can also release pro-inflammatory
bacterial-like alarmins and self-antigens that can lead to potentially
adverse immune responses [5-7].

Considering the central roles played by these organelles in health
and disease, cells have evolved sophisticated mechanisms to prevent
the accumulation of abnormalities within the mitochondrial popula-
tion. These mechanisms involve the continuous replacement of

mitochondrial biomass through biogenesis, which is a consequence of
the coordinated induction of key transcription factors and co-activators
that collectively regulate the expression of nuclear- and mitochondria-
encoded genes [8-13]. In parallel, a variety of mitochondrial quality
control processes (mQC) insure the repair or removal of various con-
stituents [8,10,12,14,15], thus completing the mitochondrial life cycle.
Over the recent years, studies have led to the discovery of multiple
mQC processes that operate at various scales, ranging from the de-
gradation of proteins mediated by intra-mitochondrial proteases to the
delivery of selected cargos or entire organelles to lysosomes for de-
gradation. While the basic molecular mechanisms governing these mQC
processes are progressively being delineated, their role, level of inter-
dependence, and physiopathological importance still remain unclear.
There is increasing consensus that in vivo maintenance of mitochondrial
health results from the coordinated action of multiple complimentary
mechanisms that likely vary according to the cell type, the physiolo-
gical state, and the type and impact of pathological stress. For this
reason, knowledge gained from basic model systems of mQC need to be
integrated within organ-specific (patho)physiological frameworks.
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Building on this notion, this article focuses on mQC in the heart,
where developmental metabolic reprogramming, sustained contractile
activity, and multiple pathophysiological conditions pose broadly dif-
ferent constraints on mitochondrial biogenesis and quality control. The
intention is to provide an overview of current knowledge of mi-
tochondrial quality control systems gained from various model systems
and, when data is available, to specifically discuss their potential im-
plication in cardiac mQC under normal and diseased conditions.

2. Mitochondrial quality control: An overview
2.1. Mitochondrial proteases

Quality control by proteases and chaperones located within mi-
tochondria constitute one of the most basic housekeeping processes
(Fig. 1). Collectively, these proteases are involved in a variety of tasks,
including the processing of newly imported polypeptides in the mi-
tochondria during biogenesis, the degradation of non-assembled pro-
teins that can accumulate due to mito-nuclear mismatches, and the
elimination of misfolded or damaged proteins as a result of oxidative
stress or other forms of proteotoxic insults. This protein surveillance is
performed by four mitochondrial ATP-dependent proteases [15-17]:
two AAA-proteases within the inner membrane (iIAAA) and matrix
(mAAA), along with the Lon protease homologue (LONP) and the ATP-
dependent Clp protease proteolytic subunit (CLPP) that are also active
in the matrix. In addition, ATP-independent proteases and oligopepti-
dases also participate in the process. This includes the mitochondrial
inter membrane (IMM) protease Atp23 homologue (ATP23), the Ser
protease HTRA2/0OMI within the intermembrane space, the pre-
sequence protease PITRM1 within the matrix, and the mitochondrial
oligopeptidase (MIP) within the intermembrane space [15-17]. The
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Fig. 1. Organelle quality control mediated by mitochon-
drial proteases and the ubiquitin-proteasome system.
Mitochondrial proteases are collectively involved in the
processing of newly imported polypeptides in the mi-
tochondria during biogenesis, the degradation of non-
assembled proteins that can accumulate due to mito-nu-
clear mismatches, and the elimination of misfolded or
damaged proteins as a result of oxidative stress or other
forms of proteotoxic insults. The distinct intra-mi-
tochondrial localization of these proteases ensures com-
partment-specific quality control. In the matrix, pro-
teostasis is regulated by the matrix AAA-protease
(mAAA), the LON protease homologue (LONP), the ATP-
dependent CLP protease proteolytic subunit (CLPP), the
mitochondrial oligopeptidase (MEP), and the pre-
sequence protease PITRM1. On the inner membrane,
protein surveillance is mainly exerted by the iAAA and
mAAA proteases, which have their active sites oriented
towards the intermembrane space or the matrix, respec-
tively. In the intermembrane space quality control is ex-
erted by the mitochondrial inter membrane protease
Atp23 homologue (ATP23), the Ser protease HTRA2/0OMI
and the mitochondrial oligopeptidase (MIP). Cleavage
by-products are exported to the cytosol through ABC
transporters and recognized by transcription factors
CHOP, C/EBPJ, and cJUN/AP1, which activate the ex-
pression of several genes of the mitochondrial unfolded
protein response (mtUPR). The ubiquitin-proteasome
system also plays an active role in mQC by marking and
degrading proteins of the outer membrane and specific
intra-mitochondrial proteins following their retro-
translocation through the TIM-TOM complex.

distinct intra-mitochondrial localization of these proteases ensures
compartment-specific quality control. On the inner membrane, protein
surveillance is mainly exerted by the iAAA and mAAA proteases, which
have their active sites oriented towards the intermembrane space or the
matrix, respectively [18]. In the matrix, LONP has a well-recognized
role in the degradation of oxidized and damaged proteins, and several
of its target proteins are now identified, including aconitase, cyto-
chrome c oxidase subunit 4 isoform 1, steroidogenic acute regulatory
protein (STAR), succinate dehydrogenase subunit 5, transcription factor
A (TFAM) and glutaminase C, as well as some haeme-related enzymes
such as cystathionine B-synthase, haeme oxygenase 1 and 5-aminole-
vulinate synthase [18-26]. In the matrix, CLPP is also involved in
proteolysis by forming the CLPXP complex with the chaperone ATP-
dependent CLP protease ATP-binding subunit CLPX-like (CLPX). Al-
though its role is less well documented, CLPP is believed to play a role
in the degradation of misfolded and damaged proteins [27].

Additional ATP-independent proteases also participate to the
maintenance of proteostasis. In the intermembrane space, HTRA2 plays
an established role in the degradation of oxidized proteins [27]. ATP23,
a protease of the metallo family, is also present in the intermembrane
space, but its role in mammalian cells is still unclear [28,29]. Studies in
yeast suggest that it may play a role in the degradation of lipid transfer
proteins in mitochondria, and the proper assembly of trans-membrane
OXPHOS complexes, particularly complex V [29].

In addition to a baseline housekeeping role, mitochondrial proteases
are involved in the mitochondrial unfolded protein response (mtUPR), a
retrograde signaling pathway that serves to counteract mitochondrial
damage (Fig. 1). This pathway is activated by mitochondrial proteo-
toxic stress caused by the accumulation of unfolded or unassembled
proteins, by defects in components of the OXPHOS complexes, or a
mitonuclear imbalance [30-32]. The mtUPR pathway has been mainly
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studied in C. elegans, in which the process involves CLPP-mediated di-
gestion of unfolded or unassembled matrix proteins into peptides
[33,34]. These peptides are subsequently transported to the cytoplasm
through mitochondrial ABC transporters (ABCmel0, the homologue of
Haf-1 in C. elegans) and recognized by transcription factors CHOP, C/
EBPp, and cJun/AP1 [33,34]. This in turn activates the expression of
components of the mitochondrial protein quality control system, in-
cluding mitochondrial chaperone HSP60, CLPP, LONP, mAAA (SPG7),
iAAA (YME1L1), the mitochondrial processing peptidase MPPf3, and the
inner membrane translocase subunit Tim17Aa [27,35]. This mtUPR
response enhances the capacity of mitochondria to degrade accumu-
lated misfolded proteins. Simultaneously, it suppresses the translation
and import of several nuclear-encoded proteins until proteostasis is
reestablished. In mammalian cells, the mtUPR pathway response has
been mainly studied during specific proteotoxic stress induced by the
expression of mutated mitochondrial proteins such as ornithine trans-
carbamylase (OTC) [35-37] and endonuclease G (ENDO-G) [38,39],
and disruption of mitochondrial translation [40]. However, the mtUPR
signaling network and its response to more physiopathologically re-
levant conditions remain elusive [41]. A difficulty in studying the
mtUPR is to demonstrate that under the experimental conditions stu-
died, increased expression of mitochondrial proteases and chaperones is
not part of a mitochondrial biogenesis response in which case all pro-
teins in the mitochondrial matrix would scale up together with pro-
teases and cheperones.

2.2. Ubiquitin-proteasome

In addition to intra-organellar proteases, mitochondria also rely on
the cytosolic Ubiquitin-Proteasome System (UPS) for the degradation of
proteins (Fig. 1). Studies employing mitochondrial stress (e.g. un-
coupling) show that the E3-ligase PARKIN catalyzes K63- and K47-
linked polyubiquitination of mitochondrial proteins, and the recruit-
ment of the 26S proteasome and p97, an AAA-ATPase involved in the
extraction of membrane proteins [42-45]. This in turns leads to the
degradation of a broad range of mitochondrial proteins, primarily lo-
cated on the outer membrane including MFN1, MFN2, VDAC, FIS1 and
subunits of the TOM complex [42]. Proteasomal degradation of these
proteins is suggested to prime whole organelles removal through au-
tophagy [42]. Some studies also report that matrix and inner membrane
proteins can be ubiquitinated and degraded in a UPS-dependent
manner. This includes OSCP, COX, UCP2, and UCP3 [46,47]. To ac-
count for this, an ERAD-like (Endoplasmic Reticulum Associated Pro-
tein Degradation) system similar to the one present in the endoplasmic
reticulum has been proposed whereby matrix and inter-membrane
proteins are retrotranslocated to the outer membrane for ubiquitina-
tion, and degradation by the proteasome [48]. Alternately, these pro-
teins could also become ubiquitinated after getting stuck in the protein
import channels of defective mitochondria. Identification of a specific
translocation machinery will help solve this contoversy.

2.3. Mitochondrial dynamics

Mitochondrial quality control is intimately linked to its network
dynamics, which results from stochastic fission and fusion events be-
tween neighboring organelles. These events are regulated by a delicate
interplay between fission and fusion proteins within the double mem-
brane system of mitochondria. Fission is triggered by the recruitment of
the cytosolic cytoplasmic Dynamin-Related Protein-1 (DRP1) to the
outer membrane, where it binds to human Fission protein 1 (FIS1) to
form oligomeric constriction rings which allow organelle segmentation
[49,50] (Fig. 2). This process is regulated by the Mitochonrial Fission
Factor (MFF), which assists in the assembly of DRP1, and by the Mi-
tochondrial Dynamics Proteins of 49 (MID49) and 51 (MID51) kDa
which are suggested to play a regulatory role by recruiting DRP1 and
maintaining it in an inactive state until fission is trigged by signaling
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events [51].

The action of these fission proteins is counterbalanced by the
GTPases mitofusins (MFN1, MFN2) and Optic Atrophy Protein-1
(OPA1) which sequentially bridge the outer and inner membrane of
adjacent mitochondria [52-55]. The activity of mitofusins is regulated
by several post-translational modifications that affect their activity and
by UPS-mediated degradation, while the activity of OPAL1 is regulated
through its cleavage by the zinc metalopeptidase OMA1l and AAA
proteases [50,56-58], which illustrates the interplay between mole-
cular QC by proteases and mitochondrial dynamics.

Fission and fusion have an impact on mitochondrial quality control
in two major ways. First, these events are important in combining mi-
tochondrial content between neighboring organelles, allowing for the
exchange of mtDNA molecules and gene products (e.g mRNA and
proteins) within the mitochondrial network, for functional com-
plementation [59-62]. When this process is inhibited, the distribution
of mtDNA nucleoids [63] and respiratory chain proteins [64] is pro-
gressively altered, and mtDNA stability is reduced [65-67].

Second, the process of fission is also considered as an important
mechanism by which damaged components that accumulate within an
individual organelle can be segregated. This process, termed asymme-
trical fission, is suggested to be an important checkpoint that de-
termines whether mitochondria will be retained or targeted for de-
gradation. Healthy, undamaged organelles that are able to regain their
membrane potential following fission are allowed to re-integrate into
the mitochondrial network, while mitochondria enriched with damaged
constituents and destined to whole organelle clearance remain isolated.
Loss of membrane potential and low ATP production are considered
important events triggering the segregation of damaged mitochondria
as both defects promote the cleavage and degradation of core fusion
proteins MFNs and OPA1 [43,68]. More work is required to determine
whether assymetrical fission, which has initially been described in yeast
[69], is of major importance in mammalian cells and tissues. Further-
more, threshold beyond which partial loss of membrane potential and
ATP flux are able to trigger the autophagic removal or defective orga-
nelles following asymetrcial fission remains unclear.

2.4. Whole organelle clearance through mitophagy

Autophagy plays a fundamental role in the degradation and re-
cycling of cellular constituents. This ranges from protein aggregates
that are too large for proteolytic dismantlement to entire organelles.
This highly conserved mechanism relies on a large family of autophagy-
related (ATG) proteins that activate and guide the formation of double
membrane autophagosomes [70,71]. The class III PI3K complex, com-
posed of BECLIN 1 (ATG6)/VPS34/VPS15, initiates the nucleation of
the isolation membrane (vesicle nucleation step), also known as the
phagophore. Subsequently, two ubiquitin-like conjugation systems,
ATG12-ATG5 and ATG8/light chain 3 (LC3), guide the progressive
elongation of phagophores. This promotes the interaction of soluble
LC3 with phosphatidylethanolamine (PE) to form autophagosomal
bound mature LC3-II [72,73]. Mature LC3-II proteins remain associated
with autophagosomes where they interact with specific adaptor pro-
teins or acceptor marks on the surface of cellular material destined for
degradation. Once formed, autophagosomes fuse with lysosomes
leading to the degradation of autophagosome content.

Mitochondria were originally observed in autophagosomes since the
early 1960s, although the autophagic removal of mitochondria was
then believed to occur non-specifically, along with other cellular ma-
terial destined for degradation. However, several studies have now
identified mechanisms by which mitochondria are selectively targeted
for autophagy, a process which has been termed mitophagy [74,75].

2.4.1. PINK1/PARKIN-dependent mitophagy
The best characterized mechanism of mitophagy implicates the
mitochondrial serine/threonine kinase PINK1 and the E3 ubiquitin-
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Fig. 2. Mitochondrial quality control mediated
by whole organelle clearance mechanisms.

For whole organelle clearance, fission of the
mitochondrial network is generally required to
facilitate their engulfment. The core fission
proteins Dynamin-Related Protein-1 (DRP1)
controls the final step of mitochondrial fission
by forming a constriction ring at ER-mitochon-
dria contact sites, which allows to pinch off the
membrane stalk between two forming daughter
mitochondria. Recruitment of DRP1 is promoted
by human Fission protein 1 (FIS1), a multi-
functional integral protein of the outer mi-
tochondrial membrane. Fragmented dysfunc-
tional mitochondria are targeted for degradation
through various mechanisms. 1) Ubiquitin-in-
dependent mitophagy: Several proteins that are
integral (FUNDC1, FKBP8) or are recruited to
the outer mitochondrial membrane (BNIP3,
NIX) contain LC3 binding sites that allow direct
interaction with nascent autophagosomes under
conditions of stress. Similarly, cardiolipin, a
phospholipid normally present in the inner
membrane can be translocated to the outer
membrane in response to mitochondrial dys-
function and directly bind the N-terminal region
of LC3. 2) PINK1/PARKIN-dependent mito-
phagy: Upon loss of membrane potential, PINK1
accumulates at the surface of mitochondria
where it recruits the PARKIN. Recruitment of

mitophagy

this E3 ligase leads to the ubiquitination of several mitochondrial proteins, which in turn promote proteasomal degradation and recruitment of the core autophagy
machinery, including P62 and LC3. 3) Endo-lysosomal clearance: PARKIN-dependent ubiquitination of target proteins also leads to the recruitment of RAB5-positive
early endosomes which engulf mitochondria through a mechanism involving the ESCRT machinery.

ligase PARKIN [76-78] (Fig. 2). Under normal conditions, PINK1 is
imported into mitochondria through the TOM import channels and
rapidly degraded by the presenilin-associated rhomboid-like protein
protease PARL [77]. However, in response to mitochondrial stress that
leads to depolarization, typically following a sustained exposure to
uncouplers, the import of PINK1 is attenuated and the full-length pro-
tein accumulates in the TOM channel with its kinase domain facing the
cytosol [77]. In this conformation, PINK1 phosphorylates PARKIN
which increases its ligase activity and promotes interaction with its
substrates [79-82]. Several substrates are also phosphorylated by
PINK1 promoting their ubiquitination by PARKIN. This is the case of
MIRO, MFN1 and MFN2 [83-87] which are normally involved in mi-
tochondrial fusion. Ubiquitination of these proteins has two important
effects. First, it promotes their degradation by the proteasome, thereby
reducing the capacity of defective organelles to fuse back with the
mitochondrial network. Second, it promotes the recruitment of several
proteins required for autophagy, including the adapter proteins BCRA1
(NBR1), sequestrosome-1 (P62/SQSTM1) and histone deacetylase-6
(HDACS6) [88-90]. BCRA1 and P62 contain ubiquitin-associated (UBA)
and LC3 (LIR; LC3-interacting region) binding domains that allow them
to guide the formation of nascent autophagosomes in the vicinity of
defective mitochondria [88,90]. HDAC6, which also contains ubiquitin-
binding activity, promotes mitochondrial clearance, possibly by pro-
moting the fusion of autophagosomes with lysosomes [89]. Further,
PARKIN can also interact with AMBRA1 (Activating Molecule in Beclin
1-Regulated Autophagy) [91] at the mitochondrial surface to force its
association with the autophagy activating protein BECLIN1 [92]. Sev-
eral other mitochondrial proteins have also been identified as substrates
for PARKIN, including VDAC, TOM and hexokinase [93,94]. However,
their role in mitophagy remains controversial [95,96].

Several cell culture studies have characterized the kinetics of
PINK1/PARKIN dependent mitophagy in response to uncoupler-in-
duced depolarization. In general, results indicate that clearance of en-
tire mitochondria occurs between 6 and 72h after complete
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depolarization [42,97-99]. While useful to compare mitophagy to other
mQC mechanisms in cell culture, these estimates are difficult to trans-
late in vivo, where global and sustained depolarization rarely occurs.
Moreover, it is increasingly clear that the extent to which mitophagy
occurs varies across cells types. In Hela cells, other cancer or trans-
formed cell lines, in which oxidative metabolism is not essential for
energy production, uncoupler-induced mitophagy leads to the complete
eradication of mitochondria within 24-72 h. However, in primary cells
that depend more on OXPHOS, PARKIN-dependent mitophagy occurs at
much lower rates. Interestingly, if Hela cells are grown in galactose
media, to force reliance on OXPHOS, PARKIN recruitment to depolar-
ized mitochondria is drastically reduced, suggesting that the extent to
which PARKIN-dependent mitophagy occurs depends in part on the
bioenergetics profile of the cells [100,101].

2.4.2. Ubiquitin-independent autophagy

Mitophagy can also proceed through mechanisms that are in-
dependent of the PINK1/PARKIN pathway (Fig. 2). These mechanisms
rely on the direct binding of LC3, present on nascent phagophores, to
mitochondrial proteins and lipids. Two important proteins known to
bind LC3 are BNIP3 (BCL2/adenovirus E1B 19 kDa protein-interacting
protein 3), and BNIP3L/NIX (BCL2/adenovirus E1B 19 kDa protein-in-
teracting protein 3-like protein), which are atypical members of the
BCL2 protein family with BH3 domains [102-104]. Studies have shown
that BNIP3 and BNIP3L/NIX are inserted in the mitochondrial outer
membrane and directly bind to LC3 protein isoforms such as GABARAP
(gamma-aminobutyric acid receptor-associated protein) and GABAR-
APL1 [105-107], which could allow the autophagic sequestration of
defective mitochondria. Both sets of protein isoforms also appear to
promote fission and mitophagy by stimulating the recruitment of DRP1
and PARKIN [107,108]. Importantly, prior to the discovery of their role
in mitophagy, BNIP3 and BNIP3L/NIX were shown to trigger cell death
[102-104] by increasing mitochondrial ROS production, and triggering
opening of the permeability transition pore [104,108-110]. Therefore,
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BNIP3 and BNIP3L/NIX likely trigger mitophagy indirectly by causing
mitochondrial dysfunction. Similar to BNIP3 and BNIP3L/NIX, the
outer mitochondrial proteins FUNDC1 (FUN14 domain containing 1)
and FKBP8 (FK506 binding protein 8) also contains an LIR domain that
allows direct binding to LC3. Recent studies indicate that FUNDC1
promotes mitophagy under hypoxic conditions [111-114], while
FKBP8 was shown to respond to uncoupling [114]. However, the role of
FUNDC1 and FKBP8 under other pro-mitophagic states remains un-
known.

Ubiquitin-independent mitophagy is not strictly mediated through
protein-protein interactions. Cardiolipin, a phospholipid of the mi-
tochondrial inner membrane, can also act as a direct interactor for
mitophagy [115]. Under conditions of stress such as complex I inhibi-
tion (rotenone), uncoupling (CCCP) and induction of apoptosis (staur-
osporine), cardiolipin molecules can relocalize to the mitochondrial
outer membrane where they directly bind the N-terminal region of
autophagosome-bound LC3 [115]. Interestingly, under stress condi-
tions, oxidation of externalized cardiolipin is known to trigger the
formation of pores in the outer membrane and the release of apoptotic
factors including cytochrome c¢ [116]. Therefore, cardiolipin re-
localization and oxidation level may act as a rheostat that can induce
apoptosis when mitophagic clearance of damaged organelles is over-
whelmed.

2.5. Autophagy-independent mitochondrial clearance

2.5.1. Endo-lysosomal pathway

In addition to autophagy-mediated mechanisms, the endo-lysosomal
pathway, which is known to play a role in cellular quality control by
degrading damaged or excess plasma membrane proteins [117], was
recently suggested to participate in the clearance of whole mitochon-
dria [99] (Fig. 2). This study showed that following uncoupling with
FCCP, Rab-5 positive early-endosomes are recruited to mitochondria
along with the PIP3-producing VPS34 PIK3-BECLIN1 complex. Mi-
tochondria are then internalized into endosomal membranes by the
Endosomal Sorting Complexes Required for Transport (ESCRT) ma-
chinery, which is responsible for the invagination and subsequent
scission of the endosomal membrane [118]. Following maturation into
Rab9-positive late endosomes, mitochondria are then delivered to ly-
sosomes for degradation.

Interestingly, the recruitment of the ESCRT machinery to mi-
tochondria seems to depend on the ubiquitination of surface proteins by
PARKIN, indicating a degree of overlap between the autophagic and the
endo-lysosomal pathway of mitochondrial clearance [99]. However,
PARKIN-dependent clearance of mitochondria through this pathway
does not depend on the core-fission protein DRP1, suggesting that the
fragmentation process required to engulf mitochondria in early endo-
somes occurs through other unknown mechanisms [99]. Interestingly,
kinetic analysis revealed that Rab5-positive early endosomes are re-
cruited to mitochondria 2-4 h after depolarization, compared to 8-24 h
for LC3, suggesting that activation of this pathway precedes mitophagy
[99].

2.5.2. Mitochondrial-derived vesicles

Bacteria commonly generate small vesicles containing specific
cargos destined for transport within the bacterial colony as well as to
host cells [119]. Interestingly, this capacity is conserved in eukaryotic
cells as mitochondria were recently shown to generate Mitochondrial-
Derived-Vesicles (MDVs) [120]. These MDVs which bud off the mi-
tochondrial surface are 70-150 nm in size, composed of one or two
membranes, and enriched with distinct mitochondrial proteins [120]
(Fig. 3). Three different fates have been identified for MDVs. The first
fate is the transport of cargos to peroxisomes [121], which share several
functions with mitochondria including ROS and fatty acid metabolism.
The second fate is the presentation of mitochondrial antigens at the cell
surface, which occurs in response to mitochondrial stress and may
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promote auto-immunity [7]. The third fate is the incorporation of MDVs
into late endosomes for lysosomal degradation, pointing to a role for
this pathway in mQC [98,122] (Fig. 3).

Studies in cell models indicate that MDVs are produced at a sig-
nificant rate under baseline conditions, particularly when cells are
gown in galactose-containing media, which forces cellular dependence
on oxidative metabolism, and therefore enhances wear and tear of
mitochondrial proteins [122,123]. This suggests that MDV production
may be involved in mitochondrial housekeeping under normal condi-
tions [120]. Importantly, the production of these vesicles increases
above baseline rates within minutes following induction of mitochon-
drial stress (vs hours—days for mitophagy) [42,97-99], suggesting that it
acts as a first line of defense against stress [98,122,123]. This response
occurs in the absence of mitochondrial depolarization and mitochon-
drial fragmentation [122,123] and does not require the core mi-
tochondrial fission protein DRP1, nor the autophagy machinery [122]
which indicates that MDV production is distinct from mitophagy.

The molecular mechanisms involved in the production of MDVs are
not well defined [120]. In vitro reconstitution experiments performed
on isolated mitochondria show that intra-mitochondrial and extra-mi-
tochondrial oxidative stress leads to the formation of MDVs containing
distinct protein markers arising either from the matrix or the outer-
membrane, which suggest that MDV content varies according to the
nature of stress [124], thereby providing capacity for tailored mQC.
These experiments also indicate that MDVs are enriched with oxidized
proteins compared to control mitochondrial-derived MDVs, which is
compatible with a role in mQC [124]. Reconstitution assays also show
that MDV production by isolated mitochondria is catalyzed by the cy-
tosolic extract, indicating that budding depends on some factors present
in the cytoplasm [124,125]. Recent studies showed that PARKIN is
involved, which would point to a dual role of this protein in mQC (i.e.
MDVs and mitophagy) [98] (Fig. 3). However, PARKIN only regulates a
subset of MDVs carrying matrix cargos (e.g. Pyruvate Dehydrogenase
[PDH*] [98]). Furthermore, by focusing on other vesicle transport
paradigms in cells, it is apparent that PARKIN likely represents the tip
of the iceberg. In addition to cargo selection mechanisms and trigger
signals, the MDV pathway requires mechanisms that facilitate mem-
brane curvature, potential coating complexes, incorporation of fusion
machinery, and motility factors [120]. In this regard, recent data shows
that MDV formation is dependent on the presence of specific members
of the sorting nexins (SNX9) and RAB protein families (RAB9), which
are generally known for their role in vesicle formation [7] (Fig. 3).
These studies indicate that in response to oxidative stress, SNX9 and
RAB9 are recruited to mitochondria where they promote budding of
MDVs [7].

3. Mitochondrial quality control in the healthy and diseased
heart: Maintenance, reprogramming, and response to injury

mQC has been a topic of growing interest in the field of cardiology.
While important progress has been made, specifically in the study of
mitophagy, and mitochondrial dynamics, our understanding is far from
complete due to a lack of information on several of the above men-
tioned mQC processes. Moreover, research in the area has often been
guided by concepts developed using cell lines and model systems,
which do not take into consideration aspects of cardiac (patho)phy-
siology that likely have a major effect on mQC. In this section, we
briefly discuss important characteristics of mitochondrial biology in the
developing, healthy adult, and diseased heart to expose the different
constraints imposed on mitochondrial quality control. We also discuss
the potential implications of specific mQC processes during these key
periods.
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Lysosomal
degradation

Endosomes

Fig. 3. Mitochondrial quality control via vesicle budding.

Mitochondria release small, mitochondrial-derived vesicles (MDVs) from their membranes to deliver specific mitochondrial contents to the late endosome/multi-
vesicular bodies for subsequent lysosomal degradation. MDVs have a diameter of 70-150 nm as observed by electron microscopy and can be formed of a single
membrane derived from the outer mitochondrial membrane, or a double membrane formed by the inner and outer membrane (in green and red respectively on TEM
image of isolated cardiac mitochondria). These vesicles can also be distinguished from mitochondria by their selective and high enrichment for markers of the matrix
such as PDH or the outer mitochondrial membrane such as TOM20 (in red and green respectively on the confocal images of H9c2 cardioblasts). Formation of MDVs
involves the transient recruitment of SNX9, RAB9 and STX17, which are believed to assist the budding process. Interestingly, PARKIN regulates the production of a
subset of MDVs carrying matrix cargos, suggesting a dual role of PARKIN in mitophagy and MDV production.

3.1. Cardiac cell differentiation and perinatal metabolic reprogramming

3.1.1. Mitochondrial phenotype in the developing myocardium

The heart is a unique organ in which it has a constant need for
energy to sustain contractile activity, starting at early stages of em-
bryonic development all the way through adulthood. To maintain
physiological contractile demands, the adult heart requires an average
of 6kg of ATP/day, most of which is produced by oxidative phos-
phorylation within the mitochondria [126]. Cardiac energy metabo-
lism, however, varies depending on the developmental stage. Plur-
ipotent stem cells, that give rise to cardiac progenitors during fetal
development, posess immature mitochondria which are characterized
by low mtDNA copy number, perinuclear localization, smaller size, low
number of cristae and absence of elaborate network formation [127].
This bioenergetics phenotype is maintained in immature cardiomyo-
cytes that are less competent in oxidative metabolism and more
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dependent on glycolytic energy production [127-130]. This metabolic
profile has been suggested to be a requisite for cardiomyocytes to
maintain a proliferative potential in the fetal heart since it is compatible
with high biosynthetic activity and cardiogenesis. As gestation reaches
completion cardiomyocytes fully differentiate and lose their pro-
liferative capacity. In the mouse heart this occurs just prior to birth and
is accompanied by significant changes in mitochondrial morphology
and function [131] with the development of complex networks of
cristae-dense mitochondria (Fig. 4). This maturation of the mitochon-
drial network and bioenergetics shift is necessary for cardiomyocyte
differentiation and is further supported by birth. Birth represents a
sudden increase in oxygen saturation and shift in energy substrate
availability towards fatty acids, which further favors the development
of oxidative phosphorylation. Despite this sudden change in energetic
environment, the cardiomyocyte and the mitochondria slowly adapt.
Electron micrographs from mouse hearts show that 3 days after birth it
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- Low mitochondrial biomass

- Elongated and branched network
- Low cristae density

- Low respiratory capacity

- Low fatty acid metabolism

- Low antioxidant capacity

- High mitochondrial biomass
- Low network complexity

- High cristae density

- High respiratory capacity

- High fatty acid oxidation

- High antioxidant capacity

Mild-early defects
- OXPHOS inhibition
- Oxidative stress
- Dysregulated Ca?* fluxes
Severe-late defects
- Structural damage
- Partial or total depolarization
- Membrane permeabilization
- Increased fragmentation

Stress
Disease

. Whole organelle degradation

Time

Fig. 4. Integrative view of mQC in the normal and diseased heart.

The top part presents the mitochondrial phenotype typically observed in the normal heart during the fetal/perinatal stage, and the adult period as well as the early
and late stages of several cardiac diseases. This overview illustrates that broad differences exist between each of these periods, which likely impose unique constraints
on the various mQC systems. The bottom part presents a view of how proteases, MDVs and whole organelle clearance mechanism may contribute to the maintenance
of mitochondrial health at each of these stages and insure transition from one stage to the other. During perinatal maturation, mitochondrial fission/fusion, and
upregulation of mitophagy appear to be of importance for mass-remodeling of immature mitochondria, while mitochondrial proteases, and MDV formation may play
a fine-tuning role by degrading specific mitochondrial proteins. In the mature heart, where mitochondrial turnover is slow under normal situations, mitophagy,
although active, likely has a more limited role in the maintenance of baseline mitochondrial homeostasis. In this condition, more specific mQC mechanisms such as
protease-based systems and MDV formation likely play a significant housekeeping role. Under pathological conditions, the heart likely relies on multiple and partly

overlapping strategies to limit the accumulation of mitochondrial defects.

is still possible to identify smaller, circular mitochondria with sparse
cristae in cardiomyocytes with larger cytoplasmic areas [132]. By
7 days the cytoplasmic areas are reduced, interactions between myofi-
laments and mitochondria are increased, and cristae show higher
electron density. Regular cardiomyocyte morphology is present at
21 days post birth which coincides with the onset of weaning, another
marked event of change in energy substrate availability. Despite the
limited data available on energy metabolism in the newborn heart, it
appears that, at least in the rabbit heart, maturation of mitochondria
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and normal cardiac morphology is accompanied by a maturation of
glucose and fatty acid oxidation pathways [133] (Fig. 4). By 21 days,
the newborn rabbit heart derives ~90% of the ATP required from
oxidative metabolism of lactate, glucose and fatty acids, similar to what
is seen in the adult heart.

3.1.2. Mitochondrial quality control in the developing myocardium
The extensive remodeling of the mitochondrial network and the
profound morphological and molecular adaptations that mark the
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Impact of genetic ablation of mQC-related protein on cardiac development and baseline functions.

Ref Gene-KO Time of KO Viability Cardiac phenotype
Fission/Fusion proteins
Song et al. [134] DRP1 (cardiac specific) Perinatal Viable Early lethal cardiomyopathy
Kageyama et al. [135] DRP1 (cardiac specific) Perinatal Viable Early lethal cardiomyopathy
Kasahara et al. [190] MFN1 and 2 (cardiac specific) Embryonic Lethal Developmental arrest
Papanicolaou et al. [136] MFN1 and 2 (cardiac specific) Embryonic Lethal Developmental arrest
Perinatal Viable Early lethal cardiomyopathy

Song et al. [134] MFN1-2 (cardiac specific) Perinatal Viable Cardiac hypertrophy
Piquereau et al. [156] OPA1 (germline) Embryonic Lethal

OPA1(germline heterozygous) Embryonic Viable Cardiac and mitochondrial dysfunction at 6 months
Quiros et al. [191] OMAL1 (germline) Embryonic Viable Not examined
Wai et al. [157] YMEI1L1 (germline) Embryonic Lethal

YMEI1L1 (cardiac specific) Embryonic Viable Dilated cardiomyopathy at 40 weeks

Mitophagy related proteins

Gong et al. [144] PARKIN (cardiac specific) Perinatal Viable Early lethal cardiomyopathy
Piquereau et al. [137] PARKIN (germline) Embryonic Viable No apparent phenotype
Kubli et al. [138] PARKIN (germline) Embryonic Viable No apparent phenotype
Billia et al. [139] PINK1 (germline) Embryonic Viable Cardiac hypertrophy at 2 Mo
Diwan et al. [140] NIX (cardiac specific) Embryonic Viable Late onset cardiomyopathy
Dorn et al. [141] BNIP3 (germline) Embryonic Viable Late onset cardiomyopathy

BNIP3-NIX (germline-cardiac specific) Embryonic Viable Late onset cardiomyopathy

Mitochondrial proteases

Seiferling et al. [40] CLPP (muscle specific) Embryonic Viable No apparent phenotype
Gispert et al. [150] CLPP (germline) Embryonic Viable No apparent phenotype
Martins et al. [151] HTRA2 (germline) Embryonic Viable Reduced heart weight
Song et al. [134] DRP1 (cardiac specific) Adult Dilated cardiomyopathy in 8 weeks
Ikeda et al. [158] DRP1 (cardiac specific) Adult Dilated cardiomyopathy in 8 weeks

transition from fetal to extra-uterine life point to a central involvement
of pathways governing mitochondrial biogenesis, dynamics and mQC.

In line with this notion, cardiac specific deletion of the core fission
protein DRP1 during the perinatal period is lethal [134,135]. Similarly,
cardiac specific deletion of the core fusion proteins MFN1 and MFN2 in
embryonic cardiac myocytes arrests cardiac development and causes
embryonic lethality [136]. Loss of these fusion proteins during the
perinatal period results in severe dilated cardiomyopathy accompanied
by the proliferation of heterogeneously shaped mitochondria, impaired
expression of PGCla, reduced levels of mitochondrial DNA-encoded
OXPHOS complexes, and accumulation of P62 and LC3-II [136]. These
alterations indicate that mitochondrial dynamics is active during the
embryonic and perinatal period and is essential for metabolic matura-
tion likely by permitting morphological remodeling, effective activation
of mitochondrial biogenesis, mtDNA complementation, and the re-
moval of unwanted organelles (Table 1).

On the other hand, germline inactivation of several mitophagy
regulating proteins, including PARKIN, PINK1, BNIP3 and NIX has no
measurable impact on cardiac development [137-141], which would
suggest that mitophagy is dispensable for metabolic maturation. How-
ever, the presence of developmental compensation has been reported in
some of these mice models [137,142,143], which may contribute to
underestimating the role of mitophagy. More recent studies indicate
that PARKIN plays a critical role in perinatal metabolic reconfiguration.
PARKIN expression is upregulated during the perinatal period [144],
while its expression is constitutively low in the adult heart [145].
Furthermore, silencing of PARKIN during this critical period leads to
cardiomyopathy, failed maturation of mitochondrial morphology, and
perinatal mortality [144]. This phenotype is also observed in transgenic
mice in which a non-phosphorylatable form of MFN2, which prevents
PARKIN recruitment, is expressed perinatally [144] (Table 1). Detailed
analyses performed in these transgenic mice show that the absence of
morphological maturation of mitochondria is accompanied by mi-
tochondrial dysfunction and a failure of metabolic gene reprogramming
[144]. Because PARKIN is expressed at normal levels in the heart of
Mfn2 transgenic mice, the phenotype is likely attributable to defective
mitophagy, and not to other functions of PARKIN. These data would
therefore suggest that PARKIN-dependent mitophagy is essential to
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allow large scale replacement of “fetal” mitochondria by more oxida-
tively competent “adult” organelles [144] (Fig. 4). Alternately, these
results could point to an essential role of PARKIN-dependent degrada-
tion of MFN2 in mitochondrial/metabolic remodeling independent of
mitophagy, a possibility that has not formally been ruled out. It is also
important to mention that PARKIN plays a permissive role for mi-
tochondrial biogenesis by targeting PARIS, a transcriptional repressor
of PGCla, to proteasomal degradation [146]. Therefore, the upregu-
lation of PARKIN expression during cardiac maturation may also pro-
mote metabolic reprogramming through this mechanism. Furthermore,
the endo-lysosomal and MDV mQC pathways, which are both regulated
by PARKIN [98,99], could play a role.

In this regard, we recently found that MDV release is substantially
enhanced when H9c2 cardioblasts are forced into differentiation [123].
In H9c2 cells, differentiation is accompanied by significant repro-
gramming towards oxidative metabolism, which not only implies an
increase in mitochondrial content and function, but also significant
changes in their molecular makeup, requiring an increase in both
protein biosynthesis and elimination [147-149]. Thus, increased MDV
formation during H9c2 differentiation may reflect the increasing me-
tabolic activity of mitochondria, and the subsequent need for de-
gradation of specific subsets of proteins [69]. One hypothesis could be
that mitophagy allows bulk clearance of entire organelles, while the
MDV pathway could allow a fine tuning through the degradation of
specific mitochondrial proteins.

Limited information is available regarding the role of mitochondrial
proteases during cardiac maturation (Table 1). As discussed in section
2.2, proteomics analysis of mitochondrial protein turnover in adult
hearts point to an important role of the protease system in the turnover
of OXPHOS components, which suggest that they may also be important
for metabolic maturation. However, unequivocal evidence from genetic
mouse models of mitochondrial protease deficiency are still missing.
Indeed, recent studies show that mitochondrial respiratory function and
overall cardiac phenotype is normal in mice harboring ubiquitous or
cardiomyocyte specific disruption of CLPP [40,150]. The only defect
reported is a mild reduction in mitochondrial supercomplexes [150],
but this is not consistent [40]. Interestingly, proteins and/or transcript
levels for mitochondrial chaperones and proteases, including HSP60,
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LONP1, AFG3L2, and YME1l1 are unchanged in CLPP-deficient hearts
[40], suggesting that there is no compensatory upregulation of the
mtUPR pathway. It should however be mentioned that CLPP is acting
mainly on soluble matrix proteins, which may explain the relatively
mild effect of CLPP inactivation on OXPHOS complexes and bioener-
getics integrity. Results from another study indicate that germline de-
letion of the iAAA protease HTRA2 results in a reduction in the weight
of several organs including the heart [151]. The cardiac phenotype was
not studied further as mice died at 4 weeks of age from a severe neu-
rological phenotype. Therefore, it remains unclear whether reduced
cardiac mass was due to failed mQC, or altered regulation of apoptosis,
which is another well-established function of HTRA2 [152]. Overall,
the results available suggest that CLPP is dispensable for normal me-
tabolic/mitochondrial maturation of the heart, perhaps because during
this intense period of metabolic remodeling, bulk removal of whole
organelles plays a predominant role compared to specific molecular
quality control processes. Further studies are required to delineate the
role and importance of mitochondrial proteases for cardiac maturation.
The use of inducible cardiac specific knockout approaches during the
perinatal period may again be required to limit opportunities for de-
velopmental compensation or severe systemic phenotypes.

3.2. Mitochondrial maintenance in the healthy adult heart

3.2.1. Mitochondrial phenotype in the healthy adult myocardium

In the normal, adult heart mitochondria are more abundant than
during fetal life and account to more than 30% of cardiomyocyte vo-
lume [132]. The transition from fetal to adult is characterized by an
increase in mitochondrion size and cristae density, and accompanied by
the optimization of oxidative phosphorylation through the expression
of specific sets of proteins (Fig. 4) to sustain increasing energetic re-
quirements. Fatty-acid oxidation enzymes and transporters are highly
expressed compared to fetal mitochondria [133], and their phosphor-
ylation machinery is tightly coupled to SR and myosin ATPases through
the expression of mitochondrial creatine kinase [132], which is not
present during the fetal and perinatal period. Furthermore, adult or-
ganelles are endowed with a greater anti-oxidant capacity that matches
the higher density of ROS producing ETC complexes. This provides
enhanced resistance to oxidative stress, which is important considering
that cardiac mitochondrial proteins are turned over at a rate (average
half-life = 17 days) that is four fold lower than in other organs such as
the liver (average half-life = 4 days) [153].

3.2.2. Mitochondrial quality control in the healthy adult myocardium

Routine maintenance of such a large pool of highly specialized and
metabolically active organelles must rely on efficient quality control
mechanisms.

Several pieces of evidence point to an important role of mitochon-
drial dynamics in the maintenance of baseline mitochondrial health
(Table 1). Despite important cytoarchitectural constraints limiting mi-
tochondrial mobility, fission and fusion between neighboring organelles
is frequent in adult cardiomyocytes, and is coordinated with SR Ca®*
release and re-uptake [154]. In line with the importance of this process,
partial loss of the inner membrane fission protein OPA1 in heterozygous
Opal™’~ mice causes mild contractile dysfunction, accumulation of
small fragmented mitochondria with abnormal cristae morphology,
reduced respiratory capacity, enhanced ROS production, and suscept-
ibility to PTP opening [155,156]. Accumulation of small fragmented
mitochondria is also observed following genetic activation of OMAL,
the protease involved in OPA1 processing in the heart [157]. This study
shows that ablation of YME1L1, which increases the activity of OMA1,
results in greater processing of the long OPA1 form and enhanced mi-
tochondrial fragmentation, a switch towards fetal metabolic profile and
the development of heart failure by 40 weeks of age [157]. Interest-
ingly, these alterations occur despite in vitro mitochondrial respiration
and ETC enzyme activities being normal, which suggest that unopposed
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fission and subtle mitochondrial mechanisms other than overt disrup-
tion of the OXPHOS machinery likely underlie the development of heart
failure in absence of YMEI1L1.

Cardiac specific deletion of the core fission protein DRP1 during
adulthood is also detrimental and causes dilated cardiomyopathy and
heart failure within 7-8 weeks [134,158]. Drp1-KO hearts display in-
creased susceptibility to PTP opening [134,158], reduced ETC complex
activity [158], lower ATP production [158], impaired respiration
[135,158], and enhanced ROS production [134]. Combined with the
above mentioned studies, these data convincingly show that fission and
fusion are important for the maintenance of baseline mitochondrial
function in the adult heart. However, whether this is due to impaired
functional complementation, aberrant cristae remodeling, failed mito-
phagy, or other unknown mechanisms that depend on competent fis-
sion/fusion remains unclear.

Several studies performed in the adult heart have also focused on
mitophagy, but considerable debate exists regarding the underlying
pathways and the quantitative importance of this process for baseline
mitochondrial housekeeping (Table 1). The emerging view is however
that mitophagy does not play a major role under normal conditions.
Indeed, quantitative TEM imaging indicate that autophagosomes con-
taining only mitochondria are extremely rare in the healthy heart
[123,137]. Recent studies using transgenic mice that express fluor-
escent mitophagy reporters (e.g. mQC [mitochondria-targeted mCherry-
GFP] or mitoKeima) report more frequent mitophagy events compared
to TEM imaging [159-161]. However, direct comparison across tissues
show that the mitophagy index measured with this method is three to
ten fold lower in the heart than in most other tissues analyzed including
retina, pancreas, cerebral vasculature, microglia, and midbrain region
[159].

Additional evidence against a central role of mitophagy in baseline
mQC is the fact that mice with a germline or cardiac-specific knockout
of PARKIN [137,138,145], or BNIP3 [140] do not develop spontaneous
cardiac phenotypes, and have little or no mitochondrial defects at
baseline. Mice harboring a germline deletion of PINK1 do develop
spontaneous cardiomyopathy by 6-8 months of age, which is accom-
panied by mitochondrial dysfunction [139]. However, a recent study
using the mQC reporter mouse has shown that baseline mitophagy is
similar in WT and Pink ™/~ mice, suggesting that the cardiac and mi-
tochondrial phenotype in these mice is not related to impaired mito-
phagy [159]. Redundancy in the regulation of mitophagy may account
in part for the relatively mild phenotype observed at baseline. This
redundancy has been observed in germline PARKIN [137] and PINK1
[159] knockout mice. It was also suggested as a potential explanation
for why mitochondrial dysfunction is absent in the heart of BNIP3
knockout mice unless NIX is also inactivated [141].

Convincing evidence against a major role for mitophagy in baseline
cardiac mQC also comes from protein turnover studies using Silac or
Heavy Water labeling. These proteomic studies show that the half-life of
individual mitochondrial proteins in the healthy adult heart varies from
a few hours up to two months [153,162]. Moreover, specific analysis of
the OXPHOS machinery reveals that the turnover of respiratory chain
subunits varies considerably (up to 7-fold) within each complex [163].
Interestingly this variation is dependent on the location of subunits
(matrix facing vs membrane integral), their evolutionary origin, the
location of protein encoding (mtDNA vs nDNA), and the ubiquitination
level [163]. In addition to challenging the notion that mitochondria are
turned-over a single units through mitophagy, these data therefore
suggest that there are common rules governing the differential clear-
ance of mitochondrial proteins through proteolysis, and possibly
through MDV formation.

Beyond two studies performed in germline CLPP deficient mice
[40,150], little information is yet available regarding the role of specific
mitochondrial proteases in baseline mQC in the adult heart (Table 1).
These studies report that the absence of CLPP leads to a progressive
impairment in the assembly of supercomplexes between 6 and 16 weeks
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Impact of genetic ablation of mQC-related proteins on the cardiac response to stress.

Reference Gene-KO Insult

Cardiac phenotype

Fission/Fusion proteins

Ikeda et al. [158]
Piquereau et al. [156]

DRP1 (Cardiac specific)
OPA1 (germline, heterozygous)

Ischemia-reperfusion
Thoracic aortic constriction

Enhanced dysfunction and infarct size
Enhanced hypertrophy and cardiac dysfunction

Mitophagy related proteins

Kubli et al. [138] Infarction
Piquereau et al. [137]
Hoshino et al. [175]

Shirakabe et al. [176]

PARKIN (germline)
PARKIN (germline)
PARKIN (germline)
DRP1 (germline heterozygous)

Sepsis with E. coli LPS
Doxorubicin
Thoracic aortic constriction

Enhanced cardiac injury and mitochondrial dysfunction
Impaired recovery of cardiac and mitochondrial functions
Enhanced cardiac dysfunction and mitochondrial abnormalities
Enhanced cardiac dysfunction with impaired mitophagy

of age, and a mild reduction of OXPHOS capacity in presence of com-
plex I but not complex II substrates [150]. These data are compatible
with a role of CLPP in the maintenance of OXPHOS complexes that
require a balance between mtDNA and nuclear-encoded subunits for
proper assembly. It should be mentioned that these studies did not
determine whether mitophagy or other mQC mechanisms were upre-
gulated in CLPP-deficient mice, which could contribute to the observed
mild phenotype. As mentioned previously, the mild phenotype may also
be explained by the fact that CLPP is acting mainly on soluble matrix
proteins and therefore does not overtly disrupt the integrity of OXPHOS
complexes. Future studies targeting other mitochondrial proteases will
likely confirm the central role of the protease system for basal cardiac
mQC.

Very little is known on the role of MDVs in the heart. However, in a
recent study our laboratory found that MDVs enriched with cargos
destined to lysosomes are constitutively generated under baseline
conditions in H9c2 cardioblasts [123]. The rate at which these vesicles
are produced is enhanced when glucose is replaced by galactose in the
culture media, indicating that the production of these vesicles is in-
creased under conditions of sustained oxidative metabolism, which
causes accelerated wear and tear of the mitochondrial machinery. This
study also used electron microscopy approaches including quantitative
TEM, immunogold-labeling, and electron tomography to visualize and
quantify MDV budding in the adult heart. This analysis, performed on
entire reconstituted myocytes from multiple hearts, showed that mi-
tochondria commonly shed vesicles that display all of the character-
istics of MDVs, namely a diameter of 70-150 nm, a single or a double
membrane, and immuno-gold labeling for PDH and TOM20, two mar-
kers of MDVs destined for lysosomal degradation [123]. Interestingly,
MDV budding events were far more numerous than mitochondria-
containing autophagosomes [123], which is in line with the notion that
the MDV pathway is constitutively active, and may play a role in
baseline mQC.

3.3. Response during cardiac stress

3.3.1. Mitochondrial dysfunction in the diseased myocardium
Mitochondrial dysfunction is implicated in the pathogenesis of nu-
merous cardiac diseases which commonly progress towards heart
failure [3,4,10]. This includes overload-induced hypertrophy [164],
diabetic cardiomyopathy [165], ischemia-reperfusion injury [3,4,166],
post-infarction remodeling [103], sepsis-induced myocardial dysfunc-
tion [137,167,168], and cardiotoxicity induced by chemotherapeutic
drugs such as anthracyclines, and tyrosine kinase inhibitors [169-171].
Despite their heterogeneous etiology, the development of these cardiac
disorders is linked to common mitochondrial mechanisms (Fig. 4).
Neuro-humoral activation, chronic exposure to inflammatory cytokines,
hypoxia or toxic agents can all lead to OXPHOS inhibition, dysregula-
tion of Ca®* fluxes, and increased generation of ROS which damages
mitochondrial DNA, proteins and membrane lipids [3]. Damage to
these components can in turn create a vicious cycle of increasing or-
ganelle dysfunction, which leads to overt defects that include structural
alterations, partial or total loss of membrane potential, and membrane
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permeabilization of mitochondria, along with activation of inflamma-
tion, apoptosis and necrotic cell death [3-5,172]. In most pathologies,
this vicious cycle develops progressively in a limited number of vul-
nerable organelles and is initially contained by mQC processes. How-
ever, if the level of stress is overwhelming and mQC processes are in-
sufficient or fail then damage spreads to a larger proportion of the
mitochondrial population, which likely explains why the accumulation
of overt mitochondrial defects is a general characteristic of late stage
cardiac diseases [3,164].

3.3.2. Mitochondrial quality control in the diseased myocardium

Mounting an adequate mQC response to stress therefore represents a
major determinant of how the mitochondrial population will fare under
conditions of cardiac disease. Although much is currently unexplored,
evidence indicates that multiple mQC mechanisms are activated in
these conditions.

Several studies indicate that cardiac mitophagy is stimulated in
response to various stressors (Table 2). This is observed in cell models
in response to uncoupling, complex I inhibition with rotenone [173],
and chemical simulated ischemia-reperfusion [174]. It is also observed
in the intact heart in response to doxorubicin administration [123],
ischemia-reperfusion (I-R) [138], and sepsis [137]. The PINK1-PARKIN
pathway appears to play an important role in triggering stress-induced
mitophagy. This is supported by data showing that myocardial PARKIN
expression and localization to the mitochondria, normally very low
under baseline conditions, are strongly upregulated when the heart is
exposed to adverse conditions [137,138,145]. Furthermore, several
studies show that germline or cardiac specific deletion of PARKIN or
PINK1 exacerbates mitochondrial and cardiac dysfunction induced by
pathological stress [137,138,175]. Similar observations were made
following downregulation of the core fission protein DRP1, which lies
immediately upstream of PINK1. Reduced levels of DRP1 blunts mito-
phagy and exacerbates cardiac dysfunction following I-R or pressure
overload [158,176].

In contrast to cardiac stressors that result in energetic starvation,
energetic overload (i.e. lipotoxicity, hyperglycemia, diabetes) triggers a
distinct mQC response. Hyperglycemia and lipid overload induce DRP1-
mediated mitochondrial fission accompanied by mitochondrial dys-
function that can be rescued by overexpression of dominant-negative
DRP1-K38E [177,178]. Unfortunately, the impact of mitochondrial
dynamics on mitophagy was not reported in these studies. Despite these
reports on mitochondrial dynamics, little is known about the impact of
metabolic diseases on mitochondrial clearance and overall mQC in the
heart. The few available reports suggest that in the diabetic heart mi-
tophagy is inhibited due to reduced PINK1/PARKIN expression (for
review see [179]) Further studies are necessary to elucidate the inter-
play between energy substrate, mitochondria dynamics and mitophagy
in the heart.

While the role of PARKIN in the heart is established, it should be
noted that stress-induced mitophagy can still occur in the absence of
PARKIN [137,138], indicating the presence of redundant mechanisms.
Data from our laboratory shows that BNIP3, NIX and the core autop-
hagy machinery is recruited to mitochondria in wild type, and PARKIN



V.J.J. Cadete et al.

deficient mice during sepsis [137]. Other studies also show that BNIP3
is recruited to mitochondria in response to I-R, where it stimulates
mitophagy [180,181]. These data thus suggest that ubiquitin-in-
dependent mitophagy can be activated in parallel to the PINK1-PARKIN
pathway to clear damaged organelles. Of note, recruitment of BNIP3
and NIX to mitochondria during stress can also trigger cell death
through mitochondrial membrane permeabilization [102,104,182],
which suggests that these proteins may cause dysfunction of individual
organelles, and simultaneously promote their clearance. Other me-
chanisms that could contribute to PARKIN-independent mitophagy are
the externalization of cardiolipin on the mitochondrial outer membrane
[115], as well as binding of the mitophagy adaptor proteins FUNDC1
and FKBP8 to LC3 [111,112,114,183]. Although alterations in cardio-
lipin content and oxidation status occur in several heart diseases [184],
the role of this phospholipid, and of FUNDC1 or FKBP8 in cardiac mi-
tophagy remains to be elucidated.

The possibility that excessive autophagy contributes to disease
progression has been raised in the literature. Autophagic cell death, also
called autosis, has initially been described in the context of high levels
of autophagy triggered by an autophagy-inducing peptides [185]. Evi-
dence indicate that excessive activation of macro-autophagy can occur
in the heart in response to severe hemodynamic stress [186] and during
reperfusion following ischemia [187]. Studies suggest that Beclinl is an
important regulator of this maladaptive response since knockdown of
this protein decreases cardiomyocyte autophagy and cell death, while
overexpression of Beclinl exacerbates the response. However, we are
not aware of any study in which excessive mitophagy was observed.
Therefore, most evidence to date suggest that activation of mitophagy is
a protective response to cardiac stress.

In addition to mitophagy, recent data suggest that in cardiac cells,
mitochondrial elimination following simulated I-R is also mediated by
the endo-lysosomal pathway [99]. An intriguing aspect of this me-
chanism is that although it requires PARKIN to proceed, its activation in
response to depolarization of the mitochondrial population is more
rapid than mitophagy, suggesting a partial overlap of the two pathways
[99]. However, the implication of the endo-lysosomal pathway in car-
diac mQC in vivo remains to be assessed.

Recent data indicate that in the cardiac system, upregulation of
MDYV production occurs in response to stress [123,124]. In H9¢2 car-
dioblasts, MDV production is rapidly increased within 30-60 min of
exposure to antimycin-A or Xanthine/Xanthine Oxidase [123]. A si-
milar response is also observed when cells are incubated with the car-
diotoxic chemotherapy compound doxorubicin [123]. Quantitative
analysis of mitochondrial morphology shows that this MDV response is
maximal within minutes-hours, prior to bioenergetic dysfunction and
fission of the mitochondrial network [123]. This is consistent with data
reporting that the activation of the MDV pathway is independent of
mitophagy, and occurs on a significantly shorter time scale (i.e. min-
utes-hours vs hours-days), making this pathway a possible first line of
defense against mitochondrial stress [98]. Importantly, this study also
shows that the MDV budding rate more than doubles in isolated mi-
tochondria of mice heart following acute administration of doxorubicin
[123], suggesting that the pathway is active and dynamic in vivo [123].

Little information is currently available on the involvement of mi-
tochondrial proteases in the cardiac response to stress. A recent study
showed that LON expression is increased in the heart following I-R,
where it drives the degradation of selected COX subunits [188]. The
targeting mechanism likely involves post-translational modifications of
COX subunits, such as PKA-mediated phosphorylation [188]. Another
study reported that LON and CLPP expression is upregulated in mice
harboring a cardiac-specific deletion of Frataxin, a protein involved in
the assembly of iron-sulfur cluster-dependent proteins, which include
CI, CII, CIII, and aconitase [189]. In this model, the triggering signal is
likely loss of proteostasis, secondary to failed assembly of these en-
zymes. Although much remains to be learned about these mitochondrial
proteases, an interesting hypothesis is that during stress these proteases
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may initiate mtUPR signaling and perhaps prime mitochondria for MDV
formation by partially degrading proteins.

4. Conclusion

Mitochondrial quality control is a burgeoning field of research. In
the coming years, studies in cellular models will undoubtedly increase
our understanding of the triggers and molecular mechanisms involved
in cardiac mQC. A major challenge will be to consolidate these me-
chanistic insights into a knowledge framework that integrates the un-
ique properties of mitochondrial biology and the dynamic physiology of
cardiac development throughout life. Thus far, current knowledge
suggests that maintenance of cardiac mitochondrial health relies on
multiple overlapping mechanisms that each play a role according to the
developmental stage, the physiological state, and the type of patholo-
gical stress (Fig. 4).

The majority of individual mQC mechanisms appear to be tightly
associated with the specific cardiac developmental stage. During em-
bryonic development and perinatal maturation, mitochondrial fission/
fusion and mitophagy are of vital importance for extensive remodeling
of fetal mitochondria, while mitochondrial proteases and MDV forma-
tion may fine tune mQC by degrading specific mitochondrial proteins.
In contrast, as the heart metabolically matures, mitochondrial turnover
and mitophagy slow down and more specific mQC mechanisms, such as
MDV and protease-based systems, likely play an active housekeeping
role. Under pathological conditions, the heart appears to be capable of
enhancing these partly overlapping processes to limit the accumulation
of mitochondrial defects. Available data indicates that such processes
might involve upregulation of MDV production and LON activity, as
well as stimulation of whole organelle clearance through the endo-ly-
sosomal and various mitophagy pathways. Interestingly, these systems
are activated by distinct mechanisms, and operate over different time
scales, suggesting a hierarchy in the mQC response to stress.

The development of more advanced experimental strategies, namely
the use of conditional transgenic animal models, enhanced imaging
techniques and importantly, measurement of individual protein turn-
over rate, will be essential for the true understanding of the role of mQC
in cardiac pathophysiology.
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