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Mitochondria play an essential role in oxidative phosphorylation, fatty acid oxidation, and the regulation of apoptosis. However,
this organelle also produces reactive oxygen species (ROS) that continually inflict oxidative damage on mitochondrial DNA, pro-
teins, and lipids, which causes further production of ROS. To oppose this oxidative stress, mitochondria possess quality control
systems that include antioxidant enzymes and the repair or degradation of damaged mitochondrial DNA and proteins. If the oxida-
tive stress exceeds the capacity of the mitochondrial quality control system, it seems that autophagy degrades the damaged mito-
chondria to maintain cellular homeostasis. Indeed, recent evidence from yeast to mammals indicates that the autophagy-dependent
degradation of mitochondria (mitophagy) contributes to eliminate dysfunctional, aged, or excess mitochondria. In this paper, we
describe the molecular processes and regulatory mechanisms of mitophagy in yeast and mammalian cells.

1. Selective Degradation of
Mitochondria by Autophagy

Autophagy is a catabolic process that degrades cytoplasmic
components and organelles and is conserved in almost all
eukaryotes. Autophagy is initiated in response to cellular
stresses such as nutrient starvation, oxidative stress, infec-
tion, or inflammatory stimuli. Upon its induction, a cup-
shaped double-membrane structure, called an isolation
membrane (or phagophore), emerges in the cytoplasm, then
the isolation membrane elongates with curvature and finally
becomes enclosed, forming an autophagosome containing
cytoplasmic components. Subsequently, autophagosomes
fuse with lysosomes/vacuoles, and lysosomal hydrolases deg-
rade the sequestered material [1-5]. This process facili-
tates physiological processes such as survival during star-
vation, clearance of dysfunctional or aggregated proteins
and organelles, development, differentiation, and aging [6—
8]. In addition to the nonselective degradation of cyto-
plasmic components, autophagy can selectively degrade
specific organelles or proteins. These include peroxisomes,
endoplasmic reticulum, ribosomes, the nucleus, intracellu-
lar pathogens, protein aggregates, lipid droplets, and sec-

retory granules. These catabolic processes are termed pex-
ophagy, reticulophagy (ERphagy), ribophagy, nucleophagy,
xenophagy, aggrephagy, lipophagy, and zymophagy, respec-
tively. Similarly, the yeast Cvt complex (a protein complex
comprising aminopeptidase I (Apel) and alpha-manno-
sidase (Amsl)) is delivered to vacuoles via an autophagy-
like process; Apel and Ams1 are processed and activated in
the vacuoles, and this autophagic process is called the Cvt
pathway. It has been known for some time that mito-
chondria are also degraded by autophagy in mammalian
cells (first described by Clark in 1957 [9]) and in yeast
(first described by Takeshige and colleagues in 1992 [10]),
but this selective autophagic process has recently been
described in more detail. Daughter mitochondria with redu-
ced membrane potential after a fission event are pref-
erentially removed by autophagy in mammalian cells
[11]. Photoirradiation-damaged mitochondria are selec-
tively degraded by autophagy in hepatocytes [12, 13]. During
the maturation of erythroid cells, mitochondria are preferen-
tially degraded by autophagy in a manner dependent on
the mitochondrial outer membrane protein Nix [14, 15].
Recently, it has been reported that there are two types of
autophagy in mammalian cells: autophagy related protein 5



(Atg5) and Atg7-dependent (conventional) autophagy and
Atg5/Atg7-independent (alternative) autophagy [16]. Both
conventional and alternative autophagic processes are impli-
cated in the autophagic degradation of mitochondria during
erythroid cell maturation [16, 17]. Similarly, during white
adipose tissue differentiation, mitochondria are preferen-
tially degraded by autophagy [18]. When yeast cells were cul-
tured in lactate-containing medium as the sole carbon source
and were subjected to nitrogen starvation, the mitochondria
were exclusively taken into microautophagic structures [19].
These findings support the idea that mitochondria are selec-
tively recognized and degraded by autophagy. The identifi-
cation of the yeast mitophagy-specific protein Atg32, which
plays a key role in the recognition of mitochondria by the
autophagic machineries, confirmed the existence of selective
degradation of mitochondria by autophagy [20, 21].

2. The Mechanisms of Selective Autophagy of
Mitochondria in Yeast

Atgl1 is a cytosolic adaptor protein that is required for selec-
tive cargo recognition by autophagy. For example, during the
Cvt pathway, the cargo proteins Apel and Amsl generate a
complex with the receptor protein Atgl9 that is recognized
and bound by Atgll. Similarly, during pexophagy, Pichia
pastoris Atg30 (PpAtg30) binds peroxisomal proteins PpPex3
and PpPex14 and is recognized and bound by Atgl1. Finally,
in both cases, Atgll transports the cargo to the pre-auto-
phagosomal structure/phagophore assembly site (PAS),
where the isolation membrane emerges, and the cargo is sur-
rounded by the autophagosome [22, 23]. Atgl1 is also essen-
tial for mitophagy, suggesting the presence of a receptor pro-
tein for mitophagy that corresponds to Atgl9 or PpAtg30 in
the Cvt pathway and pexophagy, respectively, [24]. A genetic
screen for yeast mutants defective in mitophagy identified
such a receptor protein, which is now known as Atg32
[20, 21, 25]. Atg32 is a mitophagy-specific protein that is not
required for nonselective autophagy or other types of selec-
tive autophagy [20, 21]. Atg32 consists of 529 amino acids
and localizes in the mitochondrial outer membrane with its
N-terminal domain towards the cytoplasm. Similarly to the
Cvt pathway and pexophagy, when mitophagy is induced,
Atg32 is bound by Atgl1 and the Atgl1-Atg32 complex rec-
ruits mitochondria to the PAS [20, 21]. During this recruit-
ment step, Atg32 interacts with Atg8 via its WxxI motif. This
Atg32—-Atg8 interaction is thought to increase the efficiency
of mitochondrial sequestration by the isolation membrane
[20].

3. Regulation of Mitophagy in Yeast

Although the molecular processes by which the autophagic
machinery selects and degrades mitochondria have been re-
vealed, little is known about the upstream signaling path-
ways. Recently, it was reported that the related signaling path-
ways of two mitogen-activated protein kinases (MAPKs),
Slt2 and Hogl, are involved in the induction of mitophagy
[26, 27]. In the SIt2 signaling pathway, all of protein
kinase C (Pkcl), MAPKKK (Bck1), MAPKK (Mkk1/Mkk2),
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SIt2, and the upstream cell surface stress sensor Wscl are
required for mitophagy [26]. In the Hogl signaling path-
way, Pbs2-Hogl and the upstream stress sensor Slnl are re-
quired for mitophagy [26]. The downstream proteins in both
pathways have not been identified. The role of Slt2 is, how-
ever, controversial: in the above-mentioned study, nitrogen
starvation-induced mitophagy was deficient in s/t2-deleted
cells [26], whereas another study reported normal mitophagy
in sl2-deleted cells cultured to the post-log phase [28]. The
Slt2-related signaling pathway might be associated with star-
vation-induced mitophagy only.

Recently, we found that, when mitophagy is induced,
Ser114 and Ser119 on Atg32 are phosphorylated and that
the phosphorylation of Atg32, especially on Ser114, mediates
the Atg32—Atgl1 interaction and mitophagy [27]. Similarly it
has been noted that phosphorylation of Ser112 on PpAtg30
is required for PpAtg30-PpAtgl1 interaction and pexophagy
in Pichia pastoris [21]. These findings suggest that both mito-
phagy and pexophagy are regulated by kinase activity and/or
the localization of the kinases that phosphorylate Atg32
and/or PpAtg30. The kinase(s) that directly phosphorylate
Atg32 or PpAtg30 have not been identified. Although the
MAPK Hogl is required for Atg32 phosphorylation, the
direct phosphorylation of Atg32 by Hogl was not observed
in an in vitro phosphorylation assay [27]. Presumably, the
unidentified kinase that phosphorylates Atg32 is down-
stream of Hogl and SIt2.

Atg33 is a mitophagy-related protein that was identified
by a genetic screen for yeast mutants defective in mitophagy
[25]. Atg33 is located in the mitochondrial outer membrane
and functions in mitophagy but not in nonselective auto-
phagy, the Cvt pathway, or pexophagy. Interestingly, in an
atg33-knockout strain, although mitophagy was partially
inhibited when induced by starvation, it was blocked almost
completely when induced during the stationary phase.
Although the function of Atg33 in mitophagy is unknown,
it might be a factor for the selection or detection of damaged
or aged mitochondria when cells have reached the stationary
phase [25, 29]. Further studies are required to reveal the
function of Atg33 in mitophagy.

In addition to Atg33, Whi2, Uthl, and Aupl have also
been reported as related to mitophagy [30-32]. Whi2 is a
stress response protein that predominantly influences mito-
phagy and, to a lesser extent, autophagy [31]. Miiller and
Reichert speculated that Whi2 and the Ras/PKA (protein
kinase A) signaling pathway are linked to the regulation of
mitophagy [33]. Uthl is a mitochondrial outer membrane
protein and is reported to be required for mitophagy induced
by rapamycin or nitrogen starvation [32]. Aupl was identi-
fied by a screen for protein phosphatase homologs that inter-
act with the serine/threonine kinase Atgl that is required for
autophagy and is suggested to be needed for efficient mito-
phagy to survive in prolonged stationary phase culture in a
medium containing lactate as the carbon source [30]. Inter-
estingly, it was shown that deletion of RTG3, a transcription
factor that mediates the retrograde signaling pathway, causes
a defect in stationary phase mitophagy and that deletion of
AUPI leads to alterations in the patterns of Rtg3 phospho-
rylation under these conditions, implying that the function



International Journal of Cell Biology

of Aupl in mitophagy may be regulation of Rtg3-dependent
transcription [34]. Inconsistently, both Uthl and Aupl have
also been reported to be not required for mitophagy [21]
and were not identified in genome-wide mitophagy screens
[20, 29]. Further studies are required to clarify these discre-
pancies, which could be due to differences in the condition
used to assess autophagy.

Cellular oxidative status is one factor that contributes to
the induction of mitophagy. Deffieu et al. reported that
N-acetylcysteine, which increases cellular levels of reduced
glutathione, prevents mitophagy [35]. Okamoto et al. repor-
ted that the expression of Atg32 is suppressed by N-acetyl-
cysteine treatment, and, as a result, mitophagy is inhibited
[20]. These findings suggest that Atg32 expression and mito-
phagy are affected by cellular oxidative conditions. Because
mitophagy is thought to preferentially eliminate damaged
mitochondria, it is reasonable that cellular oxidative status,
which is compromised by reactive oxygen species (ROS) gen-
erated by damaged mitochondria, is related to the induction
of mitophagy.

We have summarized the above-described molecular
processes and regulatory mechanisms in Figure 1.

4. The Physiological Role of Mitophagy in Yeast

It has been suggested that mitophagy eliminates damaged or
aged mitochondria, thereby maintaining mitochondrial qua-
lity. There are several lines of evidence demonstrating that
damaged mitochondria are eliminated by mitophagy in
yeast. Priault et al. suggested that conditional knockout of
fmcl, a gene encoding the Fmcl protein that is concerned
with the folding of the F,F,-ATPase, induces mitophagy
under anaerobic conditions [36]. Nowikovsky et al. suggested
that interference with the mitochondrial K*/H" exchan-
ger Mdm38 causes the swelling of mitochondria and the
degradation of those mitochondria by mitophagy [37].
Zhang et al. blocked mitochondrial DNA (mtDNA) repli-
cation using ethidium bromide or a mtDNA polymerase
temperature-sensitive mutant and observed rapid degrada-
tion of mitochondria via autophagy [38]. These results indi-
cate that mitochondrial damage is related to the induction
of mitophagy, but are not direct evidence that autophagy
selectively eliminates damaged mitochondria. Accordingly, it
is still unknown whether mitophagy contributes to mito-
chondrial quality control in yeast. In fact, it has been difficult
to identify the physiological role of mitophagy in yeast,
because mitophagy-deficient atg32-deleted cells do not show
any phenotype, including phenotypes of mitochondrial
dysfunction [21].

Our latest studies have partly revealed the physiological
role of mitophagy in yeast. When mitophagy-deficient atg32-
deleted cells were precultured in nonfermentable medium
(for instance, lactate-containing medium as the sole carbon
source) and were then shifted to nitrogen starvation for long-
term culture (~5 days), the arg32-deleted cells grown on
nutrient-rich plates generated small colonies, while wild-
type cells did not. Further analysis revealed that, when
wild-type cells encounter nitrogen starvation, they induce
mitophagy and quickly eliminate mitochondria that have
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FiGure 1: Mitophagy in yeast. Environmental or intracellular fac-
tors trigger the mitophagy-signaling pathways that include two
MAPKs (S1t2 and Hogl), finally reaching and activating an uniden-
tified kinase X. This kinase phosphorylates Ser114 and Ser119 on
Atg32. Phosphorylation of Atg32, particularly at Ser114, mediates
the Atgl1-Atg32 interaction. Atgll recruits mitochondria to the
phagophore assembly site (PAS) where the autophagosome is gene-
rated to enclose the mitochondria. The antioxidant compound N-
acetylcysteine (NAC) inhibits mitophagy, presumably by suppress-
ing Atg32 expression. The Atg32—Atg8 interaction increases the effi-
ciency of mitochondrial sequestration by the isolation membrane.
Atg33, Whi2, Uthl, and Aupl have been reported to be required for
mitophagy. However, the function of these proteins in mitophagy
has not been identified.

proliferated during respiratory growth. As a result, cellular
ROS production, which occurs mainly in mitochondria,
is suppressed. On the other hand, in mitophagy-deficient
atg32-deleted cells, undegraded mitochondria produce
excess ROS during nitrogen starvation. ROS damage mito-
chondria, and damaged mitochondria produce further ROS,
finally leading to mtDNA deletion. Ultimately, cells with
mtDNA deletion generate small colonies even in fermentable
medium; this phenotype is called “petite” [39]. This suggests
that mitophagy is required to regulate the number of mito-
chondria to minimize ROS production and, as a result, main-
tains the quality of mitochondria.

There have been several studies suggesting the interplay
between mitochondria and autophagy. Bulk autophagy-defi-
cient yeast strains exhibited reduced mitochondrial mem-
brane potential, reduced activities of the electron transport
chain, and higher levels of ROS and oxidative stress, resulting
in the loss of mtDNA [38, 40]. In bulk autophagy-deficient



cells, cellular ROS accumulate during nitrogen starvation
because the cellular amino acid pool is reduced and the exp-
ression of the ROS scavenger proteins is suppressed [40]. This
finding suggests that autophagy, including mitophagy, con-
tributes to the quality control of mitochondria. In a contras-
ting situation, Graef and Nunnari demonstrated that healthy
mitochondria are required for efficient induction of auto-
phagy under amino acid starvation [41]. Autophagic flux is
regulated by Atgl, target of rapamycin (TOR) kinase com-
plex I, and cAMP-dependent protein kinase A (PKA), where-
as ATGS induction is solely dependent on PKA. Defects in
mitochondrial respiration induce PKA activity, resulting in
the suppression of both ATG8 induction and autophagic flux.
Therefore, mitochondrial dysfunction directly affects and
regulates autophagy. The data presented by Graef and
Nunnari indicate that defects in mitochondrial respiration
inhibit autophagy including mitophagy during amino acid
starvation. They suggest that the effect of mitochondrial dys-
function on the regulation of autophagy varies according to
the severity of the defect. Furthermore, these authors also
suggest that inordinate accumulation of mitochondria that
are defective in respiration beyond a certain level decreases
the capacity for autophagy and mitophagy in these cells and
evokes a negative feedback that results in cellular aging or
death [41].

5. Studies of Mitophagy in Higher Eukaryotes

As described above, the molecular processes and regulatory
mechanisms of mitophagy in yeast have been slowly but
surely identified. Since the 2008 report that a defect in mito-
phagy might be involved in the pathogenesis of Parkinson’s
disease [42], there has been much interest in mitophagy in
higher eukaryotes and, in particular, mammalian cells. We
will now summarize these studies.

5.1. Parkin/PINKI1 and Mitophagy. Most mitophagy studies
in mammalian cells have focused on PTEN-induced putative
kinase protein 1 (PINK1)/Parkin-dependent mitochondrial
degradation by autophagy. Parkin and PINK1 are encoded by
the PARK2 and PARKG6 genes, respectively; both are responsi-
ble for familial Parkinson’s disease and have been reported to
be associated with mitophagy [42—44]. PINK1 is expressed in
the cytoplasm and constitutively translocates into the mito-
chondrial inner membrane where it is promptly degraded
by the mitochondrial inner membrane rhomboid protease
presenilin-associated rhomboid-like protein (PARL) [43, 45—
47]. When mitochondria lose their membrane potential,
PINKI1 can target to the mitochondria, but cannot translo-
cate across the mitochondrial outer membrane; therefore, it
accumulates there. Accordingly, only depolarized mitochon-
dria are marked by PINK1 accumulation. Parkin translocates
to mitochondria in a PINK1-dependent manner [42-44, 48,
49]. Parkin triggers the ubiquitination of many mitochon-
drial proteins such as mitochondrial assembly regulatory fac-
tor (MARF) in flies or mitofusin 1, mitofusin 2, and voltage-
dependent anion channel 1 (VDACI) in mammalian cells
[49-54]. The ubiquitinated proteins on mitochondria are
bound by the autophagy substrate p62/SQSTM1, which
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Figure 2: Parkin/PINK1 and mitophagy in higher eukaryotes.
PINKI is constitutively targeted and imported into the inner mem-
brane via the mitochondrial import machinery, the TOM and TIM
complexes, and degraded by presenilin-associated rhomboid-like
protein (PARL). When the mitochondrial membrane potential is
depolarized, PINK1 cannot translocate across the mitochondrial
outer membrane and instead accumulates on it. PINK1 on the outer
membrane causes the translocation of Parkin to mitochondria
which triggers the ubiquitination of mitofusin 1 (Mfn1), mitofusin
2 (Mfn2), and voltage-dependent anion channel 1 (VDAC) in mam-
mals, and mitochondrial assembly regulatory factor (MARF) in
flies. The ubiquitinated proteins on mitochondria are captured by
p62, a substrate of autophagy that can bind ubiquitinated proteins,
resulting in the sequestration of mitochondria into autophago-
somes. OM: outer membrane; IM: inner membrane.

contains a ubiquitin-associated domain, and the p62-asso-
ciated mitochondria aggregate near the nucleus [49, 54, 55].
Because p62 is a substrate of autophagy, it is thought that
p62-associated mitochondria are eventually degraded by
autophagy [49, 54, 55]. We have summarized Parkin/PINK1-
dependent mitophagy in Figure 2. Although it is accepted
that p62 associates with mitochondrial proteins ubiquiti-
nated by Parkin and mediates the aggregation of mitochon-
dria, there have been conflicting reports showing that p62
is not indispensable for mitophagy [56, 57]. The histone
deacetylase HDAC6, which can bind ubiquitinated pro-
teins and facilitates the clearance of protein aggregates, is
also reported to accumulate on mitochondria after Parkin
translocation from the cytosol and mediate mitophagy [54].
Further studies are required to clarify the precise roles of p62
and HDAC6 in mitophagy.

5.2. Other Factors Related to Mitophagy in Higher Eukaryotes.
The study of Parkin/PINK1-dependent mitophagy has do-
minated the field in recent years. However, other studies
have focused on Parkin/PINK1-independent mechanisms of
mitophagy in higher eukaryotes.
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In mammalian cells, ULK1, a homolog of yeast Atgl, is
known to be associated with the control of autophagy by
the TOR signaling network. ULK1 activity is suppressed
under nutrient-rich conditions by TOR complex 1 (TORC1)
[58]. Recently, it has been suggested that phosphorylation
of ULKI by adenosine monophosphate-activated protein
kinase (AMPK) is concerned with autophagy. Loss of AMPK
or ULKI resulted in deficient mitophagy and aggrephagy
during starvation in mouse embryonic fibroblasts and hep-
atocytes, resulting in increases in the overall mitochon-
drial number and aberrant morphology [59]. This finding
suggests that AMPK-mediated phosphorylation of ULK1 is
required for mitochondrial homeostasis in nutrient-poor
conditions.

Tectonin domain-containing protein 1 (Tecprl) has been
identified as an Atg5-binding protein. This protein forms
a complex with Atgl2-Atg5-Atgl6L1 and binds to WIPI-2,
which is capable of association with phosphatidylinositol 3-
phosphate at an isolation membrane. Interestingly, Tecprl
is required for xenophagy, which selectively recognizes and
eliminates bacterial pathogens such as Shigella, Salmonella,
and Group A Streptococcus. Tecprl is also required for the
autophagic degradation of misfolded protein aggregates and
depolarized mitochondria but not for nonselective auto-
phagy [60]. These findings suggest that Tecprl is an essential
factor for specific cargo recognition in selective autophagy.

It has been reported that mitophagy is induced under
several conditions such as mitochondrial permeability tran-
sition, during cellular development or during hypoxia. These
three examples will be discussed in turn. First, nutrient star-
vation and photodamage, which both lead to mitophagy
[12], cause mitochondrial permeability transition (MPT)
[61], in which the opening of the MPT pores causes mito-
chondria to become permeable to all solutes up to a mole-
cular mass of approximately 1500 Da, leading to mitochon-
drial depolarization and outer membrane rupture [62, 63].
Cyclosporin A, an inhibitor of MPT through interaction with
cyclophilin D, blocks mitophagy during MPT [12, 64]. These
findings suggest that MPT is a trigger for mitophagy that
arises from mitochondria themselves.

Second, recent studies have revealed that mitophagy plays
an important role in cellular differentiation. During reticu-
locyte maturation (as with erythroid cell maturation men-
tioned in Section 1), mitochondria are eliminated via auto-
phagy in a Nix-dependent manner [14, 17, 65]. Nix, in both
in vivo and in vitro assays, interacts with LC3/GABARAP,
which anchors to the isolation membrane and is involved in
isolation membrane extension, and this Nix-LC3/GABARAP
interaction is thought to mediate efficient targeting of mito-
chondria to autophagosomes [66, 67]. Similarly, when auto-
phagy was inactivated by targeted deletion of the autophagy-
essential gene Atg7, post-differentiated white adipocytes
exhibited large numbers of mitochondria compared with
the relatively few mitochondria observed in wild-type white
adipocytes. This suggests that mitochondria are preferen-
tially eliminated by autophagy during adipogenesis [18, 68—
71].

Third, mitophagy is induced by hypoxia in a Bcl-2/ade-
novirus E1B 19 kDa interacting protein 3-(BNIP3-) depen-

dent manner; the expression of BNIP3 is regulated by hypo-
xia-inducible factor [72-74]. This indicates that mitophagy
might be a survival mechanism to regulate the production
of ROS from mitochondria during hypoxia. As shown here,
mitophagy plays a role in several aspects of cellular phys-
iology, not just eliminating depolarized mitochondria in a
Parkin/PINK1-dependent manner.

5.3. Unanswered Questions on Mitophagy in Mammalian
Cells. Although there are at present more than 50 publi-
cations regarding Parkin/PINK1-dependent mitophagy, the
precise mechanisms are still unknown. Recently, it was repor-
ted that Parkin induces rupture of the outer membrane of
depolarized mitochondria, depending on proteasomal activ-
ity, and then the ruptured mitochondria are eliminated by
mitophagy [75]. This finding implies that Parkin and PINK1
are not the primary factors required for mitophagy but rather
that they present depolarized mitochondria to the auto-
phagic machineries by disrupting the mitochondrial outer
membrane.

Most of the autophagy-related genes identified in yeast
are also present in mammals, suggesting that the molecular
processes of autophagy are conserved throughout evolu-
tion. It is surprising then that the molecular processes of
mitophagy and the essential factors identified to date are
completely different between yeast and mammals. For exam-
ple, in mammals, the mitochondrial receptor protein corre-
sponding to Atg32 in yeast has not been identified.

6. Conclusion

In recent years, there has been significant progress in studies
of mitophagy in both yeast and mammals. In particular, the
molecular processes and regulatory mechanisms of mito-
phagy in yeast have been well described, such as the spe-
cific Atg32-Atgl1 interaction and the requirement for signal-
ing by the two MAPKs Slt2 and Hogl. Meanwhile, the phy-
siological role of mitophagy in mammalian cells has been
well understood. Because mitophagy is evolutionarily con-
served, it is reasonable to speculate that there will be similar
molecular processes, regulatory mechanisms, and physio-
logical roles in both yeast and mammals. The interplay of
yeast and mammalian mitophagy studies will consolidate our
understanding of this cellular process.
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