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Abstract

Macroautophagy is a cellular process by which cytosolic components and organelles are degraded
in double-membrane bound structures upon fusion with lysosomes. A pathway for selective
degradation of mitochondria by autophagy, known as mitophagy, has been described, and is of
particular importance to neurons, because of the constant need for high levels of energy
production in this cell type. Although much remains to be learned about mitophagy, it appears that
the regulation of mitophagy shares key steps with the macroautophagy pathway, while exhibiting
distinct regulatory steps specific for mitochondrial autophagic turnover. Mitophagy is emerging as
an important pathway in neurodegenerative disease, and has been linked to the pathogenesis of
Parkinson’s disease through the study of recessively inherited forms of this disorder, involving
PINK1 and Parkin. Recent work indicates that PINK1 and Parkin together maintain mitochondrial
quality control by regulating mitophagy. In the Purkinje cell degeneration (pcd) mouse, altered
mitophagy may contribute to the dramatic neuron cell death observed in the cerebellum,
suggesting that over-active mitophagy or insufficient mitophagy can both be deleterious. Finally,
mitophagy has been linked to aging, as impaired macroautophagy over time promotes
mitochondrial dysfunction associated with the aging process. Understanding the role of mitophagy
in neural function, neurodegenerative disease, and aging represents an essential goal for future
research in the autophagy field.

Overview of macroautophagy and mitophagy

Although at least three different forms of autophagy exist, the term autophagy is typically
used, when referring to the process of macroautophagy, which is a bulk catabolic process
that degrades long-lived proteins and recycles organelles. Over the last decade, autophagy
has been implicated in many conditions, including cancer, autoimmune disease,
neurodegeneration and aging (Cuervo et al., 2005; Deretic, 2005; Mizushima, 2005).
Consequently, autophagy has captured the attention of researchers from various fields of
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study. Autophagy was first observed about four decades ago (Deter and De Duve, 1967). In
these studies, cytoplasmic components, including organelles, were engulfed in autophagy-
specific vacuoles named autophagosomes, and degradation of vacuolar contents occurred
upon fusion of autophagosomes with lysosomes. Observation of a wide range of cytoplasmic
components in autophagosomes led to speculation that macroautophagy was a non-specific
catabolic process (Deter and De Duve, 1967; Ericsson, 1969a; Ericsson, 1969b). However,
directed studies on organelle-specific autophagy, including mitochondrial (Lemasters,
2005), peroxisomal (Sakai et al., 2006) and protein-selective chaperone-mediated autophagy
(Cuervo et al., 2004) sparked proposals to the contrary. Today, many forms of selective
autophagy are known (Klionsky, 2007). Selective degradation of mitochondria by
autophagy, or “mitophagy”, is of particular importance due to the pivotal role that
mitochondria play in cellular metabolism. Mitochondria are a source of both energy and
highly damaging reactive oxygen species (ROS). In addition, release of cytochrome ¢ from
mitochondria is a step in the process of programmed cell death, better known as apoptosis
(Liu et al., 1996). Therefore, clearance of damaged and aging mitochondria is a critical
process for cell survival (Wallace, 2005).

The presence of mitochondria in lysosomes was first demonstrated in mammalian cells
(Ashford and Porter, 1962; Clark, 1957); however, as for macroautophagy, an understanding
of mitophagy was pioneered in yeast (Kanki and Klionsky, 2010). In particular, these studies
identified genes that are required for mitophagy, but not for other forms of autophagy,
highlighting selective regulation of mitophagy (Kanki et al., 2009a). For example, the
mitochondrial outer membrane proteins Atg32 and Atg33 are required exclusively for
mitophagy (Kanki et al., 2009a; Kanki et al., 2009b; Okamoto et al., 2009). Moreover,
Atg32 is a mitochondrial recognition receptor. According to this model, Atg32 is bound by
Atgll, which is an adaptor for selective autophagy (Shintani et al., 2002), to mark
mitochondria for degradation by mitophagy (Kanki and Klionsky, 2008; Kanki et al., 2009b;
Okamoto et al., 2009). Certain genes, however, that are required for autophagy, are
dispensable for mitophagy, such as Atg13, which is a critical upstream regulator of
macroautophagy (Okamoto et al., 2009). These findings in yeast suggest a model in which
mitophagy, like other selective forms of autophagy in yeast, is uniquely regulated, while
also utilizing some of the macroautophagy machinery.

In mammals, mitophagy has been carefully investigated during the process of erythroid
differentiation. Erythroid differentiation involves the programmed clearance of organelles,
including the nucleus, to eventually form the nascent reticulocyte (Geminard et al., 2002). A
considerable body of evidence suggests that mitochondrial degradation during this process is
achieved by mitophagy (Kundu et al., 2008; Schweers et al., 2007). However, this process is
not completely understood. Ulk1, the mammalian orthologue of yeast Atgl, is a critical
upstream regulator of macroautophagy, and is required for mitophagy during erythroid
differentiation (Kundu et al., 2008). Ulk1 knock-out mice develop red blood cells that retain
mitochondria. Intriguingly, unlike other macroautophagy gene-deficient mice (Hara et al.,
2006; Komatsu et al., 2006; Yue et al., 2003), Ulk1 knock-out mice were viable, and were
not defective in starvation-induced macroautophagy (Kundu et al., 2008). In addition to
ULK1, a Bcl-2 family member protein, NIX, is required for mitochondrial clearance during
erythroid differentiation (Schweers et al., 2007), as Nix knock-out mice fail to target
mitochondria to autophagosomes (Sandoval et al., 2008). This is independent of other Bcl-2
family proteins and the macroautophagy pathway, although the mechanistic basis of NIX
action upon mitochondria remains unclear (Zhang et al., 2009). Additional studies of
mitochondria and organelle turnover in nascent reticulocytes also indicate that mitophagy, at
least in this cell type, can occur through an autophagy-independent pathway, as
mitochondrial clearance is not eliminated in Atg5 or Atg7 null erthryocytes (Matsui et al.,
2006; Zhang et al., 2009). Although such “autophagy-independent” pathways remain to be
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defined, one recent study proposed that autophagosomes could be formed in a Rab9-
dependent manner through the fusion of nascent isolation membranes with vesicles from the
Golgi apparatus or endosomes (Nishida et al., 2009). This alternative form of
macroautophagy, occurring independently of Atg5 and Atg7, was further shown to promote
mitochondrial clearance in reticulocytes. Nonetheless, a previous study had found that
mitophagy is markedly diminished in Atg7 null reticulocytes (Zhang et al., 2009).

In summary, these studies imply that, as in yeast, regulation of mitophagy has distinct
components in mammalian erythroid differentiation, but may also require factors essential to
the macroautophagy pathway. Further evidence in support of a role for “‘canonical’
autophagy pathway factors in mitophagy comes from studies of hypoxia-induced organelle
turnover. Hypoxia-induced mitophagy, which is activated to maintain proper oxygen
homeostasis, was documented to depend upon autophagy components, including Beclin-1
and Atg5 (Zhang et al., 2008). Regulation of mitophagy in mammalian systems thus requires
further clarification. In particular, it remains unclear whether mitophagy, induced by
different cues, utilizes specific regulators in certain cases (i.e. UIk1, NIX, PINK1), or if
additional regulators exist. Furthermore, whether all regulators converge upon a central core
mitophagy complex, or achieve mitophagy induction through different pathways, remains
unknown.

Introduction to Autophagy and Neurodegenerative disease

In recent years, autophagy has attracted considerable attention as a possible therapeutic
target for neurodegenerative disease. Studies of autophagy in the nervous system have been
difficult due to an inability to observe autophagic structures under physiological conditions
(Mizushima et al., 2004). This has been attributed to a very efficient rate of autophagy in
neurons, such that autophagic structures are not normally detected (Boland et al., 2008;
Cuervo, 2006). Consequently, several studies have reported autophagic structures in the
neurons of neurodegenerative disease mouse models and human patient samples (Boland et
al., 2008; Kegel et al., 2000; Nixon et al., 2005). It is not clear whether these autophagic
structures indicate an increase in autophagy, or a defect in the progression of the autophagy
pathway (or both!). Several studies proposed that autophagy helps to relieve the proteotoxic
stress of misfolded proteins by degrading toxic oligomers in the cytosol (Levine and
Kroemer, 2008; Pandey et al., 2007; Ravikumar et al., 2004). This hypothesis supports a
protective role for autophagy; however, several groups have found that autophagy can drive
the degeneration of axons and dendrites (Komatsu et al., 2007; Plowey et al., 2008; Yang et
al., 2008b). Chaperone-mediated autophagy, a form of selective autophagy, was shown to
specifically degrade a-synuclein (Cuervo et al., 2004). Mutated forms of a-synuclein, which
cannot be degraded, are found in Lewy bodies in Parkinson’s disease patients. These studies
imply that autophagic degradation of misfolded proteins could protect neurons from
proteotoxicity. As the focus of this review is restricted to mitophagy, a comprehensive
discussion of the role of macroautophagy in neurodegenerative disease can be found in other
recent publications (Cherra et al., 2010; Wong and Cuervo, 2010).

Mitophagy, mitochondrial dynamics, and Parkinson’s Disease

In recent years, mitochondrial physiology in the central nervous system has captured the
attention of researchers, due to new insights in Parkinson’s disease (PD) pathogenesis. PD
was first defined in 1817, and is the second most common neurodegenerative malady in
patients over the age of 50 (Polymeropoulos et al., 1996). Only a small fraction of PD cases
have been linked to genetic causes (Feany, 2004). The first causal PD mutation identified
was a dominant mutation in a-synuclein (Polymeropoulos et al., 1997). Incorporation of a-
synuclein into Lewy bodies thus led to hypotheses linking PD pathogenesis with

Neurobiol Dis. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Batlevi and La Spada

Page 4

cytoplasmic protein toxicity. On the other hand, recessive mutations, found in PINK1
(Valente et al., 2004) and Parkin (Kitada et al., 1998), have revealed a novel pathogenic
mechanism involving mitochondrial physiology. PINK1 is a serine/threonine kinase, which
localizes to mitochondria, whereas Parkin is a cytoplasmic E3 ubiquitin ligase. Two
landmark studies in Drosophila established that PINK1 and Parkin are on the same pathway
leading to PD pathogenesis, and that their loss causes mitochondrial defects (Clark et al.,
2006; Park et al., 2006). In these studies, PINK1 mutations led to dopaminergic neuron and
muscle degeneration likely due to mitochondrial defects. Remarkably, PINK1 and Parkin
appear to physically interact in vivo, and Parkin expression can ameliorate PINK1
phenotypes, but not vice versa, suggesting that Parkin acts downstream of PINK1. Studies of
PINKZ1 knock-out mice have also identified dysfunctional mitochondria. In these mice,
mitochondrial respiration deteriorated in an age-dependent manner, which may account for
the development of PD most commonly in the elderly. It should also be noted that these
mice did not develop dopaminergic neuron degeneration, but had defects in dopamine
release (Gautier et al., 2008; Kitada et al., 2007). Involvement of mitochondria in PD is
supported by an extensive literature that has documented mitochondrial oxidative
phosphorylation pathway dysfunction in PD patients and mammalian cell lines (Moore et
al., 2005; Schapira et al., 1989; Swerdlow et al., 1996). Moreover, recessive mutations in
DJ-1, a protein believed to protect cells against oxidative damage, can also cause PD
(Bonifati et al., 2003). This further supports the importance of mitochondrial physiology to
the nervous system, since dysfunctional mitochondria are the primary source of oxidative
damage (Kahle et al., 2009).

In mammalian systems, an emerging literature has suggested that PINK1 resides on the
outer mitochondrial membrane and serves as a sensor for mitochondrial membrane
polarization status, such that in normal healthy mitochondria, PINK1 undergoes proteolytic
cleavage (Abeliovich, 2010). While PINK1 is a mitochondrial transmembrane protein with
its kinase domain exposed to the cytosol (Zhou et al., 2008), Parkin usually resides in the
cytosol. Parkin is recruited to dysfunctional mitochondria with low membrane potential,
based upon co-localization with mitochondrial TOM20, and may interact with PINK1,
which selectively accumulates on these mitochondria (Narendra et al., 2008; Narendra et al.,
2010; Vives-Bauza et al., 2010). Studies performed in PINK1 null mouse embryonic
fibroblast cell lines and by PINK1 knock-down have found that PINKZ1 is required for
Parkin-induced mitophagy by tracking the loss of mitochondrial fluorescence (Narendra et
al., 2010). Thus, upon mitochondrial dysfunction, PINK1 is selectively stabilized on the
outer mitochondrial membrane and may recruit Parkin to promote autophagic degradation of
impaired mitochondria. This is dependent on PINKZ1 kinase activity, and results in enhanced
ubiquitin ligase activity of Parkin (Kawajiri et al., 2010; Matsuda et al., 2010). Once
recruited by PINKZ1, activated Parkin leads to the formation of poly-ubiquitin chains on
certain protein(s), believed to reside on the mitochondrial outer membrane (Figure 1). This
triggers recruitment of p62 to mitochondria (Geisler et al., 2010). p62 has a LC3 binding
domain, and is an adaptor protein for autophagic degradation of poly-ubiquinated proteins
(Pankiv et al., 2007). VDACL is one of many proteins shown to be poly-ubiquitinated by
Parkin, and its specific role in the recruitment of p62 has not been established and remains
speculative; however, Parkin poly-ubiquitination of VDACL, or more likely some other
protein, initiates a process that culminates in mitochondrial degradation by mitophagy (Wild
and Dikic, 2010). It is thus plausible that recessive mutations in PINK1 and Parkin, that
cause PD, lead to mitophagy failure, promoting accumulation of damaged mitochondria,
which contributes to disease pathogenesis; alternatively, it is possible that PINK1
dysfunction promotes excessive turnover of healthy mitochondria, as independent work
from another group has shown that stable ShRNA knock-down of PINK1 yields
mitochondrial fragmentation and mitophagy in SH-SY5Y cells(Dagda et al., 2009).
Furthermore, it is not clear whether PINK1 and Parkin interaction is the only path to
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mitophagy. Several studies in mammalian systems have found that consequent
mitochondrial defects in PINK1 mutants can activate mitophagy by mechanisms other than
Parkin interaction, such as through increased ROS production, or activation of mitochondrial
fission (Dagda et al., 2009; Wood-Kaczmar et al., 2008). Indeed, many of the studies, upon
which the PINK1-Parkin mitophagy model is based, have been performed in non-neuronal
cells, and rely upon chemical uncoupling agents, which can induce alterations in
mitochondrial fluorescence (Chu, 2010). Hence, much more work needs to be done to
clarify the mechanistic basis of mitophagy in the central nervous system and its role in PD
pathogenesis.

A fundamentally important advance in our understanding of mitochondrial biology has been
the realization that mitochondria are extremely dynamic organelles engaged in a constant
process of fission and fusion (Detmer and Chan, 2007). Although the relationship between
mitochondrial dynamics and function will require further work, a set of proteins has been
shown to mediate this process. Mitofusins 1 and 2 (Mfn1, Mfn2) and OPAL are required for
fusion, while dynamin-related protein 1 (Drpl) and Fis1 are required for fission (Detmer and
Chan, 2007). Amazingly, germline mutations in Mfn2 cause Charcot-Marie-Tooth
hereditary neuropathy type 2A (CMT2A), while germline mutations in OPAL produce
autosomal dominant optic atrophy (ADOA) and are the most common genetic cause of optic
atrophy in humans (Knott and Bossy-Wetzel, 2008). These discoveries underscore the
importance of mitochondrial fusion for neuron health. The story for cerebellar Purkinje
neurons is even more compelling, as Mfn2 conditional knock-out mice, crossed with a
neuron-specific Cre driver line, undergo rapid degeneration and death of Purkinje neurons
(Chen et al., 2007). Mitochondrial fission is also important for neuron function, as
dominant-negative Drpl mutation can cause a lethal infantile neurodegenerative phenotype
(Waterham et al., 2007). Very recently, Drp1 knock-out mice have been produced, and
display embryonic lethality characterized by abnormal brain development and failed synapse
formation (Ishihara et al., 2009; Wakabayashi et al., 2009). An important aspect of this work
has been the discovery of a link between mitochondrial fission and mitophagy. Inhibition of
mitochondrial fission with dominant-negative Drpl or by Fisl RNA knock-down prevents
mitophagy, resulting in accumulation of damaged mitochondria (Twig et al., 2008). At the
same time, mitochondrial fission has been linked to apoptotic cell death of neurons (Knott
and Bossy-Wetzel, 2008), indicating that excess fission is also deleterious.

It is not entirely clear how the PINK1/Parkin pathway is involved in mitochondrial
physiology, but PINK1 and Parkin function likely intersects with the process of
“mitochondrial dynamics”, and vice versa, although further studies in mammals are ongoing
to resolve this question (Chu, 2010). Nonetheless, significant advances in our understanding
of mitochondrial dynamics have come out of work with Drosophila, and have linked Drp1-
mediated fission with the Parkin and PINK1 mutations that cause PD in humans (Poole et
al., 2008; Yang et al., 2008a). These studies in Drosophila indicate that PINK1 and Parkin
are maintaining mitochondrial quality control, as increased Drpl expression in Parkin or
PINK1 mutant flies can rescue mitochondrial defects, while decreased Drpl dosage in
combination with Parkin or PINK1 mutation is lethal. Although one study of PINK1 in
mammalian systems has linked PINK1-dependent mitophagy to mitochondrial fission
(Dagda et al., 2009), the role of Parkin and PINK1 in mitochondrial dynamics, and the
nature of the cross-talk between mitochondrial dynamics and mitophagy in the mammalian
nervous system remain ill-defined.

Mitophagy in other neurodegenerative diseases

Observation of autophagic vacuoles in the neurons of Alzheimer’s disease (AD) patients
suggested that cytoplasmic and organellar turnover might be important during this disease
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(Boland et al., 2008; Nixon et al., 2005). Moreover, there is evidence that AD patients
possess damaged mitochondria; in particular mitochondrial cytochrome oxidase is defective
(Maurer et al., 2000; Parker, 1991). Some workers have proposed that the accumulation of
B-amyloid fragments within the mitochondria provides a mechanistic insight into
mitochondrial dysfunction in AD (Casley et al., 2002a; Casley et al., 2002b). Similarly,
Huntington’s disease (HD) has been associated with mitochondrial dysfunction (Gu et al.,
1996; Panov et al., 2002). Transcriptional dysregulation of PGC-1a, which has an important
role in mitochondria biogenesis, might be a contributing factor to HD pathogenesis (Cui et
al., 2006). Importantly, PGC-1a is linked to metabolic and transcriptional defects in HD
mice and patients (Weyadt et al., 2006). These studies highlight the importance of
mitochondrial physiology in HD pathogenesis. It is possible that mitophagy is a defense
against neuronal loss in HD by eliminating defective mitochondria, thereby preventing the
caspase activation that has been identified in HD and linked to huntingtin protein cleavage
(Graham et al., 2006; Sanchez et al., 1999). At least one study suggests that this might also
be the case in AD (Moreira et al., 2007), but no direct evidence exists for a role of selective
mitophagy activation in ameliorating either disease. Intriguingly, however, a recent study
found that HD pathogenesis is associated with autophagic cargo recognition defects that
result in the accumulation of dysfunctional mitochondria in the cytoplasm (Martinez-
Vicente et al., 2010).

In addition to AD and HD, the Purkinje cell degeneration (pcd) mouse model has provided
some insights into mitochondrial physiology in the central nervous system. pcd is a
recessive spontaneous mutation that results in the loss of >99% of Purkinje cell neurons by
five weeks of age and subsequent ataxia (Mullen et al., 1976). One recent study has shown
that Nnal, the protein whose function is lost in pcd, localizes to mitochondria and is
required for normal glycolysis and mitochondrial oxidative phosphorylation pathway
function (Chakrabarti et al., 2010). As it turns out, mitophagy is up-regulated in pcd mice
and this may contribute to the rapid and dramatic neuron cell death (Chakrabarti et al.,
2009). Consequently, increased mitophagy may undermine the metabolic needs of the highly
electrically active Purkinje cell, causing it to die by reducing mitochondrial number. These
findings imply that mitophagy may not always be protective, and highlight the importance
of precise regulation of mitochondrial turnover in the nervous system.

Relationship of mitophagy and aging

Some investigators have hypothesized that mitochondria are important in aging in two ways:
1) they are the primary source of ROS production that contribute to cell damage; and 2) their
DNA is prone to accumulating mutations, which in turn results in mitochondrial dysfunction
(Lemasters, 2005). Early studies of the role of mitophagy in aging again came from yeast.
Deletion of the mitochondrial membrane protein Uth1p (“youth 1p”) in yeast leads to a
selective defect in mitophagy and decreased lifespan (Kennedy et al., 1995; Kissova et al.,
2004). Moreover, an independent screen in yeast identified Uthlp as a protective protein
against oxidative damage (Bandara et al., 1998). These studies emphasized the importance
of mitochondrial clearance and oxidative damage in cellular aging. Although blocking the
autophagy pathway in C. elegans does not by itself lead to shortened lifespan, worms
carrying the daf-2 mutation require an intact autophagy pathway for maximum lifespan
extension (Melendez et al., 2003). In mammalian cells, aging causes prominent
morphological and enzymatic mitochondrial defects (Beregi et al., 1988; Byrne and Dennett,
1992; Ermini, 1976; Navarro and Boveris, 2004). Effects of aging upon energy production
or changes in ROS levels could be particularly detrimental in non-proliferating neuronal
tissues. Therefore, it is likely that accumulating dysfunctional mitochondria are an important
contributor to mammalian aging, and perhaps to age-related disease pathology.
Unfortunately, little is known about mechanisms that could reverse the effects of ROS or
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dysfunctional mitochondria. Dietary restriction is a well-established mechanism of increased
longevity across different species, and activates autophagy by inhibiting the Insulin/P13K/
TOR signaling pathway (Yen and Klionsky, 2008). Clearance of damaged mitochondria
through mitophagy could be one of the contributing factors of increased longevity by dietary
restriction. Studies of normal mitochondrial biology, inherited mitochondrial diseases, and
mitophagy together suggest that the ultimate natural demise of every human being on this
planet may result from mitochondrial dysfunction. Understanding the role of mitophagy in
neural function, neurodegenerative disease, and aging thus represents an essential goal for
future research in the autophagy field.
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Autophagosome

Figure 1. PINK1 and Parkin interact to recruit mitochondria to autophagosomes, and thereby
promote mitophagy

PINK1 is present on mitochondria normally, but upon mitochondrial depolarization, PINK1
rapidly accumulates on mitochondria. This is followed by recruitment of Parkin, and the
subsequent poly-ubiquitination of an unknown target protein by Parkin. Poly-ubiquitinated
mitochondria are shuttled to developing autophagosomes through an interaction between the
poly-ubiquitin chain, p62, and LC3 on the autophagosome membrane. Once inside an
autophagosome, depolarized mitochondria can be degraded by lysosomes, when
autophagosome-lysosome fusion occurs (not shown). In Parkinson’s disease caused by
recessive PINKZ1 or Parkin mutations, depolarized mitochondria are no longer efficiently
degraded by this pathway, contributing to the hallmark mitochondrial dysfunction observed
in this disorder.

PAS = Pre-autophagosomal structure
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