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Abstract
Mitochondria are essential organelles that regulate cellular energy homeostasis and cell death. The
removal of damaged mitochondria through autophagy, a process called mitophagy, is thus critical
for maintaining proper cellular functions. Indeed, mitophagy has been recently proposed to play
critical roles in terminal differentiation of red blood cells, paternal mitochondrial degradation,
neurodegenerative diseases, and ischemia or drug-induced tissue injury. Removal of damaged
mitochondria through autophagy requires two steps: induction of general autophagy and priming
of damaged mitochondria for selective autophagic recognition. Recent progress in mitophagy
studies reveals that mitochondrial priming is mediated either by the Pink1-Parkin signaling
pathway or the mitophagic receptors Nix and Bnip3. In this review, we summarize our current
knowledge on the mechanisms of mitophagy. We also discuss the pathophysiological roles of
mitophagy and current assays used to monitor mitophagy.
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Introduction
Macroautophagy (hereafter referred to as autophagy) is a genetically programmed,
evolutionarily conserved catabolic process that degrades cellular proteins, and damaged or
excessive organelles through the formation of a double-membrane structure known as the
autophagosome (Mizushima, 2007; Nakatogawa et al., 2009; Yang and Klionsky, 2010).
Autophagosomes then fuse with lysosomes to form autolysosomes where the enveloped
contents are degraded. Although the exact process of autophagosome formation is still not
completely known, >30 autophagy-related genes (Atg) have been identified in yeast, and
most of them have mammalian homologues that participate in autophagy or an autophagy-
related process (Klionsky et al., 2003; Nakatogawa et al., 2009). Most Atg proteins form
multi-molecule complexes to regulate autophagosome formation, which include (1) the
ULK1 kinase complex, (2) the Beclin 1-VPS34 class III phosphoinositide 3-kinase (PI3K)
complex, (3) the Atg9-Atg2-Atg18 complex, and (4) the Atg5-Atg12-Atg16 and Atg8/LC3
conjugation systems. The important roles of these Atg complexes in regulating autophagy
have been extensively reviewed (Ravikumar et al., 2010; Ding et al., 2011; Mizushima and
Komatsu, 2011) and will not be discussed here.
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Although it was initially thought that autophagy was a non-selective bulk degradation
pathway, it is now widely accepted that there are two types of autophagy, non-selective and
selective. In response to starvation or nutrient deprivation, non-selective autophagy is
activated to provide cells with essential amino acids and nutrients for their survival. In
contrast, selective autophagy occurs to specifically remove damaged or excessive organelles
or protein aggregates even under nutrient-rich conditions. Thus far, several cargo-specific
autophagy processes have been reported in organisms from yeast to mammals, including
specific removal of peroxisomes (pexophagy) (Komatsu et al., 2006), endoplasmic reticulum
(erphagy) (Reef et al., 2006), ribosomes (ribophagy) (Kraft et al., 2008; MacIntosh and
Bassham, 2011), lipid droplets (lipophagy) (Singh et al., 2009; Ding et al., 2010a), invading
microbes (xenophagy) (Levine, 2005; Kudchodkar and Levine, 2009), and protein
aggregates (Ding et al., 2007; Komatsu et al., 2007; Ding and Yin 2008; Matsumoto et al.,
2011). In addition, a well-studied type of selective autophagy is mitophagy, which
selectively removes damaged or excessive mitochondria.

De Duve and Wattiaux (1966) first coined the term ‘autophagy’ to describe the process
characterized by the cytoplasm-sequestered double-membrane-delimited vesicles, or
autophagosomes. When they administrated rats with glucagon, they also observed that there
was an increased number of autophagosomes that had sequestrated mitochondria. Xue et al.
(1999) also found that mitochondria were often enveloped by double-membrane
autophagosomes in nerve growth factor-deprived culture neurons. The same group also
found that the entire cellular mitochondria could disappear, likely through autophagy, when
the cells were treated with apoptotic stimuli in the presence of general caspase inhibitors.
Later on, Lemasters and his colleagues demonstrated that when cultured rat hepatocytes
were treated with glucagon in the absence of serum, depolarized mitochondria were often
found colocalized with acidic lysosomes and GFP-LC3-positive autophagosomes
(Rodriguez-Enriquez et al., 2006; Kim et al., 2007). They used the term ‘mitophagy’ for the
selective autophagic process for mitochondria (Rodriguez-Enriquez et al., 2006). There has
been rapid progress in the study of mitophagy in the past few years, which has led to a
greater understanding of the molecular mechanisms, the pathophysiological role in
development and in diseases, and the analytic approaches, which will be reviewed here.

Mechanisms of mitophagy
Mitophagy in yeast

It should be noted that although mitophagy was first observed in rat hepatocytes, the
molecular machinery and pathways regulating mitophagy were best documented in yeast.
The first evidence that mitophagy is genetically controlled in yeast was reported by Kissova
et al. (2004), who identified that Uth1p is required for the autophagic degradation of
mitochondria. Uth1p is a member of the so-called SUN family, which was initially found in
a genetic screen aiming to identify proteins involved in the regulation of the yeast life span
(Austriaco, 1996). Uth1p is mainly localized in the mitochondrial outer membrane and is
required for the removal of excessive mitochondria during starvation (Kissova et al., 2004).
In addition to Uth1p, it was reported that Aup1p, one of a family of protein phosphatase
homologs that localizes to the mitochondrial intermembrane space, is also required for
efficient mitophagy in stationary-phase cells (Tal et al., 2007). Interestingly, neither Uth1p
nor Aup1p is required for starvation-induced autophagy, suggesting their specificity for
mitophagy. Furthermore, deletion of Mdm38, a mitochondrial inner membrane protein that
regulates the mitochondrial K+/H+ exchange system, leads to mitochondrial depolarization
and fragmentation followed by degradation in the vacuole (Nowikovsky et al., 2007).
Blocking fission by the deletion of a profission gene dnm1 prevented mitochondrial
fragmentation and also mitophagy. Thus, it appears that mitochondrial fragmentation
facilitates mitophagy, a phenomenon that is also observed in mammalian cells (see below).
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Because there were no externally added drugs or physiological stresses placed on the
mdm38Δ cells, this study also suggests that damaged mitochondria themselves could be
sufficient to trigger mitophagy. It should also be noted that deletion of Mdm38 leads to
mitochondrial depolarization followed by mitophagy. However, whether depolarization is
truly required for mitophagy may require further investigation, as treatment of a
mitochondria uncoupler, carbonyl cyanide m-chlorophenylhydrazone (CCCP), did not
induce mitophagy in wild-type yeast (Wang and Klionsky, 2011).

More recently, two independent groups using genome-wide screening reported that Atg32 is
a mitochondrial receptor for mitophagy in the yeast (Kanki et al., 2009; Okamoto et al.,
2009). Similar to Uth1p and Aup1p, Atg32 is necessary for mitophagy but not for non-
specific autophagy. Atg32 is a 59-kDa protein that has an intramitochondrial domain at its C
terminus and a tetrapeptide sequence WQAI in its cytoplasmic domain, which is critical for
its interaction with Atg8. The tetrapeptide sequence WXXL is also known to be present in
several other Atg8- or LC3-binding partners important for selective autophagy. Atg32 also
binds to Atg11, a selective autophagy receptor important for cargo selection (Yorimitsu and
Klionsky, 2005) and autophagosome formation by acting as a scaffold protein, which further
recruits other autophagy proteins to form the autophagosome. Indeed, these studies found
that Atg11 is also required for mitophagy (Kanki et al., 2009; Okamoto et al., 2009). In
contrast, Atg19, which is specifically involved in the Cvt pathway, is not required for
mitophagy.

It was found that Atg32 is phosphorylated after nitrogen starvation, and the phosphorylation
of Atg32 is required for mitophagy (Aoki et al., 2011). Phosphorylation of Atg32 promotes
Atg32-Atg11 interaction but does not affect Atg32-Atg8 interaction (Aoki et al., 2011). In
yeast, Hog1 is a mitogen-activated protein kinase (MAPK), whose activation is dependent
on its phosphorylation by Pbs2, an MAPK kinase. Deletion of either Hog1 or Pbs2 leads to
inhibition of Atg32 phosphorylation as well as mitophagy. Unlike Hog1 and Pbs2, which
function specifically for mitophagy, Slt2, another MAPK kinase involved in the protein
kinase C-cell wall integrity kinase signaling pathway in yeast, is required for the degradation
of both mitochondria and peroxisomes (Mao et al., 2011). Slt2, but not Hog1, affects the
recruitment of mitochondria to the phagophore assembly site, a critical step in the packaging
of cargo for selective degradation (Mao et al., 2011).

To note, the expression of Atg32 is increased in respiratory growth conditions (not
fermentable conditions), and N-acetylcysteine (NAC), a precursor of the antioxidant
glutathione and a scavenger for free radicals, suppresses Atg32 expression and mitophagy
(Okamoto et al., 2009). However, it is not clear whether Atg32-dependent mitophagy is
directly mediated by oxidative stress under respiratory conditions because reactive oxygen
species (ROS) levels were not determined in this study (Okamoto et al., 2009). Interestingly,
it was reported in another study that NAC suppresses mitophagy by fueling the cellular
glutathione (GSH) pool rather than scavenging for free radicals (Deffieu et al., 2009).
Deprivation of nitrogen in yeast was associated with an early decrease of GSH before
mitophagy. How exactly GSH can modulate mitophagy in yeast is not clear, but it is
possible a decreased GSH level may alter mitochondrial function and subsequently lead to
mitochondrial damage and mitophagy. Moreover, it is still unknown what increased the
expression of Atg32 under respiratory conditions. It would be interesting to determine
whether there is also a depletion of GSH levels under respiratory conditions or whether
other antioxidants in addition to the GSH precursor NAC would also suppress Atg32
expression and mitophagy.
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Mitophagy in mammalian cells
Mammalian homologues of Atg32, Uth1p, and Aup1p have not been found. In addition,
mammalian mitophagy presents some unique features that may also be specific to mammals.
The molecular mechanisms and signaling pathways behind mitophagy regulation only begin
to be revealed in mammalian cells. In general, it seems that multiple molecules could be
involved and there are both autophagy-dependent and -independent pathways that regulate
mitochondrial homeostasis. The possible mitophagy pathways are summarized in Figure 1
and discussed in the following sections.

Mitochondrial permeability transition—Mitochondrial permeability transition (MPT)
has been proposed to be responsible for the mitophagy of depolarized mitochondria in
mammalian cells (Lemasters et al., 2002). MPT regulates apoptosis and necrosis in
mammalian cells, and is mediated by the permeability transition (PT) pore, which is
composed of voltage-dependent anion channel (VDAC) in the outer membrane, the adenine
nucleotide translocator (ANT) in the inner membrane, and cyclophilin D (CypD) in the
matrix space. In addition, creatine kinase (found in the intermembrane space), hexokinase
(outer membrane), and Bax (outer membrane) are thought to be associated with PT pores.
Mitochondria become permeable to all solutes up to a molecular mass of about 1500 Da
after the onset of MPT, which can lead to mitochondrial depolarization. MPT can trigger the
release of proapoptotic mitochondrial intermembrane space proteins into the cytosol, which
include cytochrome c, apoptosis-inducing factor, and Smac/Diablo. Cyclosporin A (CsA),
an immunosuppressant compound, inhibits MPT through interaction with CypD (Lemasters
et al., 2002). When cultured hepatocytes were deprived of nutrition, depolarized
mitochondria could be found to colocalize with acidic vesicles, which was suppressed by
CsA (Rodriguez-Enriquez et al., 2006). Some of the mitochondria were enveloped by GFP-
LC3-positive autophagosomes (Kim et al., 2007). In addition to nutrient deprivation,
mitophagy in hepatocytes was also induced by laser-induced photodamage or when
hepatocytes underwent differentiation and cytoplasm remodeling under prolonged culture
conditions (Kim et al., 2007; Rodriguez-Enriquez et al., 2009). Finally, increased numbers
of depolarized mitochondria and mitophagy were observed in fibroblasts derived from
patients deficient in coenzyme (CoQ), a small lipophilic molecule critical for the transport of
electrons from complexes I and II to complex III in the mitochondrial respiratory chain.
Interestingly, CoQ supplementation or CsA treatment attenuated mitophagy in these cells,
suggesting that these mitochondrial defects are specifically induced by CoQ deficiency, and
that MPT can regulate this type of mitochondrial damage as well as mitophagy (Rodriguez-
Hernandez et al., 2009).

Theoretically, removal of damaged mitochondria requires the formation of separate
autophagosomes, which may then mobilize to the site where the damaged mitochondria are
located. However, the effects on general autophagy by CsA were not determined in these
studies. Paradoxically, CsA has been shown to induce general autophagy in cultured primary
human renal tubular cells, and in rat kidneys (Pallet et al., 2008) and in the muscle of mice
deficient in collagen VI in vivo (Grumati et al., 2010). The mechanisms for CsA-induced
autophagy are thought to be mediated by endoplasmic reticulum stress and the regulation of
Beclin 1 and Bnip3 expression. Therefore, it is likely that the suppression of mitophagy by
CsA observed in these studies may be mainly due to the inhibition of mitochondrial damage
and subsequent mitochondrial depolarization by CsA, rather than through general autophagy
induction.

Mitochondrial fragmentation
Mitochondria are dynamic organelles constantly undergoing fusion and fission
(Westermann, 2010). Mitochondrial fusion is mediated by the profusion genes mitofusin

Ding and Yin Page 4

Biol Chem. Author manuscript; available in PMC 2013 April 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Mfn) 1 and 2, and optic atrophy 1 (OPA1). Mfn 1 and 2 are large GTPases located on the
outer mitochondrial membrane, whereas OPA1 is a dynamin-related GTPase that is essential
for inner membrane fusion. Mammalian OPA1 has eight isoforms that are generated by
alternative splicing and alternative processing at two cleavage sites located between the N-
terminal transmembrane domain and the first heptad repeat. It has been suggested that the
rhomboid-related protease, presenilins-associated rhomboid-like (PARL) (Cipolat et al.,
2006), or the AAA protease in the matrix, paraplegin, may be responsible for OPA1
processing (Ishihara et al., 2006). However, their roles in regulating OPA1 processing have
been challenged because normal OPA1 processing was found in mouse embryonic
fibroblasts (MEFs) lacking either PARL or paraplegin (Duvezin-Caubet et al., 2007). OPA1
isoforms are constitutively cleaved by the intermembrane space AAA protease Yme1 to
generate the short and long forms of OPA1 (S- and L-OPA1) under normal conditions
(Griparic et al., 2007). When cells were treated with CCCP, a mitochondria uncoupler that
depolarizes mitochondria, L-OPA1 was further cleaved by an inducible protease OMA1,
which is a metalloprotease with a zinc-binding motif. This cleavage resulted in
mitochondrial fragmentation by preventing mitochondrial fusion (Ehses et al., 2009; Head et
al., 2009).

Similar to mitochondrial fusion, mitochondrial fission requires a dynamin-related GTPase
(Drp1) in mammals. Drp1 is a cytosolic protein, but it can be recruited to the surface of
mitochondria where it interacts with a partner protein, mitochondrial fission 1 (Fis1),
through the adaptor proteins Mdv1 and Caf4 to trigger mitochondrial fission in yeast
(Griffin et al., 2005; Westermann, 2010). The mammalian homologue of yeast Fis1 has been
identified, which suggests an evolutionarily conserved mechanism of mitochondrial fission
(Smirnova et al., 2001; Yoon and Koob, 2003); however, homologues of Mdv1 and Caf4
have not yet been determined. More recent evidence suggests that mitochondria fission
factor, a tail-anchored mitochondrial outer membrane protein that physically interacts with
Drp1 but not Fis1, is an essential factor for Drp1-mediated mitochondria fission in
mammalian cells (Gandre-Babbe and van der Bliek 2008; Otera et al., 2010). Moreover,
mitochondria and endoplasmic reticulum are often tightly associated and in physical contact.
A recent study reported that mitochondrial fission dynamics, such as Drp1, are localized at
the endoplasmic reticulummitochondria contact sites and that the endoplasmic reticulum
may play a direct role in the process of mitochondrial fission (Friedman et al., 2011).

It has been suggested that fragmented mitochondria are more readily taken up by
autophagosomes due to their smaller size. In nitric oxide-treated cultured cortical neurons,
Fis1 was found to be involved in mitophagy (Barsoum et al., 2006). Gomes and Scorrano
(2008) found that overexpression of Fis1 itself can induce general autophagy in HeLa cells
as demonstrated by increased YFP-LC3 puncta and p62 degradation. Overexpressing a
dominant-negative form of Fis1, which had ablated the first α-helix, induced autophagy and
large mitochondrial structures. Moreover, a conserved mutation in Fis1 (hFis1K148R)
induced mitochondrial fission but was unable to induce mitochondrial dysfunction and did
not induce autophagy (Gomes and Scorrano, 2008). These observations suggest that
mitochondrial dysfunction, rather than mitochondrial fragmentation, is responsible for the
induction of autophagy. Two independent groups recently reported that during starvation,
cellular cyclic AMP levels increase and protein kinase A is activated, which in turn
phosphorylates Drp1 to prevent its translocation to mitochondria (Gomes et al., 2011;
Rambold et al., 2011). As a result, mitochondria are highly elongated in these starved cells.
More importantly, elongated mitochondria are spared from autophagic degradation, further
supporting the notion that mitochondrial fragmentation can facilitate mitophagy. Using a
photo-labeling approach, Twig et al. (2008) found that mitochondria went through constant
cycles of fusion and fission, and fission events generated two subsets of daughter
mitochondria with either increased or decreased membrane potential. They further found
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that the daughter mitochondria with higher membrane potential would proceed to fusion,
whereas the depolarized daughter mitochondria were unable to proceed to the fusion process
and were removed by mitophagy. Overexpression of OPA1 led to increased mitochondria
fusion and decreased mitophagy. Therefore, it seems that mitochondrial fission is essential
for mitophagy.

Nix and Bnip3—Bnip3 (Bcl-2/E1B-19 kDa interacting protein 3) was first identified in a
yeast two-hybrid screen that interacted with adenovirus E1B 19 kDa (Boyd et al., 1994).
Bnip3 contains a Bcl-2 homology 3 (BH3) domain and a carboxyl-terminal transmembrane
domain, and acts as a pro-apoptotic mitochondrial protein (Chen et al., 1997; Yasuda et al.,
1998). Nix/Bnip3L is a homolog of Bnip3, and they share 53–56% amino acid sequence
identity (Chen et al., 1999). Both Bnip3 and Nix are inserted into the outer mitochondrial
membrane through their C-terminal transmembrane domains, while their N termini are
exposed to the cytoplasm. Unlike other BH3-only pro-apoptotic proteins, the transmembrane
domain of Bnip3, but not its BH3 domain, is required for mitochondrial targeting and
proapoptotic function (Chen et al., 1997; Ray et al., 2000). Moreover, Bnip3 has also been
implicated in necrosis and autophagic cell death (Vande Velde et al., 2000; Daido et al.,
2004; Azad et al., 2008).

It should be noted that although they are expressed in the liver, skeletal muscle, heart,
kidney, and brain even under physiological conditions, Bnip3 and Nix are not ubiquitously
expressed under normal conditions (Galvez et al., 2006). Under hypoxia conditions, both
Bnip3 and Nix are highly induced. Their expression levels are regulated by hypoxia-
inducible factor-1 (HIF-1), and HIF-1 binding to a site on the Bnip3 promoter is enhanced
(Bruick, 2000; Guo et al., 2001) in cells during hypoxia. Hypoxia induces mitophagy in
cultured MEF cells, and this process requires the HIF-1-dependent expression of BNIP3
(Zhang et al., 2008). As such, under conditions of hypoxia, mitophagy serves as an adaptive
metabolic response to prevent increased levels of ROS through removal of damaged
mitochondria, and this in turn mitigates cell death (Zhang et al., 2008). In addition to HIF-1,
the expression of Bnip3 is also regulated by the Foxo3 transcription factor (Mammucari et
al., 2007). During starvation, Foxo3 activity is increased and binds to Bnip3 and Nix
promoter regions, which increase their expression in muscle cells (Mammucari et al., 2007).
Nix is highly expressed during erythroid differentiation (Schweers et al., 2007), and
coincidentally, Foxo3 expression, nuclear localization, and transcriptional activity are also
increased (Marinkovic et al., 2007). However, the role of Foxo3 in mitophagy in these
models has not been determined.

During red blood cell differentiation and maturation, reticulocytes completely eliminate their
mitochondria. In Nix-deficient mice, mitochondrial clearance in reticulocytes is significantly
inhibited or retarded, suggesting that Nix is required for the selective elimination of
mitochondria (Schweers et al., 2007; Sandoval et al., 2008). Treatment with a mitochondria
uncoupler (e.g., CCCP) or a BH3 mimetic (e.g., ABT-737) induces depolarization and
restores the sequestration of mitochondria into autophagosomes in Nix-deficient erythroid
cells, suggesting that one mechanism for Nix to trigger mitochondrial clearance is likely due
to its role in inducing mitochondria depolarization (Sandoval et al., 2008). This notion may
also help explain why MPT is involved in hepatocyte mitophagy, because in most cases, the
onset of MPT leads to mitochondrial depolarization. We also found that Nix-deficient MEFs
are relatively resistant to CCCP-induced mitochondrial depolarization and general
autophagy induction (Ding et al., 2010b). Therefore, mitochondrial depolarization seems to
be a consistent feature in mammalian mitophagy, although this does not seem to be as
crucial in yeast (Tolkovsky, 2009). Nix may have a dual role in what we call the ‘two-step
mitophagy’ model. First, Nix can stimulate the induction of autophagy by dissociating the
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Bcl-2-Beclin 1 complex through competitively binding to Bcl-2 by means of its BH3
domain (Bellot et al., 2009).

In addition, Nix may promote ROS generation. Nix-deficient MEFs have less production of
ROS (Ding et al., 2010b). ROS have been implicated in the activation of autophagy (Scherz-
Shouval and Elazar, 2011), although the actual mechanisms are not clear. Our studies have
indicated that ROS could cause inhibition of the mTOR signaling pathway and thus the
induction of autophagy (Ding et al., 2010a,b). Other studies have indicated that ROS could
inactivate Atg4 to reduce its de-conjugation activity and consequently increase LC3
association with the autophagosomal membrane (Scherz-Shouval et al., 2007).

The second role of Nix in mitophagy is in the priming of mitochondria for autophagic
recognition. Nix is required in CCCP-induced Parkin recruitment to the mitochondria due to
its role in mitochondrial depolarization (Ding et al., 2010b). Nix can also directly interact
with LC3 and GABARAP (Schwarten et al., 2009; Novak et al., 2010), and may thus be
directly involved in the recruitment of the autophagy machinery to the damaged
mitochondria.

FUNDC1—In addition to Nix, an outer mitochondrial membrane protein, FUNDC1, has
recently been reported to have an essential role in hypoxia-induced mitophagy (Liu et al.,
2012). Overexpression of FUNDC1 is sufficient to induce mitophagy in several cell lines,
including HeLa, MCF7, and MEFs. FUNDC1-induced mitophagy depends on Atg5, but not
Beclin 1, suggesting involvement of a Beclin 1-independent mechanism. FUNDC1 seems to
play a specific role in hypoxia-induced mitophagy because knockdown of FUNDC1 has no
effect on starvation-induced mitophagy and only has a modest role in FCCP-induced
mitophagy. Similar to Nix and yeast Atg32, FUNDC1 interacts with LC3 through the
characteristic LIR motif Y(18)XXL(21), which is essential for FUNDC1-mediated
mitophagy because mutation of this site inhibits mitophagy. Under normoxia conditions,
FUNDC1 is constantly phosphorylated by the Src kinase. Src can be inactivated under
hypoxia conditions, leading to the dephosphorylation of FUNDC1, which has a higher
affinity binding with LC3 than the phosphorylated form. It seems that the mechanisms of
FUNDC1-induced mitophagy are different from Nix- or Bnip3-mediated mitophagy,
although all of them are associated with hypoxia conditions. Unlike Nix, which is
transcriptionally upregulated through HIF or Foxo3, the mRNA level of FUNDC1 decreases
under hypoxia conditions (Guo et al., 2001). Other differences between these mechanisms
include weaker binding of Nix with LC3B compared with FUNDC1 (Novak et al., 2010).
Moreover, overexpression of Nix or Bnip3 promotes mitochondria-mediated cell death;
however, FUNDC1 has no impact on cell viability under hypoxia conditions. Interestingly, it
should be noted that the cell lines used in this study have very low expression levels of
Parkin, suggesting that FUNDC1-mediated mitophagy could be Parkin independent.

ULK1 and Atg7—Similar mitochondrial clearance defects were observed in Atg7- or
ULK1-deficient mice, further confirming the involvement of autophagy in this process
(Kundu et al., 2008; Zhang et al., 2009). It should be noted that in all these genetic knockout
mouse models, lack of Nix, ULK1, or Atg7 only caused a delayed clearance of mitochondria
in reticulocytes; ultimately, the majority of red cells clear their mitochondria and other
organelles (Schweers et al., 2007; Kundu et al., 2008; Zhang et al., 2009). However, it seems
that Nix plays a greater role than that of ULK1or Atg7, because the extent of mitochondrial
clearance was more significantly affected by the loss of Nix than the loss of ULK1 or Atg7
(Kundu et al., 2008; Sandoval et al., 2008; Zhang et al., 2009). In contrast, it was reported
that mitochondrial clearance in the reticulocytes of Atg5-knockout mice is normal (Matsui et
al., 2006).
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Pink1-Parkin signaling pathway—In certain forms of early onset of Parkinson’s
disease, there are two genes often found to be mutated, Pink1 and Parkin, which are
therefore suspected to be pathogenic. Pink1 encodes the PTEN-induced putative kinase, a
serine/threonine kinase with a mitochondrial targeting sequence, whereas Parkin is an E3
ubiquitin ligase. Genetic studies in Drosophila suggest that Pink1 and Parkin may function
in the same pathway where Pink1 is upstream of Parkin. This notion is supported by the
evidence that genetic deletion of both Pink1 and Parkin leads to the same expressed
phenotype as deletion of either one of them. Overexpression of Pink1 failed to rescue the
Parkin-knockout phenotypes, whereas overexpression of Parkin partially rescued the
phenotype of Pink1 knockout in Drosophila (Clark et al., 2006; Park et al., 2006; Yang et
al., 2006).

It is well known that mitochondrial dysfunction is a prominent phenomenon in the
pathogenesis of Parkinson’s disease. Therefore, removal of damaged mitochondria through
mitophagy would have a great impact in this disease. Narendra et al. (2008) was the first to
demonstrate that Parkin can play a critical role in mitophagy in mammalian cells. They
found that the intracellular location of Parkin is regulated by mitochondrial function. Parkin
normally resides in the cytosol but it translocates to depolarized mitochondria following
treatment with CCCP. Mitochondriallocalized Parkin promotes the colocalization of
mitochondria with the autophagy marker LC3 (Narendra et al., 2008). Translocation of
Parkin to mitochondria is also observed in cells treated with paraquat, which increases
oxidative stress, and in cells with mitochondrial DNA (mtDNA) mutations (Narendra et al.,
2008; Suen et al., 2010). In each of these cases, there is a loss of mitochondrial membrane
potentials.

Pink1 and Parkin physically interact with each other, and the mitochondrial translocation of
Parkin is dependent on Pink1. The cellular localization of Pink1 is controversial, with
proposed locations including the intermembrane space of mitochondria or the outer
mitochondrial membrane (Silvestri et al., 2005; Zhou et al., 2008; Narendra et al., 2010b).
The N terminus of Pink1 is required for its import to the mitochondria inner membrane
through the Tim23 import pathway (Silvestri et al., 2005).

The level of Pink1 in healthy cells is quite low because it is rapidly cleaved and degraded by
PARL at the mitochondrial inner membranes (Jin et al., 2010). The constitutive degradation
of PINK1 is inhibited in the absence of PARL. However, Pink1 is stabilized on the outer
mitochondrial membrane and forms a large complex with the translocase of the outer
membrane where it can recruit Parkin to impaired mitochondria when mitochondrial
membrane potential is dissipated (Jin et al., 2010; Lazarou et al., 2012). Therefore, the
bioenergetic state of mitochondria can regulate PINK1 levels as well as the subsequent
Parkin recruitment to the mitochondria. This unique regulation may allow PINK1 and Parkin
to promote the selective and efficient turnover of mitochondria that have become damaged.

Because it has been suggested that the kinase domain of Pink1 faces the cytoplasm (Zhou et
al., 2008), it is tempting to hypothesize that the kinase activity of Pink1 may be required for
the recruitment of Parkin to mitochondria by direct phosphorylation of Parkin. Indeed,
kinase-deficient Pink1 fails to recruit Parkin to mitochondria in Pink1-knockout MEFs.
Moreover, it was found that Pink1 directly phosphorylates Parkin on Thr175 and Thr217 at
the linker region of Parkin, which promotes Parkin mitochondrial translocation (Kim et al.,
2008). However, it is possible that other sites could be phosphorylated by Pink1 or that
another kinase may induce Parkin recruitment on mitochondria (Narendra et al., 2010b).

How does Parkin promote mitophagy? Emerging evidence has suggested that ubiquitination
plays a critical role in the selective removal of protein aggregates, peroxisomes, ribosomes,
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and invading bacteria by autophagy (Kirkin et al., 2009). This is mainly achieved through
several adapter molecules such as p62 and NBR1, which can directly interact with poly- and
mono-ubiquitin and LC3. Because Parkin has E3 ligase activity, it is not surprising to find
that Parkin-positive mitochondria are also positive for ubiquitin staining (Ding et al.,
2010b). A subset of outer mitochondrial membrane proteins including VDAC and Mfn 1
and 2 are found to be ubiquitinated in a Parkin-dependent manner (Geisler et al., 2010; Gegg
et al., 2010). p62 can be recruited to the ubiquitinated mitochondria in CCCP-treated Parkin-
positive cells, most likely due to its C-terminal ubiquitin binding domain (Ding et al., 2010b;
Geisler et al., 2010; Huang et al., 2011). While p62 can promote Parkin-mediated
mitophagy, its role in mitophagy is not essential (Ding et al., 2010b; Geisler et al., 2010;
Narendra et al., 2010a; Okatsu et al., 2010; Huang et al., 2011). Parkin-mediated
mitochondrial ubiquitination could have different functional roles in mitophagy. Upon
mitochondrial membrane depolarization, proteasomes can be recruited to the mitochondria
in a Parkin-dependent manner, which leads to the degradation of mitochondrial outer
membrane and intermembrane space proteins but not the inner-membrane and matrix
proteins (Chan et al., 2011; Yoshii et al., 2011).

Parkin also induces rupture of the outer mitochondrial membrane, an event dependent on
proteasomes (Yoshii et al., 2011). In addition, p97, an AAA+ ATPase, also accumulates on
mitochondria in a Parkin-dependent manner to promote the degradation of outer
mitochondrial membrane proteins and mitophagy (Tanaka et al., 2010). It is possible that
this process induces mitochondrial fragmentation through the proteasome-dependent
degradation of Mfn 1 and 2 proteins. As noted above, mitochondrial fragmentation
facilitates mitophagy. Further supporting this possibility is the finding that Parkin-mediated
mitophagy is suppressed in Drp1-knockout MEFs, which have excessively fused
mitochondria (Tanaka et al., 2010). However, it has also been found that neither proteasome
nor Parkin-induced rupture of outer mitochondrial membrane is obligatory for autophagic
degradation of mitochondrial inner membrane and matrix proteins (Yoshii et al., 2011). It is
thus still arguable how mitophagy should be defined and whether the proteasome and
autophagy work coordinately or independently to accomplish the same task.

In addition to the ubiquitination of mitochondrial proteins, in the vertebrate central nervous
system, Parkin also interacts with Ambra1 (activating molecule in Beclin 1-regulated
autophagy), a protein that promotes general autophagy by activating the class III
phosphatidylinositol 3-kinase complex (Fimia et al., 2007; Van Humbeeck et al., 2011). The
Parkin-Ambra1 interaction is increased during prolonged mitochondrial depolarization.
Although no evidence for ubiquitination of Ambra1 by Parkin was found, Ambra1 is
recruited to perinuclear clusters of depolarized mitochondria in a Parkin-dependent manner,
activates autophagy around these mitochondria, and contributes to their selective autophagic
clearance (Van Humbeeck et al., 2011). These findings suggest that Parkin can also play a
dual role in the two-step mitophagy process, priming the mitochondria through the
ubiquitination of mitochondrial proteins on the depolarized mitochondria, and promoting
induction of autophagy by interacting with Ambra1 and activating class III PI3K.

SMURF1—In a recent high-content, genome-wide small interfering RNA screen to detect
genes required for the colocalization of Sindbis virus capsid protein with
autophagolysosomes, Orvedahl et al. (2011) identified 141 candidate genes required for viral
autophagy. Among these genes, 96 were also required for Parkin-mediated mitophagy,
indicating that autophagic targeting of viral nucleocapsids and autophagic targeting of
damaged mitochondria may share common molecular determinants. Furthermore, the group
also identified that SMURF1, another ubiquitin E3 ligase, was required for the selective
autophagy of damaged mitochondria in CCCP-treated cultured cells. They also found that
SMURF1-deficient mice accumulate damaged mitochondria in the heart, brain, and liver.
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Thus, it seems that in addition to Parkin, other ubiquitin E3 ligases may play important roles
in selective autophagy, and this process may depend on the expression levels of different
ubiquitin E3 ligases in different tissues.

High mobility group box 1 (HMGB1)—HMGB1 is a chromatin-associated nuclear
protein and an extracellular damage-associated molecular pattern molecule. Recent evidence
reveals that HMGB1 may also be involved in the mitophagy acting on both the steps of
autophagy induction and mitochondrial priming. On one hand, cytosolic HMGB1 directly
interacts with the autophagy protein Beclin 1 and increases autophagic flux in response to
stimuli that enhance ROS production (Tang et al., 2010). On the other hand, nuclear
HMGB1 modulates the expression of heat shock protein β-1 (HSPB1/HSP27). HSPB1 is a
cytoskeleton regulator, which is critical for dynamic intracellular trafficking during
autophagy and mitophagy. Loss of either HMGB1 or HSPB1 produces phenotypes similar to
those characterized by mitochondrial fragmentation with decreased aerobic respiration and
ATP production (Tang et al., 2011). However, unlike Nix or Parkin, which directly targets
damaged mitochondria and primes the mitochondria for further recognition by autophagy
machinery, HMGB1 or HSPB1 regulates the actin cytoskeleton and affects the trafficking of
damaged mitochondria to autophagosomes, thereby indirectly affecting mitophagy.

Hsp90-Cdc37 complex—Molecular chaperones, especially members of the heat shock
protein 90 (Hsp90) family, are also involved in the regulation of mitochondrial homeostasis.
Hsp90 and its related molecule, TRAP-1, interact with CypD (Kang et al. , 2007 ).
Treatment with Hsp90 inhibitors induces an expansion of the mitochondrial compartment,
accompanied by mitochondrial fragmentation and condensed mitochondrial morphology,
ultimately compromising mitochondrial integrity and leading to apoptosis (Kang et al. ,
2007 ). A subsequent study revealed that inhibition of Hsp90 induces post-transcriptional
accumulation of mitochondrial proteins, which may be related to the impaired proteasome-
mediated turnover of mitochondrial proteins (Margineantu et al., 2007). More recently, an
Hsp90-Cdc37 chaperone complex was found to interact with Ulk1, stabilizing and activating
Ulk1, which in turn is required for the phosphorylation and release of Atg13 from Ulk1 (Joo
et al., 2011). The released phosphorylated Atg13 is then recruited to damaged mitochondria
and promotes mitophagy. Using a stable isotope labeling by amino acids in cell culture
(SILAC)-based mass spectrometric approach, Ser318 of Atg13 was identified as a site of
Ulk1 phosphorylation. Interestingly, phosphorylation of Atg13 at Ser318 is only required for
mitophagy, but not basal or starvation-induced autophagy, indicating a selective nature for
mitophagy. It remains to be studied how the Atg13-targeted mitochondria are degraded by
mitophagy, but it seems that Atg13-mediated mitophagy requires Parkin, suggesting that
Atg13 could work downstream of Parkin (Joo et al. , 2011 ).

Atg9A and ULK1 complex—It has been generally thought that the link of
autophagosomes to damaged mitochondria is through the interaction of LC3 (on the
isolation and autophagosome membrane) with a receptor such as p62 or Nix (on the
damaged mitochondria). However, a recent study found that after Parkin was recruited on
depolarized mitochondria, it induces formation of Atg9A-positive structures as well as
ULK1-positive structures closely associated with mitochondria, and these two structures are
not dependent on each other (Itakura et al., 2012). Moreover, these Atg9A- and/or ULK1-
positive structures were associated with mitochondria in the absence of membrane-bound
LC3, suggesting that LC3 and its adaptor molecules may not be essential for the recognition
of mitochondria by autophagosomes. Instead, these results suggest that it is possible that
selective mitophagy may directly result from the de novo formation of ‘mitophagosomes’ on
the damaged mitochondrial membranes. However, it is not known whether these
mitophagosomes behave like canonic autophagosomes. For example, whether
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mitophagosomes also need to fuse with lysosomes and how they further recruit lysosomes
are not known and need to be further studied.

15-Lipoxygenase—This enzyme has been shown to be involved in organelle degradation
in erythrocytes by increasing the permeability of organelle membranes (van Leyen et al.,
1998). Therefore, it seems that both autophagy-dependent and autophagy-independent
mechanisms are regulating the mitochondrial homeostasis during erythroid differentiation.

Pathophysiological role of mitophagy
As mitochondria are essential organelles that regulate cellular energy metabolism and cell
death, mitochondrial homeostasis has been linked to many pathophysiological conditions
and diseases.

Development
As discussed above, mitophagy plays an essential role in erythrocyte differentiation and
maturation. Both the autophagy machinery (such as Atg7 and ULK1) and mitochondrial
recognition signals for mitophagy (such as Nix) are important in this physiological process.
As mentioned, autophagy-independent pathways are likely also involved in the elimination
of mitochondria in this process (Schweers et al., 2007; Sandoval et al., 2008).

Perhaps the most intriguing is the role of mitophagy in the destruction of paternal
mitochondria in the fertilized oocytes. In almost all eukaryotes, paternal mtDNA and
mitochondria themselves are selectively eliminated or degraded from the embryonic
cytoplasm; thus, mitochondrial genes are inherited mainly from the maternal parent (Ankel-
Simons and Cummins, 1996). In mammals, the ubiquitin proteasome system has been
suggested to specifically degrade paternal spermborne mitochondria (which are ubiquitin
positive) after they enter the ooplasm during fertilization (Sutovsky et al., 2004). Prohibitin,
an inner mitochondrial membrane protein, was further identified as one of the ubiquitinated
substrates that make sperm mitochondria recognizable by the ubiquitin-proteasome system
in the egg, and likely facilitates sperm mitochondrial degradation after fertilization
(Thompson et al., 2003). The expression level of Parkin in the sperm is not known. It would
be interesting to see whether the Pink1-Parkin pathway or other E3 ligases such as SMURF1
would be involved in such a process. It would also be interesting to see whether Nix plays a
role during the selective removal of paternal mitochondria in mammals.

Several reports now suggest that autophagy or the lysosome is required for the elimination
of paternal mitochondria in Caenorhabditis elegans (Al Rawi et al., 2011; Sato and Sato,
2011; Zhou et al., 2011a). In lgg1 (a homologue of yeast Atg8)-deficient zygotes, paternal
mitochondria and other membrane structures remain in the first larval stage. In fertilized
mouse embryos, many autophagy markers such as LC3, GABRAP, and p62 are found
closely associated with paternal ubiquitin-positive mitochondria. Ubiquitin has been
suggested to serve as an ‘eat-me tag’ for the selective autophagy of various cellular cargos,
including protein aggregates, damaged or excessive organelles, or invading microbes.
Strikingly, although sperm mitochondria are often found to be ubiquitin positive, in C.
elegans, the paternal mitochondria are not ubiquitinated. Instead, there are many vesicular
structures called membranous organelles (MOs) that are ubiquitinated and degraded together
with the paternal mitochondria by autophagy (Al Rawi et al., 2011). Therefore, it was
suggested that paternal mitochondria are incorporated into autophagosomes owing to their
close association with the MOs. It is also possible that the paternal mitochondria in C.
elegans may use other tags for selective removal through autophagy in addition to ubiquitin.
Collectively, although mitophagy seems to play a role in development, more work is needed
in the future to further support such a notion.
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Aging
It has been known that autophagy declines during aging, and the expression levels of many
autophagy genes or related proteins (such as Atg7, Atg5, Atg4B, and LAMP-2) decreases in
the brains and liver of aging humans and mice (Zhang and Cuervo, 2008; Lipinski et al.,
2010; Wang et al., 2011). Conditions that activate autophagy, such as caloric restriction,
have shown beneficial effects on delaying the aging-related degeneration process.
Stimulation of autophagy has been shown to extend the life span in multiple organisms,
including yeast, C. elegans, mice, and primates (Kissova et al., 2004; Alberti et al., 2010;
Madeo et al., 2010). For example, in yeast, deletion of the mitochondrial membrane protein
Uth1p leads to a selective defect in mitophagy and a decreased lifespan (Kissova et al.,
2004). In C. elegans, worms that carry the loss-of-function mutation in the insulin-like
signaling pathway (daf-2) display extended lifespans and induction of autophagy (Melendez
et al., 2003). Although the exact mechanisms by which autophagy may delay aging are not
clear, it has been suggested that mitophagy may help reduce the production of mitochondria-
derived ROS and remove dysfunctional mitochondria that would generate mtDNA
mutations during aging (Lemasters, 2005).

Cancer
Autophagy can act as a tumor suppressor, and loss of autophagy promotes tumorigenesis.
An essential autophagy gene, Beclin 1, was frequently found monoallelically deleted in
many human cancers such as breast, prostate, and ovarian cancers (Aita et al., 1999). Mice
with allelic loss of Beclin 1 are prone to hepatocellular carcinoma, lung adenocarcinoma,
mammary hyperplasia, and lymphoma. Many known tumor suppressor genes such as Lkt,
Ampk, and Pten are positive regulators of autophagy (Cully et al., 2006; Liang et al., 2007;
Degtyarev et al., 2008; Hezel and Bardeesy, 2008), whereas many oncogenes, including the
class I PI3K, Akt, and anti-apoptotic Bcl-2 family proteins, suppress autophagy (Maiuri et
al., 2009), further supporting the notion that autophagy suppresses tumorigenesis. Mice that
have liver-specific loss of Atg7 or Atg5 have accumulated damaged mitochondria and
develop liver injury, steatophepatitis, and adenocarcinoma (Inami et al., 2011; Takamura et
al., 2011). However, it is likely that autophagy has multiple roles in acting as a tumor
suppressor in addition to removal of damaged mitochondria. For example, autophagy may
act to buffer metabolic stress caused by limited nutrients or oxygen in the tumor tissues
(Rosenfeldt and Ryan, 2011). Future works are needed to further determine the exact role of
mitophagy in tumorigenesis.

Neurodegenerative diseases
As discussed above, some familial forms of Parkinson’s disease are provoked by mutations
in Pink1 or Parkin, some of which can result in defects in mitophagy. In addition, mitophagy
may also play a role in other neurodegenerative diseases including Alzheimer’s disease
(AD) and Huntington’s disease (HD). β-Amyloid fragments can target mitochondria and
cause mitochondrial dysfunction in AD (Casley et al., 2002). Indeed, there is evidence that
mitochondrial cytochrome oxidase is defective in AD (Maurer et al., 2000). Mitochondrial
dysfunction has also been associated with HD due to the dysregulation of PGC1-α, an
important transcription factor for mitochondrial biogenesis (Cui et al., 2006). However, the
mechanisms and the role of mitophagy in AD and HD are unclear and need to be further
studied.

Innate immunity
Accumulating evidence now support the idea that autophagy is closely associated with
innate immunity. Autophagy plays an important role in defending against invading intra-
cellular microbes, including Mycobacterium tuberculosis, Salmonella, Listeria, Shigella,
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HIV-1, and Sindbis viruses (Deretic, 2012). Autophagy can be regulated by the DAMP
molecules such as HMGB1 and IL-1β; Toll-like receptors; Nod-like receptors, including
NLRC4, NLRP3, and NLRP4; and RIG-I-like receptors (Deretic, 2012). Other innate
immune signaling molecules such as TBK-1 and IKKα/β are also associated with autophagy
(Deretic, 2012; Weidberg and Elazar, 2011). Recent evidence suggests that suppression of
mitophagy/autophagy leads to the accumulation of damaged, ROS-generating mitochondria,
and this in turn activates the NLRP3 inflammasome (Zhou et al., 2011b). In addition to
ROS, depletion of LC3B or Beclin 1 promotes the accumulation of dysfunctional
mitochondria and cytosolic translocation of mtDNA in macrophages. Cytosolic mtDNA
promotes the secretion of IL-1β and IL-18 following stimulation with lipopolysaccharide or
ATP (Nakahira et al., 2011). These studies suggest that mitophagy can regulate NALP3-
dependent inflammation by preserving mitochondrial integrity.

Tissue injury
It has been well known that the mitochondrion is a central executioner for regulating cell
death (Ding and Yin , 2004 ; Green et al., 2011). In response to apoptotic stimuli, apoptotic
proteins target mitochondria to cause mitochondrial swelling or membranepermeability
changes that result in the release of apoptotic factors such as cytochrome c and Smac. In
addition to apoptosis, necrotic stimuli can also damage mitochondria, resulting in the
depletion of cellular ATP levels. Moreover, mitochondria are also the major source of ROS
that promote cellular damage. In ischemia-reperfusion-induced heart injury, Parkin-
mediated mitophagy has a protective role against the cell death of cardiomyocytes (Huang et
al., 2011). In contrast, TIGAR (TP53-induced glycolysis and apoptosis regulator), which
was exclusively upregulated in ischemic myocardium, suppresses mitophagy and
exacerbates cardiac damage after ischemia (Hoshino et al. , 2012). Acetaminophen
overdose, one of the most prevalent poisonings worldwide, induces liver damage that
features mitochondrial damage-mediated hepatic necrosis (Jaeschke and Bajt , 2006 ). We
recently found that mitophagy plays a critical role against acetaminophen-induced liver
damage by reducing ROS production (Ni et al., 2012). In addition to regulating cell death,
mitochondria also play an important role in regulating lipid homeostasis by burning fat
through fatty acid β-oxidation. Decreased autophagic activity is found in the livers of obese
mice, and genetic deletion of Atg7 or pharmacological inhibition of autophagy is associated
with hepatic steatosis (Singh et al., 2009; Yang et al., 2010; Mei et al., 2011). We also found
that induction of autophagy leads to reduced alcohol-induced hepatic steatosis (Ding et al. ,
2010a). Although autophagy may selectively remove lipid droplets (lipophagy), it is possible
that removal of damaged mitochondria may also contribute to the attenuation of steatosis.
Therefore, targeting damaged mitochondria by activating mitophagy may be a novel
approach for treating damaged mitochondria-mediated tissue injury in the future.

Analysis of mitophagy
Although mitophagy was first studied in mammalian cells, reliable quantitative methods for
specifically monitoring mitophagy in mammalian cells are not yet available. In contrast,
several reliable quantitative mitophagy assays have been developed for yeast. Below, we
will discuss the current techniques that have been used to monitor mitophagy in both yeast
and mammalian cells.

Electron microscopy
Transmission electron microscopy (TEM) is still one of the best approaches to provide direct
evidence for mitophagy since autophagy was first detected by TEM in the 1950s. The
morphological hallmark of autophagy is the formation of double-membrane
autophagosomes that contain cytoplasmic material and/or organelles at various stages of
degradation. The autophagosomes eventually fuse with the lysosomes to form matured
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autolysosomes, which usually have only one limiting membrane. The early stage of
mitophagy (autophagosome with engulfed mitochondria) can be readily detected through
identification of unique mitochondrial structures such as the cristae (Figure 2A and C). The
late stage of mitophagy may be reflected by the single-membrane autolysosomes with
residue mitochondria (Figure 2B and D), on the basis of their similar electron density with
mitochondria. It would be better to perform immuno-EM for specific mitochondrial markers,
such as Tom20 or CypD, to confirm the nature of mitochondria in the late stage of
mitophagy.

Cautionary notes—Pros: EM can directly provide the ‘seeing is believing’ evidence for
the presence of mitophagy. Moreover, if one can carefully perform the morphometric
analysis, data from EM could be more helpful for mitophagy. Cons: EM can be problematic
in quantitative studies because of the limited cell numbers/sections that can be determined.
Data generated from EM studies could have big variations, and unbiased selection for
samples and scoping are extremely important.

Fluorescence microscopy for mitochondria-autophagosome or mitochondria-lysosome
colocalization

Two different approaches can be used to determine mitochondria-autophagosome or
mitochondria-lysosome colocalization depending on whether the cell being imaged is live or
fixed. For live-cell imaging microscopy, MitoTracker, but not membrane potential sensitive
dyes such as tetramethylrhodamine, methyl ester (TMRM) dye, should be chosen.
MitoTracker is taken up electrophoretically by mitochondria, dependent on the
mitochondrial membrane potential. Unlike TMRM, it covalently binds to mitochondrial
proteins and thus remains in mitochondria even if they subsequently depolarize (Elmore et
al., 2001). By using a GFP-LC3 and MitoTracker Red cola-beling approach, one could
examine the relation between mitochondria and the GFP-LC3-positive autophagosomal
structures. For fixed cells, in addition to MitoTracker staining, mitochondria can also be
visualized using immunostaining for mitochondrial proteins with antibodies against
mitochondrial proteins such as Tom20, VDAC, or the complex IV subunit. Quantification of
the colocalization of mitochondria and autophagosomes provide an indication of the degree
of sequestration and could function as a marker for mitophagy. Similar to autophagic flux
assay, the number of mitochondria and GFP-LC3 colocalized puncta would also be
increased in the presence of lysosomal inhibitors such as chloroquine or E64 D plus
pepstatin A (Figure 3).

Because autophagosomes eventually need to fuse with lysosomes, the colocalization of
mitochondria with lysosomal markers could alternatively be used to monitor mitophagy. For
live-cell imaging microscopy, MitoTracker-stained mitochondria and LysoTracker-stained
lysosomes may be used to visualize the process. However, it should be cautioned that
LysoTracker will stain all the acidic compartments present and is therefore not specific for
autolysosomes. Alternatively, fixed cells can be stained using antibodies specific for
mitochondrial proteins and an antibody against the lysosomal-associated membrane protein
1 (LAMP-1) or LAMP-2. The successful fusion of mitochondria-containing autophagosome
with the lysosomal structures can be quantified by analyzing the colocalization signals as an
indicator for mitophagy.

Cautionary notes—Pros: This assay can assess a large number of cells compared with
EM. It can also monitor the dynamic process of mitophagy (mitochondrial depolarization
and fission, formation of GFP-LC3-positive autophagosomes, enveloping of mitochondria
by GFP-LC3 autophagosomes, and fusion of autophagosomes with lysosomes) in a live cell
setting. Cons: Not all GFP-LC3-positive ‘puncta’ are autophagosomes but could instead be
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GFP-LC3 aggregates. LysoTracker is not specific for lysosomes or autolysosomes. Counting
the number of dots that represent colocalized mitochondrial with either GFP-LC3 puncta or
lysosomes can be very subjective, and consistent criteria need to be kept in all experiments.
Furthermore, mitochondrial colocalization with GFP-LC3 puncta or lysosomal markers does
not implicate the mitochondrial degradation process. Addition of lysosomal inhibitors, such
as bafilomycin A1 and CQ, in these experiments may provide additional evidence of
whether a degradation process is indeed occurring.

Mitochondrial mass
Analyzing the mitochondrial mass has also been used as a quantitative way to monitor the
last step of the degradation process of mitophagy. Mitochondrial mass can be measured by a
fluorescence-activated cell sorting technique using MitoTracker staining. This technique has
been successfully used to monitor mitochondrial elimination during red blood cell
maturation (Zhang et al., 2009). Immunostaining for mitochondrial proteins using specific
antibodies has also been applied to monitor mitochondrial mass. For example,
immunostaining for Tom20 (an outer mitochondrial membrane protein) in CCCP-treated
Parkin-positive cells has initially been used as a marker for the loss of mitochondria
resulting from mitophagy. However, more recent studies suggest that most outer
mitochondrial membrane proteins are degraded by the ubiquitin proteasome system, whereas
the matrix proteins are degraded through autophagy, although the exact mechanisms and
reasons why different mitochondrial proteins are degraded through different mechanisms are
not clear (Yoshii et al., 2011). Therefore, immunostaining for mitochondrial matrix proteins
such as CypD and HSP60 would be more appropriate for monitoring mitophagy. In addition,
quantitative PCR can be used to quantify mtDNA, such as 16S rRNA, and nuclear DNA,
such as hexokinase 2. The mitochondrial-to-nuclear DNA ratio in each sample can
consequently be calculated by dividing the value of 16S rRNA by that of hexokinase
(Lagouge et al., 2006).

Cautionary notes—Pros: This assay is more objective and quantitative. Cons:
MitoTracker staining depends on the mitochondrial membrane potential and may not stain
damaged mitochondria. It is still not clear whether autophagy is the only mechanism to
remove/degrade damaged mitochondria. It is also not very clear what subsets of
mitochondrial proteins are specifically degraded by mitophagy (but not by proteasome),
although it is suggested that mitochondrial matrix proteins are likely degraded through
mitophagy. Thus, caution needs to be exercised when using these proteins as a marker for
mitochondrial mass.

Immunoblot for mitochondrial proteins
Western blot analysis for mitochondrial proteins is another way to quantify mitochondrial
mass. However, as discussed above, this should be conducted to cover all mitochondrial
compartment proteins, including outer and inner mitochondrial proteins, intermembrane
space, and matrix proteins. Only monitoring outer mitochondrial membrane proteins such as
Tom20, VDAC, and Mfn 1/2 could be misleading because these proteins could be
preferentially degraded by the proteasome. Western blot analysis for mitochondrial matrix
proteins would be more appropriate and specific for mitophagy.

Cautionary notes—Pros: This assay is more objective and quantitative. Cons: The cons
are similar to those of the assays for mitochondrial mass. As it is not very clear what subsets
of mitochondrial proteins are specifically degraded by mitophagy, caution needs to be
exercised when interpreting these data.
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Om45-GFP processing assay
To quantitatively detect mitophagy in the yeast, Kanki et al. (2009) developed the Om45-
GFP processing assay. Om45 is a mitochondrial outer membrane protein, and a GFP-tagged
Om45 (GFP at the C terminus of Om45) is correctly localized on this organelle. When
mitophagy is induced, mitochondria, along with Om45-GFP, are delivered into the vacuole
for degradation. Om45 is proteolytically removed or degraded, whereas the GFP moiety is
relatively stable and accumulates in the vacuole. Thus, mitophagy can be monitored and
quantified according to the appearance and intensity of free GFP by immunoblot. A similar
approach was used in another study in which yeast cells were expressing a mitochondria-
targeted dehydrofolate reductase-GFP (Okamoto et al., 2009). However, the free GFP
fragments could be difficult to detect in mammalian cells because lysosomal pH is more
acidic in mammalian cells than in yeast vacuoles (Ni et al., 2011). Therefore, it remains to
be determined whether a similar GFP-tagged mitochondrial protein-processing assay would
work in mammalian cells. In contrast to using Western blot analysis for GFP fragments,
Yoshii et al. (2011) developed a flow cytometry-based assay using cell lines that are stably
expressing GFP proteins fused to either the mitochondrial matrix (subunit 9 of F0-ATPase,
Su9-GFP) or an outer mitochondrial protein (GFP-Omp25). They found that the Su9-GFP
and GFP-Omp25 signals were largely unaffected in Parkin-untransfected MEFs but
significantly decreased in Parkin-transfected wild-type MEFs in a time-dependent manner
following CCCP treatment. In either FIP200 KO or Atg5 KO MEFs, CCCP-induced
decreases in Su9-GFP but not GFP-omp25 signals were markedly inhibited (Yoshii et al.,
2011). These data confirmed the notion discussed above that degradation of matrix proteins
but not outer mitochondrial membrane proteins relies on autophagy and also provides a
novel reliable quantitative approach to monitor mitophagy in mammalian cells.

Cautionary notes—Pros: The specificity for this assay is high. It is also more objective
and quantitative. Cons: The stability of GFP in the lysosomes could vary in different cell
types depending on the acidity and activity of their lysosomes.

Citrate synthase activity assay
As an important metabolic power house, mitochondria contain many important enzymes for
the citric acid cycle and oxidative phosphorylation. The decrease in mitochondrial content
over time due to mitophagy can be measured by analyzing the activities of some
mitochondrial enzymes. For example, citrate synthase, a citric acid cycle enzyme, has been
used to measure mitochondrial mass in cells and tissue (Watts et al. , 2004 ; Hargreaves et
al. , 2007). Disruption of mitochondrial functions such as the inhibition of the electron
transport chain or the depletion of mtDNA does not generally affect citrate synthase activity.
Therefore, changes of citrate synthase activity are good indicators for mitochondrial content
(Watts et al., 2004 ; Hargreaves et al. , 2007 ). In Parkin-overexpressing SH-SY5Y cells,
treatment with CCCP induced mitophagy and resulted in decreased mitochondrial mass and
citrate synthase activity. The levels of the decreased mitochondrial proteins were strongly
correlated with citrate synthase activity (Gegg et al., 2010).

Cautionary notes—Pros: This assay is more objective and quantitative. Cons: It lacks the
specificity for mitophagy. It is currently not clear whether other factors also regulate citrate
synthase activity.

Future perspectives
Although there have been significant advances recently in our knowledge of selective
mitophagy, many questions remain unanswered. The Pink1-Parkin signaling pathways play
critical roles in mitophagy in cells/tissues that have high expression levels of Parkin, such as
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in the mouse brain, thymus, kidney, and muscle (Figure 4 and Table 1). However, cells that
have low or undetectable levels of Parkin (Table 1) may utilize Parkin-independent
mitophagy pathways. In addition to hypoxia-induced Parkin-independent mitophagy, what
are the other Parkin-independent mitophagy pathways? How do the ubiquitin proteasome
system and the autophagy machinery complete the degradation of mitochondrial proteins in
coordination? Is there a mitochondrial clearance mechanism independent of the canonic
autophagic process that requires the Atg genes? Finally, reliable quantitative assays to
monitor mitophagy still need to be developed. Answering these questions will not only
improve our knowledge regarding general mitochondrial homeostasis, but it may also reveal
new avenues for treatment of diseases with dysfunctional mitochondria.
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Figure 1. Proposed models for mitophagy in mammalian cells
We propose a two-step mitophagy model in mammalian cells: the induction of canonic Atg-
dependent macroautophagy and mitochondrial priming. The induction of canonic autophagy
requires Atg proteins and furthermore involves mTOR suppression mediated by mitochon-
drial damage-generated ROS production and ATP depletion-mediated AMPK activation.
Priming of mitochondria is mediated by multiple mechanisms that could be Parkin
dependent or Parkin independent. In the presence of Parkin, one common mechanism is that
mitochondrial depolarization (e.g., following CCCP treatment) results in impaired PARL-
mediated Pink1 cleavage, leading to Pink1 stabilization and Parkin recruitment to the
mitochondria. Mitochondria-localized Parkin promotes ubiquitination of outer membrane
proteins, which may either be degraded through the proteasome or serve as binding partners
for p62. p62 may in turn act as an adaptor molecule through direct interaction with LC3 to
recruit autophagosomal membranes to the mitochondria. Parkin can also interact with
Ambra1, which in turn activates the PI3K complex around mitochondria to facilitate
selective mitophagy. For the Parkin-independent mechanism, damaged mitochondria
(particularly under hypoxia conditions) may increase FUNDC1 and Nix expression, which
may in turn recruit autophagosomes to mitochondria by direct interaction with LC3 through
their LIR domains. Upon mitochondrial depolarization, Smurf1 also targets mitochondria to
promote mitophagy, most likely through the ubiquitination of mitochondrial proteins.
Hsp90-Cdc37 stabilizes and activates Ulk1, which further phosphorylates Atg13.
Phosphorylated Atg13 is recruited to damaged mitochondria to promote mitophagy. Atg-
independent mitophagy is less understood, but 15-lipoxygenase has been shown to promote
mitochondrial degradation. Direct lysosomal invagination or interaction with damaged
mitochon-dria (microautophagy) could also play a role.
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Figure 2. EM for mitophagy
Wild-type C57BL/6 mice were treated with acetaminophen (i.p., 500 mg/kg) for 6 h (A, B)
or ethanol (gavage, 4.5 g/kg) for 6 h (C, D). Thin liver sections were processed for EM
studies. (A and C) An early double-membraned autophagosome envelops mitochondria. (B
and D) A late autolysosome contains degrading mitochondria.
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Figure 3. Confocal microscopy for the colocalization of autophagosomes with mitochondria
GFP-LC3-expressing MEFs were fi rst loaded with MitoTracker Red (50 nM) for 30 min
and then treated with CCCP (30 μM) plus the lyso-somal protease inhibitors E64D (10 μM)
and Pepstatin A (10 μM) for 6 h. The cells were fi xed with 4% paraformaldehyde followed
by confocal microscopy. Arrows: yellow dots represent colocalized GFP-LC3-positive
autophagosomes with red fluorescence-labeled mitochondria.
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Figure 4. The expression level of Parkin in different mouse tissues
A 2-month-old Parkin wild-type mouse was sacrifi ced, and different tissues were harvested.
Total cell lysates were extracted and subjected to Western blot analysis using an anti-Parkin
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Total liver lysate from a
Parkin-knockout mouse was used as a negative control.
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Table 1

Parkin expression in different cells.

Cells/cell lines Origin Parkin expression Reference

HEK293 Human embryonic kidney Yes Narendra et al., 2008; Ding et al., 2010b

SH-SY5Y Human neuroblastoma Yes Gegg et al., 2010

Primary neuron Rat Yes Narendra et al., 2010

HeLa Human cervical cancer N.D. Narendra et al., 2008; Ding et al., 2010b

MEF Mouse embryonic fi broblast N.D. Narendra et al., 2008; Ding et al., 2010b

N.D., undetected.
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