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The efficient and selective elimination of damaged or excessive mitochondria in response to bioenergetic and en-
vironmental cues is critical for maintaining a healthy and appropriate population of mitochondria. Mitophagy is
considered to be the central mechanism of mitochondrial quality and quantity control. Atg32, a mitophagy recep-
tor in yeast, recruits mitochondria targeted for degradation into the isolation membrane via both direct and in-
direct interactions with Atg8. In mammals, different mitophagy effectors, including the mitophagy receptors
NIX, BNIP3 and FUDNC1 and the PINK1/Parkin pathway, have been identified to participate in the selective clear-
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Mitophagy ance of mitochondria. One common feature of mitophagy receptors is that they harbor an LC3-interacting region
Mitophagy receptor (LIR) that interacts with LC3, thus promoting the sequestration of mitochondria into the isolation membrane.

Atg32 Additionally, both receptor- and Parkin/PINK1-mediated mitophagy have been found to be regulated by revers-
FUNDC1 ible phosphorylation. Here, we review the recent progress in the understanding of the molecular mechanisms
Parkin involved in selective mitophagy at multiple levels. We also discuss different mitophagy receptors from an

evolutionary perspective and highlight the specific functions of and possible cooperation between distinct

mechanisms of mitophagy. This article is part of a Special Issue entitled: Mitophagy.

© 2015 Published by Elsevier B.V.

1. Introduction

The term autophagy was coined by C. de Duve in 1963 to describe
the lysosome-dependent degradation of cellular components, which is
different from the clearance of endogenous proteins by the proteasome
and from the endocytosis-mediated degradation of extracellular
cargoes or cell membrane proteins [1,2]. Although autophagy was ini-
tially considered as a non-selective process, it is now widely accepted
that autophagy can be induced in a highly selective manner [3,4].
Diverse cargoes such as protein aggregates, intracellular pathogens
and damaged or excessive organelles, including mitochondria, can be
removed via selective autophagy [5]. As multifunctional cellular organ-
elles, mitochondria act as the cellular powerhouse, the metabolic center
and the headquarters of apoptosis. Given that mitochondria are the pri-
mary source of reactive oxygen species (ROS), which are responsible for
cellular oxidative damage, mitochondria can also exert potentially dele-
terious effects [6,7]. Moreover, the mass of mitochondria must match
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the varying needs of the cell in response to the bioenergetic and envi-
ronmental changes [8,9]. As a result, the timely elimination of dysfunc-
tional mitochondria and the preservation of an appropriate population
of mitochondria are indispensible for normal cellular function and cell
survival [8,10,11]. Mitochondrial quantity is maintained via mitochon-
drial biogenesis and the selective clearance of damaged or excessive
organelles. Mitochondrial autophagy (or mitophagy) is thus considered
to be the core mechanism of both mitochondrial quality and quantity
control.

It has been nearly a decade since the term mitophagy was proposed
to define the selective autophagy of mitochondria [10]. Recently, rapid
progress has been made, and the underlying molecular mechanisms
and (patho)physiological roles of mitophagy in development and
diverse diseases have begun to be appreciated. Increasing evidence
indicates the key role of mitophagy receptors, such as Atg32 in yeast
[12,13] and NIX [14], BNIP3 [14] and FUNDC1 [15] in mammals, in
the clearance of mitochondria. Moreover, PINK1/Parkin-mediated
mitophagy appears to differ from receptor-mediated mitophagy, poten-
tially via a ubiquitylation-related process for the selective removal of
mitochondria that have lost their membrane potential [16]. It is
interesting to note that mitophagy receptors on mitochondria appear
to act as the common effectors in different mitophagy pathways, and
FUNDCT1 shares a series of features with Atg32.
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2. Mitophagy in yeast: Atg32 as a mitophagy receptor

The knowledge that a molecular mechanism is involved in the selec-
tive elimination of mitochondria began with the identification of Uth1p
in yeast. Primarily localized to the mitochondrial outer membrane,
Uth1p is essential for the specific autophagic degradation of mitochon-
dria in response to rapamycin treatment and nutrient deprivation [17].
In addition to Uth1p, Aup1p, a Saccharomyces cerevisiae PP1K ortholog
localized to the mitochondrial intermembrane space, is required for
efficient mitophagy in stationary phase cells [18]. Furthermore, the ab-
sence or mutation of the mitochondrial proteins Fmc1 [19], Mdm38
[20] and Mip1 [21] induce mitophagy; Yme1, a mitochondrial i-AAA
(ATPases associated with diverse cellular activities in the intermem-
brane space) protease, has also been reported to play a controversial
role in mitophagy [22-24]. A genetic screen for yeast mutants defective
in mitophagy revealed that Atg33 might participate in the clearance of
damaged mitochondria, although its functional mechanism remains to
be explored [25,26] (Fig. 1).

As a breakthrough finding, two independent groups identified Atg32
as a mitophagy receptor in yeast based on genome-wide screen [12,13,
25], which provides key insight into the mechanism of mitophagy in
yeast. Similar to Uth1p and Aup1p, Atg32 is necessary for mitophagy
but not for non-specific autophagy [12]. Atg32 is a 59 kDa protein local-
ized to the outer mitochondrial membrane that contains one predicted
transmembrane domain; its N and C terminals face the cytosol and the
mitochondrial intermembrane space, respectively [12,13]. Atg32 medi-
ates mitophagy via its interaction with Atg8 (the mammalian homolog
of LC3) and Atg11 [13,22]. The cytosolic domain of Atg32 contains a
W86QAI motif, which serves as an Atg8 family interacting motif (AIM)
and is crucial for the binding of Atg32 to Atg8 [13,22]. Mutations at
Trp86 and I11e89 of the WQAI motif reduce the binding of Atg32 to
Atg8, resulting in a partial mitophagy defect [13]. Atg32 also contains
a consensus I''?/VLS motif, which is important for its binding to Atg11
[27]. Atg11 is a selective autophagy receptor that can recruit a range
of cargoes to autophagosomes via its interaction with Atg8 [28]. An
alanine substitution at Ser114 in the I/VLS motif affects Atg32 phosphor-
ylation (see below) and strongly impairs mitophagy [27]. Thus, Atg32
has been proposed to recruit mitochondria to be sequestered into
autophagosomes via direct or indirect interaction with Atg8.
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The regulatory mechanism of Atg32-mediated mitophagy has recently
been described. Okamoto et al. found that Atg32 is temporally unregulat-
ed prior to mitophagy under respiratory conditions and is subsequently
degraded via autophagy-dependent and autophagy-independent pro-
cesses [13]. The antioxidant compound N-acetylcysteine (NAC) inhibits
mitophagy, presumably by suppressing Atg32 expression [13]. However,
since NAC can suppress mitophagy by augmenting the cellular glutathi-
one (GSH) pool rather than by scavenging ROS [29], the exact role of ox-
idative stress in Atg32-mediated mitophagy remains to be clarified.

Post-translational modification plays a key role in the regulation of
Atg32-mediated mitophagy. Yoshimasa et al. found that Ser114 and
Ser119 of Atg32 are phosphorylated under mitophagy-inducing condi-
tions [27]. The phosphorylation of Atg32, especially at Ser114, subse-
quently mediates the Atg11-Atg32 interaction and mitophagy [27].
Another study identified Casein kinase 2(CK2) as a putative mediator
of Atg32 phosphorylation at Ser114 and Ser119 based on a screen of
kinase-deleted yeast strains [30]. The CK2-dependent phosphorylation
of Atg32 stabilizes the Atg32-Atgll interaction, thus promoting
mitophagy; alternatively, the inhibition of CK2 specifically blocks
mitophagy but not macroautophagy, pexophagy (the selective autoph-
agy of peroxisomes) or the cytoplasm to vacuole targeting (Cvt) path-
way [30]. These results suggest a specific regulatory role of CK2 in
Atg32-mediated mitophagy. In addition to CK2, the Atg1 signaling path-
way [22] and two mitogen-activated protein kinase (MAPK) pathways,
Hog1-Pbs2 and SIt2 [27,31], have been reported to be involved in the in-
duction of yeast mitophagy, but mechanism underlying these activities
requires further investigation (Fig. 1). It also remains to be explored
whether the several serine residues near the AIM of Atg32 are suscepti-
ble to phosphorylation, which might contribute to the regulation of the
Atg32-Atg8 interaction and mitophagy progression. In addition, further
studies are needed to determine whether mitophagy resulting from the
loss of genes (Fmc1, Mdm38 or Mip1) is dependent on Atg32.

3. Mitophagy in mammalian systems
3.1. PINK1/Parkin-mediated mitophagy

Mutations of PINK1 and Parkin have been proposed to be the most
common cause of recessive familial Parkinson's disease [32-34]. PTEN-
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Fig. 1. Mechanism of mitophagy in yeast. Atg32, a mitophagy receptor localized to the outer mitochondrial membrane, possesses an AIM and an Atg11-binding motif at its C terminal,
through which Atg32 interacts with Atg8 directly or indirectly via the bridge Atg11. When mitophagy is induced, Ser114 and Ser117 of Atg32 are phosphorylated by CK2, thus promoting
the Atg32-Atg11 interaction and mitophagy. Hog1 may act upstream of CK2 to contribute to the phosphorylation of Atg32. Moreover, signaling pathways involving other kinases, such as
Atg1, Pbs2 and Slt2, are required for mitophagy. Several other proteins, specifically Uth1p, Aup1, Yme1 and Atg33, have been reported to function in mitophagy. The loss or mutation of
several mitochondrial proteins, including Fmc1, mdm38 and Mip1, can trigger mitophagy via an unknown mechanism.
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induced putative kinase 1 (PINK1) is a nuclear-coded mitochondrial
serine/threonine kinase [34], and Parkin is a cytosolic E3 ubiquitin ligase
[35,36]. Genetic studies revealed that PINK1 and Parkin function in the
same pathway and that PINK1 acts upstream of Parkin [37-39]. Exten-
sive work during the past several years has greatly contributed to the
partial elucidation of the molecular mechanism by which PINK1 and
Parkin act together to mediate mitophagy in mammalian cells. It has
been proposed that PINK1 functions as a mitochondrial stress sensor
via its import and degradation, which is dependent on the mitochondri-
al membrane potential. In healthy mitochondria, PINK1 is imported into
mitochondria and then rapidly undergoes cleavage and degradation at
the inner mitochondrial membrane [40,41]. However, when the mito-
chondrial membrane potential is dissipated, PINK1 is stabilized on the
outer mitochondrial membrane, where it recruits Parkin to damaged
mitochondria [42-44] (Fig. 2). Recently, further details regarding the
PINK1-Parkin interaction and the activation of Parkin have been
revealed. It was found that PINK1 is activated following mitochondrial
depolarization and undergoes phosphorylation at multiple sites, includ-
ing Thr257, which enables PINK1 to phosphorylate Parkin at Ser65 and
leads to the activation of the E3 ligase activity of Parkin [45] (Fig. 2).
Furthermore, several independent studies have demonstrated that
PINK1 phosphorylates ubiquitin at Ser65 and phosphorylated ubiquitin
activates Parkin [46-48].

It is hypothesized that after Parkin is recruited to mitochondria and
is subsequently activated, it ubiquitinates diverse mitochondrial outer
membrane proteins, which may mediate the subsequent sequestration
of mitochondria into the isolation membrane via an interaction with
adaptor proteins (such as p62 and NRB1) on the isolation membrane.
To date, investigators have identified several potential substrates of
Parkin, such as mitofusins (Mfn1/2) [49], Miro [50], TOM70 [16], Drp1
[51] and PARIS (ZNF746) [52], further suggesting an extensive role of
Parkin in mitochondrial dynamics, mitochondrial transport and the reg-
ulation of mitochondrial biogenesis. However, the specific role of these
ubiquitinated outer mitochondrial membrane proteins in PINK1/
Parkin-mediated mitophagy is poorly understood. Moreover, studies
have shown that p62 is recruited to mitochondria together with Parkin,
however,other investigations have suggested that p62 is unnecessary
for the elimination of damaged mitochondria, challenging the role of
this adaptor in the Pink1/Parkin pathway [53-55]. A recent study re-
ported that Mfn2, which is phosphorylated by PINK1 and subsequently
ubiquitinated by Parkin, appears to function as a receptor for Parkin and
is required for the translocation of Parkin to damaged mitochondria
[56]. Subsequently, optineurin, an autophagy receptor possessing both
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an ubiquitin-binding domain and an LIR (LC3-interacting region)
motif, was identified to be a mitophagy receptor in the PINK1/Parkin
pathway [57]. It was demonstrated that optineurin is recruited to dam-
aged mitochondria via its association with ubiquitinated outer
mitochondrial membrane proteins in a Parkin-dependent manner
and subsequently induces the sequestration of mitochondria by
autophagosomes via its interaction with LC3 in a p62-independent
manner [57] (Fig. 2).

3.2. BNIP3 and NIX/BNIP3L in mammalian mitophagy

BCL2 and adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) and
BNIP3-like (BNIP3L, also known as NIX) are mitochondria-localized pro-
teins that are related to the BH3-only family. In addition to their roles in
cell death, both BNIP3 and NIX are found to interact with LC3 family pro-
teins via their LIR motifs facing the cytosol, thereby mediating the clear-
ance of mitochondria [14,58-60]. Studies using NIX —/— mice revealed
that NIX is involved in the process of reticulocytes maturation [ 14,59,61,
62]. In addition to NIX, other key effectors in the autophagy pathway,
such as Atg7 and Ulk1, contribute to the clearance of mitochondria
in reticulocytes [63,64]. Interestingly, Ulkl-dependent and Atg5-
independent macroautophagy has been discovered to play a key role
in mitochondrial clearance in reticulocytes [65,66]. It should also be
noted that a non-autophagic mechanism may contribute to mitochon-
drial clearance during reticulocytes maturation [67].

The signaling events upstream of NIX/BNIP3-mediated mitophagy
remain largely unknown. The existing evidence indicates that the up-
regulation of NIX/BNIP3 may be a crucial event that promotes their activ-
ity in mitophagy [59,63,68-70]. Interestingly, a recent study identified
Ser17 and Ser24 as phosphorylation sites of BNIP3 that are responsible
for enhancing the BNIP3-LC3 interaction [71], suggesting a possible
role of kinase(s) or phosphatase(s) in the NIX phosphorylation-
mediated regulation of mitophagy.

3.3. FUNDC1-mediated mitophagy

Recently, we have identified FUN14 domain-containing protein
1(FUNDC1) as a novel mitophagy receptor [15]. FUNDC1 is an outer
mitochondrial membrane protein containing three transmembrane do-
mains, and with its N-terminal and C-terminal region exposed to the cy-
tosol and the intermembrane space, respectively [15]. In FUNDC1-
silenced cells, hypoxia treatment fails to induce mitophagy compared
to control cells, and mitophagy can be rescued by re-expressing wild-
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Fig. 2. Regulatory mechanism of PINK1/Parkin-mediated mitophagy. When the mitochondrial membrane potential (Ay) is dissipated, PINK1 is stabilized on mitochondria and then re-
cruits Parkin to damaged mitochondria, resulting in the phosphorylation and activation of Parkin by PINK1. Then, Parkin ubiquitinates various outer mitochondrial membrane proteins.
Optineurin associates with these ubiquitin tagged proteins and targets the isolation membrane to damaged mitochondria, leading to the autophagic clearance of mitochondria.
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type FUNDC1 [15]. These results suggest that FUNDC1 functions as a
specific mitophagy receptor during hypoxia-induced mitophagy.

3.3.1. Structure of FUNDC1

Atg8 homologs play an essential role in the elongation of the isola-
tion membrane [72]. They are produced as pro-forms and then undergo
cleavage into form I (such as LC3-I) by Atg4. Form I possesses a
C-terminal glycine that can be conjugated to phosphatidylethanolamine
on the membrane to produce form II (such as LC3-II) [72]. Thus,
isolation membrane-anchored Atg8 homologs function as scaffolds to
recruit various proteins (such as p62 [73,74], NBR1 [75] and optineurin
[57,76]) to the isolation membrane. Molecular and structural studies
have revealed that the interaction with Atg8 homologs is mediated by
AIM or LIR. The consensus sequence for the core LIR motif is (W/F/
Y)XX(L/I/V), which is often surrounded by one or more acidic residues
[77]. We found that FUNDC1 harbors a LIR, Y'®EVL, in its cytosol-
exposed N-terminal, and the LIR motif is essential for the FUNDC1-
LC3 interaction [15]. The mutation of the LIR of FUNDC1 significantly
impairs mitophagy, and the deletion of its LIR blocks the induction of
mitophagy. These findings indicate that the FUNDC1-LC3 interaction
is required for FUNDC1-induced mitophagy.

The alignment of FUNDC1 homologs from yeast to human reveals an
evolutionary conservation of the FUNDC1 LIR motif in vertebrates but
not in yeast or Drosophila (Fig. 3). There are also several acidic residues,
either Asp or Glu surrounding the core motif, are conserved in vertebrates
(Fig. 3), suggesting an evolutionary conservation of the mitophagy-
related function of FUNDCI. Interestingly, the LIR motif of NIX displays a
similar conservation pattern to that of FUNDC1 [14], indicating that
vertebrates may have developed multiple mitophagy receptors during
evolution.

3.3.2. Post-translational modifications regulate FUNDCI1-mediated
mitophagy

The regulatory mechanism of FUNDC1-mediated mitophagy has re-
cently been revealed. It was found that the multi-site phosphorylation
of FUNDCT1 plays a key role in the regulation of the FUNDC1-LC3 interac-
tion (Fig. 4). We found that FUNDC1 undergoes phosphorylation under
normoxia [15,78]. Under normal conditions, Src and CK2 are kinases re-
sponsible for the phosphorylation of FUNDC1 at Tyr18 and Ser13, respec-
tively, and these phosphorylation events inhibit the interaction of
FUNDC1 with LC3 [15,78]. During hypoxia or mitochondrial uncoupler
treatment, Src and CK2 are inactivated, and the mitochondrial phospha-
tase PGAM5 interacts with and dephosphorylates FUNDC1 at Ser13; this
modification enhances the FUNDC1-LC3 interaction, thus inducing the
sequestration of mitochondria by the isolation membrane [15,78]. The
inhibition of either of these two kinases, Src and CK2, is not sufficient
to activate mitophagy, but the coordinate inactivation of both kinases ef-
ficiently activates mitophagy [78]. Furthermore, mitophagy is abrogated
following the knockdown of PGAMS5 or the introduction of a cell-
permeable unphosphorylated peptide encompassing Ser13 and the LIR
of FUNDC1 [78].

More recently, we have characterized the regulation of the PGAM5-
FUNDCT1 interaction by BCL-XL [79] (Fig. 4). BCL-XL interacts with and
inhibits PGAMS5 via its BH3 domain to prevent the dephosphorylation
of FUNDC1 at Ser13 under normoxia. However, the degradation of
BCL-XL during hypoxia leads to the release of PGAM5 and facilitates
the subsequent dephosphorylation of FUNDC1 at Ser13, thereby initiat-
ing FUNDC1-mediated mitophagy [79]. Because BCL-XL functions in
autophagy via its interaction with Beclin1 [80], our finding suggests a
second specific role of BCL-XL in mitophagy.

In addition to CK2 and Src, the Atg1 homolog ULK1 has been shown
to interact with and phosphorylate FUNDC1 at Ser17 during hypoxia or
mitochondrial uncoupler treatment, and these events promote the
FUNDC1-LC3 interaction and mitophagy [81]. Collectively, the phos-
phorylations of FUNDCT1 at 3 different sites near its LIR are responsible
for the regulation of mitophagy in response to hypoxia or mitochondrial
uncouplers (Fig. 4).

3.3.3. Expressional regulation of FUNDC1

In addition to post-translational modification, FUNDC1 expression
also contributes to the regulatory mechanism of mitophagy. Recently,
it was found that microRNA-137 is down-regulated in response to hyp-
oxia and that this microRNA targets the expression of NIX and FUNDC1
[70]. MicroRNA-137 inhibits mitophagy by reducing the expression of
mitophagy receptors, thereby leading to the suppression of mitophagy
receptor-LC3 interactions [70]. However, our previous study showed
that similar to Atg32 [13], FUNDC1 is down-regulated during hypoxia-
induced mitophagy [15]. Therefore, the mechanism by which FUNDC1
expression is regulated during mitophagy remains to be clarified.

3.3.4. Atg32 and FUNDC1—possible functional counterparts

As described above, different mitophagy receptors, specifically NIX,
BNIP3L and FUNDC1 have been identified in mammals. Similar to
Atg32, these proteins function in the sequestration of mitochondria by
autophagosomes via their interaction with the Atg8 homolog LC3. It is
rather interesting that Atg32 and FUNDC1 share some common fea-
tures, especially with respect to phosphorylation/dephosphorylation
events [Table 1]. CK2 regulates the phosphorylation of both Atg32 in
yeast and FUNDC1 in mammals. However, the phosphorylation of
Atg32 by CK2 promotes mitophagy [30], whereas the FUNDC1-LC3 in-
teraction is inhibited by CK2-mediated FUNDC1 phosphorylation
under normal conditions [78]. Recent studies also revealed that Atg1l
and its mammalian homolog ULK1 are involved in the regulation of
Atg32 and FUNDC1, respectively (Table 1) [22,65]. In contrast to that
of NIX and BNIP3, the function of both Atg32 and FUNDC1 appears to
be regulated predominantly at the level of post-translational modifica-
tions rather than expression. Since the certain role of Atgl and
Hog1-SIt2 signaling pathway in Atg32-mediated mitophagy remains
largely unknown, and the phosphatase targeting to Atg32 has yet to
be identified, further investigations are warranted to solve these unan-
swered questions and will make a significant contribution to a full un-
derstanding of the evolution relationship between Atg32 and FUNDC1.
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Fig. 3. Alignment of the LIR motifs of FUNDC1 from different species. The LIR motifs of FUNDC1 homologs from the indicated species were aligned using BioEdit software. The core LIR

motifs are shown in the boxes.
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Fig. 4. Regulatory mechanism of FUNDC1-mediated mitophagy. Under normoxic conditions, two protein kinases, Src and CK2, phosphorylate FUNDC1 at Tyr18 and Ser13, respectively,
thus inhibiting the FUNDC1-LC3 interaction and mitophagy. PGAMS5 is blocked by BCL-XL under normoxia. In response to hypoxia or mitochondrial uncouplers, Src and CK2 are unable
to phosphorylate FUNDC1, and PAGMS5 is released, enabling the dephosphorylation of FUNDC1 at Ser13 to promote mitophagy. ULK1 also phosphorylates FUNDC1 at Ser17, which

strengthens the FUNDC1-LC3 interaction.
4. Hypoxia and mitophagy

Hypoxia contributes to various physiological processes and is a char-
acteristic of most solid tumors [82-84]. As the primary consumer of ox-
ygen, mitochondria are undoubtedly influenced by hypoxia. Although
there remains controversy regarding the impact of hypoxia on mito-
chondrial biogenesis, it has been well established that hypoxia can in-
duce mitophagy [85]. It has been proposed that hypoxia-induced
mitophagy is required to down-regulate oxidative phosphorylation to
prevent ROS accumulation in a HIF-1o/BNIP3-dependent manner,
which also requires the constitutive expression of Beclin-1 and Atg5
[86]. As mentioned above, both NIX and FUNDC1 have been reported
to be involved in hypoxia-induced mitophagy, as the knockdown of ei-
ther NIX or FUNDC1 leads to the significant impairment of mitophagy
following hypoxia [70]. Thus, it is reasonable to propose that there may
be cooperation between different mitophagy pathways in mammalian
cells exposed to hypoxia. However, the expression of BNIP3 and NIX is
induced by HIF-1a in response to hypoxia [87,88], little is known about
the transcriptional regulation of FUNDC1 during hypoxia [15].

5. Perspectives

In eukaryocytes, mitophagy has evolved to regulate both mitochon-
drial quality and quantity. Thus, it is not surprising that there are
common features of mitophagy that are shared between yeast and
mammals. Indeed, the function and the regulation of FUNDC1 strongly

resemble those of Atg32. There may be other mitophagy receptors yet
to be identified in mammalian cells that have evolved to respond to var-
ious (patho)physiological circumstances.

Mitophagy may be responsible for different aspects of mitochondrial
clearance: 1) the basal level of mitochondrial turnover; 2) the complete
elimination of mitochondria during red blood cell maturation; and
3) the removal of damaged mitochondria in response to the acute mito-
chondrial damage or energy crisis. As described above, several distinct
mechanisms have been described to be involved in mitochondrial qual-
ity control. It appears that distinct mitophagy mechanisms are activated
in response to different mitochondrial stresses. For example, NIX is re-
quired for mitochondrial elimination during red blood cell maturation;
the PINK1/Parkin pathway has been suggested to be important to
mitophagy in response to acute mitochondrial stresses such as high-
dose FCCP; FUNDC1 was found to mediate mitophagy in response to
hypoxia and FCCP treatment. Alternatively, there is evidence suggesting
that different pathways may cooperate or share regulatory molecules.
NIX has been found to participate in the translocation of Parkin and to
be essential for the CCCP-induced depolarization of mitochondria dur-
ing the early stage of CCCP treatment in a BH3-domain-dependent man-
ner [89], suggesting that NIX may act upstream of Parkin to mediate
mitophagy. In addition, it has been reported that PGAM5 may negative-
ly regulate the PINK1 pathway-related maintenance of mitochondria in
Drosophila [90]. Another recent study showed that PGAM5-deficient
mice exhibit a parkinsonian movement phenotype and that PGAMS is
required for the stabilization of PINK1 on damaged mitochondria [91].

FUNDC1

Table 1
Atg32 and FUNDC1: common points and differences.
Atg32
Location Outer mitochondrial membrane
AIM/LIR motif WQAI
Post-translational regulation ~ Upstream Atg1: unclear role
Kinases
CK2: phosphorylation of Ser114 and Ser119 of Atg32 to
enhance the Atg-32-Atg11 interaction during mitophagy
Hog1 and SIt2: unclear role
Upstream Unknown
phosphatase

Outer mitochondrial membrane

YEVL

ULK1: phosphorylation of Ser17 of FUNDC1 to enhance
interaction between FUDNC1 and LC3 during mitophagy
CK2: phosphorylation of Ser13 of FUNDC1 to prevent
mitophagy under normal conditions

Src: phosphorylation of Tyr18 of FUNDC1 to prevent
mitophagy under normal conditions

PGAMS5: dephosphorylation of Ser13 of FUNDC1 to
promote mitophagy under normal conditions

Function model

Regulation of expression level

Recruitment of the isolation membrane to mitochondria
through Atg32-Atg8 interaction and Atg32-Atg11-Atg8
interaction

Temporally upregulation prior to mitophagy under
respiratory conditions, and subsequently degraded in
autophagy-dependent and autophagy-independent
manner during mitophagy

Recruitment of the isolation membrane to mitochondria
through FUNDC1-LC3 interaction

MicroRNA-137 suppresses the expression of FUNDC1
under normal conditions; Degradation during mitophagy
in response to hypoxia; Degradation manner remains unknown
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We also demonstrated that PGAMS5 plays an essential role in FUNDC1-
mediated mitophagy via the dephosphorylation of FUNDC1 at Ser13 in
Hela cells [78]. In addition to mitophagy receptors or adaptor proteins
on mitochondria, the redistribution of cardiolipin is another novel po-
tential mitophagy signal in neuronal cells [92]. In response to pro-
mitophagy stimuli, cardiolipin externalizes to the outer mitochondrial
membrane and then recruits mitochondria targeted for degradation to
the isolation membrane via its association with LC3, which may act
downstream of PINK1 or Parkin [92]. These findings suggest that dis-
tinct mitophagy pathways cooperate to regulate mitochondrial homeo-
stasis. However, most of the current studies of mitophagy have been
performed using cultured cells. Thus, it is important to develop an
appropriate animal model to address how these distinct mechanisms
cooperate in mitochondrial quality and quantity control under physio-
logic conditions.
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