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Managing risky assets — mitophagy in vivo
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ABSTRACT

Mitochondria, which resemble their o-proteobacteria ancestors,
are a major cellular asset, producing energy ‘on the cheap’ through
oxidative phosphorylation. They are also a liability. Increased
oxidative phosphorylation means increased oxidative stress, and
damaged mitochondria incite inflammation through release of
their bacteria-like macromolecules. Mitophagy (the selective
macroautophagy of mitochondria) controls mitochondria quality and
number to manage these risky assets. Parkin, BNIP3 and NIX were
identified as being part of the first mitophagy pathways identified in
mammals over a decade ago, with additional pathways, including that
mediated by FUNDC1 reported more recently. Loss of Parkin or
PINK1 function causes Parkinson’s disease, highlighting the
importance of mitophagy as a quality control mechanism in the
brain. Additionally, mitophagy is induced in idiopathic Parkinson’s
disease and Alzheimer’s disease, protects the heart and other organs
against energy stress and lipotoxicity, regulates metabolism by
controlling mitochondrial number in brown and beige fat, and clears
mitochondria during terminal differentiation of glycolytic cells, such as
red blood cells and neurons. Despite its importance in disease,
mitophagy is likely dispensable under physiological conditions. This
Review explores the in vivo roles of mitophagy in mammalian
systems, focusing on the best studied examples — mitophagy in
neurodegeneration, cardiomyopathy, metabolism, and red blood cell
development — to draw out common themes.

KEY WORDS: PRKN, Park2, Park6, Mitochondria quality control,
Neurodegeneration

Introduction

Mitophagy 1is the selective degradation of mitochondria
by macroautophagy (hereafter, autophagy), the process by
which intracellular components are delivered to the lysosome for
degradation. During mitophagy, a mitochondrion is selectively
captured in a double-membraned structure called an autophagosome
(Box 1). The outer membrane of the autophagosome subsequently
fuses with an acidic lysosome (forming a mito-lysosome), and
the inner membrane of the autophagosome and the captured
mitochondrion are degraded. Free lipids and amino acids are
exported from the lysosome to the cytosol, where they may be used
for energy or as building blocks, depending on the overall cellular
state (Youle and Narendra, 2011; Onishi et al., 2021). The study
of mitophagy in vivo has been greatly aided by the development
of new mitophagy reporters (Box 2).

In vivo, mitophagy serves different purposes. In the liver, it frees
amino acids for gluconeogenesis (Ashford and Porter, 1962; Ezaki
et al., 2011). During development, mitophagy clears mitochondria
as part of a metabolic shift (e.g. from oxidative phosphorylation to
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glycolysis) (Schweers et al., 2007; Sandoval et al., 2008; Esteban-
Martinez et al., 2017). Finally, it is a mechanism of quality control,
curbing by-products of dysfunctional mitochondria, such as
excessive reactive oxygen and nitrogen species (ROS and RNS)
and inflammation-inciting damage-associated molecular patterns
(DAMPs) (Matheoud et al., 2019; Narendra et al., 2008; Sliter et al.,
2018). Given these diverse functions, it is not surprising that
multiple (and sometimes overlapping) pathways mediate mitophagy
in vivo.

The focus of this Review is on functions of mitophagy in vivo,
with an emphasis on the best-studied examples in mammalian
models — mitophagy in neurodegeneration, cardiomyopathy,
metabolism, and red blood cell development. Findings from yeast,
other model systems and cultured cells are addressed only as they
relate to mammalian systems in vivo.

Mitophagy receptors

The selectivity of mitophagy for mitochondria is usually mediated
by mitophagy receptors, which target some component of the
autophagy machinery to mitochondria (reviewed in Gubas and
Dikic, 2021). The mitophagy receptors are of two general types,
(1) direct (i.e. ubiquitin-independent) and (2) ubiquitin-dependent
(Fig. 1A).

The direct mitophagy receptors are expressed on the outer
mitochondrial membrane (OMM) and are believed to directly
interact with the autophagy machinery to achieve selectivity. The
best studied in vivo are BCL2-interacting protein 3 (BNIP3), Nip3-
like protein X (NIX; also known as BNIP3L) and FUN14 domain
containing 1 (FUNDC1) (Liu et al., 2012; Sandoval et al., 2008;
Schweers et al., 2007; Zhang et al., 2008). These mediate mitophagy
at least in part by binding to LC3 proteins (herein LC3 refers to the
LC3 and GABARAP proteins) through their LC3-interacting region
(LIR) (Liu et al., 2012; Novak et al., 2010), although for NIX, and
likely BNIP3, this interaction is not necessary for mitophagy in vivo,
which is mediated instead by a minimal essential region (Zhang et al.,
2012). Direct mitophagy receptors are regulated through their level of
expression on the OMM, post-translational modifications, such as
phosphorylation (as proposed for NIX) or dephosphorylation (as
proposed for FUNDC1) (Schweers et al., 2007; Zhang et al., 2008;
Liu et al., 2012; Yuan et al., 2017), and dimerization in the case of
NIX (Marinkovic et al., 2021). The best studied ubiquitin-dependent
mitophagy pathway is the PINKI-Parkin pathway, which marks
dysfunctional mitochondria with ubiquitin for recognition by
selective autophagy receptors (Box 3 and Fig. 1B) (Geisler et al.,
2010; Matsuda et al., 2010; Narendra et al., 2008, 2010; Vives-Bauza
et al., 2010).

While autophagy and mitochondrial dynamics are essential for
life, mitophagy, likely, is not under physiological conditions.
In contrast to the non-redundant canonical autophagy genes
(reviewed in Kuma et al.,, 2017) and the GTPases governing
mitochondrial fission (DRP1; also known as DNM1L) and fusion
(MFN1, MFN2 and OPAT1) (Chen et al., 2003; Davies et al., 2007,
Ishihara et al., 2009; Wakabayashi et al., 2009), mouse knockouts
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Box 1. The autophagy machinery
Mitophagy depends on the cellular machinery that generates
autophagosomes for both non-selective bulk autophagy and selective
autophagy. Many of the 18 core autophagy-related genes (ATGs)
regulating this process were discovered initially in yeast by Yoshinori
Ohusmi, for which he was awarded the 2016 Nobel prize (reviewed in
Morishita and Mizushima, 2019). These fall into six functional groups:
(1) ULK complex (ULK1 and/or ULK2, ATG101, ATG13 and FIP200)
(2) ATG9
(3) ATG14-PtdIns3 kinase (PI3K) complex (VPS34, VPS15, BECN1,
ATG14)

(4) ATG2-ATG18/WIPI complex (ATG2A and/or ATG2B, WIPI2,
CMP1, TMEM41B)

(5) ATG12 conjugation system (ATG5, ATG7, ATG10, ATG12 and
ATG16)

(6) ATG8/LC3 conjugation system (ATG3, ATG4, ATG7 and ATGS).
These can be distinguished into early (1 to 4) and late (5 and 6)
complexes. The early complexes are involved in autophagophore
nucleation (1 and 2) and expansion (3 and 4). The late complexes (5
and 6) form the late conjugation systems. One of the main functions of
the late conjugation systems is to anchor LC3B (or one of its five
orthologs) into the autophagosome by conjugation of LC3B to
phosphatidylethanolamine, forming LC3-Il. LC3-Il, which migrates
separately from unconjugated LC3-I on an SDS-PAGE gel, serves as
a useful marker of autophagosome abundance in canonical autophagy.
Autophagosomes can still form in the absence of the late conjugation
systems, but the resulting autophagosome may be smaller and fuse less
efficiently with lysosomes (Nguyen et al., 2016; Tsuboyama et al., 2016).
For some forms of autophagy (termed alternative autophagy), the late
conjugation system is not involved or is not rate-limiting for substrate
clearance (Nishida et al., 2009). This appears to be the case for
mitophagy in developing erythrocytes, which depends on early
complexes, such as ULK and PI3K complexes, but not on the late
conjugations systems, as discussed in detail below (Kundu et al., 2008;
Zhang et al., 2009; Matsui et al., 2006; Honda et al., 2014).

of key mediators of mitophagy are viable. These include NIX
(Sandoval et al., 2008; Schweers et al., 2007), BNIP3 (Diwan et al.,
2007), Parkin (Goldberg et al., 2003), PINK1 (Kitada et al., 2007),
FUNDCI1 (Zhang et al., 2016), the NIX-Parkin double knockout
(DKO) (Yuan et al., 2017), and PINK1-Parkin DKO (Kitada et al.,
2009). This may reflect both redundancy among the mitophagy
receptors and the fact that mitophagy is often a stress-evoked
response.

The PINK1-Parkin pathway in neurodegeneration

The most common causes of recessive Parkinson’s disease (PD) are
loss of function mutations in PRKN (encoding the protein Parkin)
and Pinkl (Kitada et al., 1998; Valente et al., 2004). The link of
PRKN and Pinkl to a common pathway was initially established
in the fruit fly (Park et al., 2006; Clark et al., 2006, Yang et al.,
2006). Parkin was subsequently discovered to promote mitophagy
in cultured mammalian cells (Narendra et al., 2008), and PINK1
shown to function upstream of Parkin in the pathway (Geisler et al.,
2010; Matsuda et al., 2010; Narendra et al., 2010; Vives-Bauza
et al., 2010).

Although loss of the PINK1-Parkin pathway in mice (through
single PINK1 or Parkin KO or DKO) does not cause loss of DA
neurons or parkinsonism (Kitada et al., 2009), Parkin KO leads to a
more typical parkinsonian phenotype on genetic backgrounds with
high levels of mitochondrial DNA mutations (Pickrell et al., 2015;
Song et al., 2017a). Recent studies from either PINK1 or Parkin KO
mice suggest that inflammation triggered by damaged mitochondria
may be responsible for the DA neuronal loss and parkinsonism in

Box 2. Measuring mitophagy in vivo

Detection of mitophagy in vivo has been aided by the development of
fluorescent protein (FP)-based mitophagy reporters. The most widely
used reporters rely on differential fluorescence of the reporter in a basic
and acidic environment to distinguish free mitochondria from mito-
lysosomes. This is achieved by using a FP, such as Keima, which
undergoes a pH-dependent spectral shift (Allen et al., 2013; Katayama
et al., 2011, 2020), or the combination of an acid-sensitive (e.g. GFP or
YPET) and an acid-insensitive FP (e.g. mCherry or TOLLES) fused in
tandem.

The best characterized reporter mice are mt-Keima (with Keima
directed to the mitochondrial matrix) and mito-QC (with tandem GFP—
mCherry targeted to the OMM by the FIS1 anchor) (McWilliams et al.,
2016; Sun et al., 2015). In a recent variation of the mito-QC reporter,
GFP-mCherry is targeted to the OMM by the anchor of OMP25 rather
than FIS1 (Yamashita et al., 2021). With this GFP-mCherry-OMP25
reporter, mitophagic flux can be followed as the ratio of monomeric
mCherry to tandem GFP-mCherry—OMP25 on an immunoblot, as well
as by fluorescence microscopy (Yamashita et al., 2021).

mt-Keima is sensitive for mitophagy but requires in vivo or ex vivo
imaging in non-fixed tissues (Katayama et al., 2011; Sun et al., 2015),
whereas mito-QC and mito-SRAI can be fixed (Katayama et al., 2020;
McWilliams et al., 2016). A recent report has suggested that mito-QC
might be less sensitive than mt-Keima in cultured cells following PINK1-
Parkin activation and in reporter mice subjected to exhaustive exercise
(Liu et al., 2021b), although it has been speculated that differences in
mouse strain background could have affected the in vivo results in this
study (for comment and response, see Ganley et al., 2021; Liu et al.,
2021c). Mito-QC was also reported to be less sensitive than the recently
described mito-SRAI, which targets an optimized FP pair TOLLES-
YPET to the mitochondrial matrix, in assays of the PINK1-Parkin
pathway in cultured cells (Katayama et al., 2020). Other reporters include
mito-Timer, which depends on an irreversible spectral shift driven by
ROS (Wilson et al., 2019). Additionally, mitophagy can be inferred from
mitochondrial protein or DNA turnover, using stable isotope labeling
(Collins et al., 2003; Vincow et al., 2013, 2019).

these models. A recent study from the Youle laboratory found that
DA neuronal loss in the Parkin KO/mutator model is caused by
inflammation induced by the cGAS-STINGI pathway, likely in
response to mitochondrial DNA (mtDNA) released from damaged
mitochondria (Sliter et al., 2018). In PINKI-PD and PRKN-PD
patients, this model is supported by a correlation between plasma
levels of free mtDNA and IL-6, a marker of inflammation observed
to be STING-dependent in the PINK1 KO mouse (Borsche et al.,
2020; Sliter et al., 2018). Similarly, challenging PINK1 KO mice
to a bacterial infection increases inflammation, but in this case by
increasing the presentation of mitochondrial antigens. Here, the
presented mitochondrial antigens establish cytotoxic CD8" T-cells
directed at mitochondria in DA neuronal axons, leading to
terminal DA loss (Matheoud et al., 2016, 2019). Together these
studies suggest that inflammation resulting from loss of PINKI-
Parkin mitochondrial quality control may drive neurodegeneration
in PD.

The most specific biomarker of PINK1 activity is pS65-ubiquitin
(Ub), the levels of which can be measured by mass spectrometry,
immunoblotting and ELISA (Kane et al., 2014; Kazlauskaite et al.,
2014; Koyano et al., 2014; Pickrell et al., 2015; Sliter et al., 2018).
Basal pS65-Ub levels are reduced to near undetectable levels in
PINK1 KO mice, demonstrating the specificity of pS65-Ub as a
PINK1 biomarker and supporting the view that PINK1 is the
primary ubiquitin kinase in mammals (at least directed at the S65
site) (Sliter et al., 2018; Watzlawik et al., 2020).

Using the pS65-Ub biomarker, PINK1-Parkin pathway activity
was found to increase in the brain with normal aging and was

2

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




REVIEW

Journal of Cell Science (2021) 134, jcs240465. doi:10.1242/jcs.240465

Ubiquitin-independent

FUNDC1

Mitochondrion Autophagophore

Ubiquitin-dependent

I(ZEICUBANDIC CC2 X(LIRM(LZI CC1 I Optineurin

(I cC XURTICSKICHY NoP52

[ITmTs [ ¢

—\

@ T (U er

S ]PINK1

Kinase domain

B Cargo selection

PINK1 Parkin

Optineurin
NDP52

Autophagophore

expansion

Autophagophore

nucleation

Autophagosome

maturation ATG12 C5 Autophagophore
LC3 CS 1

Mito-lysosome

Autophagosome
Lysosome
)+ Hydrolase

Fig. 1. Ubiquitin-dependent and -independent mitophagy receptors. (A) Mitophagy is mediated by ubiquitin-independent mitophagy receptors, which include
NIX (BNIP3L), BNIP3 and FUNDC1. All three have an LC3-interacting region (LIR) in the N-terminus. In the case of NIX and likely BNIP3, the LIR and the BH3
domains are not necessary for their activity. Instead, the minimal essential region (MER) and their transmembrane domain (TM) are required. In ubiquitin-
dependent mitophagy, PINK1, which contains a mitochondrial-targeting signal (MTS), is stabilized on the outer mitochondrial membrane (OMM) of impaired
mitochondria. Through its C-terminal serine/threonine kinase domain, it phosphorylates its substrate ubiquitin (Ub), which is attached to the OMM proteins, as well
as the ubiquitin-like domain (UBL) of Parkin. Parkin contains four RING domains (R0-R3) that collectively form a RING-between-RING E3 ubiquitin ligase
domain. Parkin ubiquitylates several OMM proteins; these then recruit ubiquitin-dependent autophagy receptors, such as optineurin (OPTN) and NDP52 (also
known as CALCOCO2), which bind ubiquitin with their zinc finger (ZF) and/or UBAN domains. OPTN recruits ATG9 proteins through its LZ domain and NDP52
recruits the ULK1 complex through its SKICH domains to promote mitophagy. OPTN and NDP52 additionally contain coiled-coils (CCs). (B) Key steps of the
ubiquitin-dependent mitophagy pathway mediated by PINK1 and Parkin are shown. In the first stage, an impaired mitochondrion is recognized in a series of steps
involving, firstly, PINK1 stabilization on the OMM. Parkin is then recruited to the OMM from the cytosol by PINK1 and ubiquitylates OMM proteins. Following this,
ubiquitin recruits the autophagy adaptors and NDP52. Through specific interactions with autophagy machinery including between OPTN and ATG9, NDP52 and
the ULK1 complex, and OPTN-NDP52 and LC3, autophagy adaptors promote both the formation of an autophagosome and its capture of the mitochondrion,

which then fuses with a lysosome wherein it is degraded with the aid of luminal hydrolases. CS, conjugating system.

further increased in sporadic forms of the two most common
neurodegenerative disorders, PD and Alzheimer’s disease (AD). In
sporadic PD and related disorders (such as dementia with Lewy
bodies), pS65-Ub-positive structures are observed more frequently
than in age-matched controls, particularly in the SNpc (Hou et al.,
2018; Shiba-Fukushima et al., 2017). pS65-Ub is seen in cells with
no or early Lewy bodies, but not in cells with mature dense-core
Lewy bodies, suggesting that the PINK1-Parkin pathway is likely
activated early in the pathogenesis of sporadic PD (Hou et al.,
2018).

As in PD, brain regions affected in AD exhibit increased pS65-Ub
structures compared to age-matched controls (Hou et al., 2021).
Comparing a series of AD brains with varying degrees of TAU or
amyloid B (AB) pathology, pS65-Ub-positive structures correlate
strongly with the tauopathy but do not independently correlate with
AP pathology (Hou et al., 2021). A similar correlation between
tauopathy and pS65-Ub-positive structures is observed in PD and
related Lewy body disorders (Hou et al., 2018). Consistent with this,
pS65-Ub-positive structures accumulate in a transgenic mouse
model of tauopathy (rTg4510) but not in a transgenic A} mouse

model (APP/PS1) (Hou et al., 2021). Notably, previous studies have
demonstrated greater tauopathy or Af pathology in the absence of
Parkin or PINK1 (Du et al., 2017; Guerrero et al., 2009; Rodriguez-
Navarro et al.,, 2008), as well as partial suppression of these
pathologies upon overexpression of Parkin or PINK1 or activation
of mitophagy with small molecules (Hong et al., 2014; Du et al.,
2017; Fang et al., 2019), suggesting that PINK1-Parkin-mediated
mitophagy most likely represents a protective response in AD.
Together these findings suggest that PINKI-Parkin-mediated
mitophagy is activated in the AD hippocampus predominately by
TAU pathology and is likely protective.

In summary, there is strong evidence for a role of PINK 1-Parkin-
mediated mitophagy protecting against common neurodegenerative
disorders, such as PD and AD.

Mitophagy in cardiac and skeletal muscle

The heart has high concentrations of mitochondria that provide
energy needed for repetitive muscle contractions (Pagliarini et al.,
2008). Together with mitochondrial fission and fusion, mitophagy
helps the heart adapt to stress.
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Box 3. The PINK1-Parkin mitophagy pathway

In response to mitochondrial distress (e.g. membrane potential loss),
PINK1 is selectively stabilized on the OMM (Geisler et al., 2010; Matsuda
et al.,, 2010; Narendra et al., 2010; Vives-Bauza et al., 2010). PINK1
activates Parkin by phosphorylating ubiquitin (Ub) conjugated to OMM
proteins and the ubiquitin-like domain of Parkin, both on serine 65 (S65)
(Kondapalli et al., 2012; Kane et al., 2014; Kazlauskaite et al., 2014;
Koyano et al., 2014; Ordureau et al., 2014). Parkin activation requires
both direct phosphorylation and phospho-ubiquitin binding. Crystal
structures (PDB 6GLC, for Parkin in active conformation with pUb
bound, and PDB 4BM9, for auto-inhibited Parkin) demonstrate that
binding to pS65-Ub stabilizes Parkin in its active, open conformation
rather than its closed conformation, in which its active site is sterically
blocked from the E2 Ub-conjugating enzyme (Gladkova et al., 2018;
Trempe et al., 2013). Once activated, Parkin ubiquitylates additional
OMM proteins, some of which are phosphorylated by PINK1 in an
amplification loop (Ordureau et al., 2014). Most of the Ub species
(whether phosphorylated or not) exist as mono-Ub or short Ub chains
(Swatek et al., 2019). Parkin-mediated ubiquitylation either leads to the
degradation of the OMM proteins by the ubiquitin-proteasome system,
which is the primary fate of the four GTPases regulating mitochondrial
dynamics, MFN1, MFN2, RHOT1 (also known as MIRO1) and RHOT2
(also known as MIRO2), and/or recruits ubiquitin-dependent autophagy
receptors, resulting in mitophagy (Gegg et al., 2010; Poole et al., 2010;
Tanaka et al., 2010; Wang et al., 2011; Ziviani et al., 2010). While there
are at least five autophagy receptors that are recruited in this manner,
only the autophagy receptors optineurin (OPTN) and NDP52 efficiently
promote mitophagy (Heo et al., 2015; Lazarou et al., 2015; Wong and
Holzbaur, 2014). Both OPTN and NDP52 contain a LIR, which can bind
LC3 proteins on mature autophagophores (Heo et al., 2015; Lazarou
etal., 2015; Wong and Holzbaur, 2014). Additionally, OPTN and NDP52
can stimulate autophagophore formation close to the mitochondrial
surface by recruiting early autophagy complexes (ltakura et al., 2012;
Vargas et al., 2019; Yamano et al., 2020). OPTN directly interacts with
ATG9 (Yamano et al., 2020), and NDP52 directly interacts with the ULK1
complex (Vargas et al., 2019).

Mitophagy in neonatal heart development

The developing heart undergoes an abrupt metabolic shift in the first
days of life as it transitions from glycolytic metabolism to oxidative
phosphorylation fueled by fatty acid oxidation (Lopaschuk et al.,
1991). This is accompanied by reshaping of the mitochondrial
network, driven at least in part by mitochondrial biogenesis (Lai
et al., 2008) and mitochondrial dynamics (Ishihara et al., 2015;
Kageyama et al., 2014; Papanicolaou et al., 2012).

Mitophagy has also been suggested to play a role in mitochondrial
remodeling during this critical neonatal period, although there is
conflicting evidence. Using the mito-QC mitophagy reporter mouse
(see Box 2), mitophagy was shown to be active in the heart during
late embryonic development (E17.5) (McWilliams et al., 2016),
although it is not known whether this extends into the first week of
life, when mitochondria undergo rapid proliferation. Constitutive
Parkin KO mice have normal heart function until at least 1 year of
life and Parkin/PINK1 DKO mice have a normal lifespan (Kitada
et al., 2009; Kubli et al., 2013). However, Parkin conditional KO
(cKO) from the heart at P1 (mediated by the MerCreMer system)
causes neonatal lethality in most but not all animals (Gong et al.,
2015). This was interpreted by the authors to suggest that Parkin-
dependent mitophagy is essential for neonatal heart development,
and that its loss may be compensated (by an unidentified
mechanism) in the constitutive but not the conditional KO.

Arguing against a role for Parkin-mediated mitophagy in neonatal
development, however, is the fact that all tested autophagy genes are
dispensable for heart function until at least 38 weeks of age. These

include heart cKOs of the ULK1 complex [ULKI and ULK2
¢DKO, or FIP200 (also known as Rblccl) cKO] (Li et al., 2021,
Wang et al., 2019), the phosphoinositide 3-kinase (PI3K) complex
[PI3K3C (also known as Vps34) cKO] (Li et al., 2021), and the late
conjugation systems (Atg5 or Atg7 cKO) (Nakai et al., 2007; Saito
et al., 2019). As these complexes are essential for conventional
autophagy, as well as described forms of alternative autophagy, the
viability of adult mice lacking autophagy in the heart suggests that
mitophagy is not essential in the neonatal heart. Therefore, it is
unclear whether the neonatal lethality in the Parkin cKO reflects
loss of mitophagy, loss of a different Parkin function, or, possibly,
the reported cardiotoxicity related to the tamoxifen-dependent
activation of MerCreMer (Bersell et al., 2013).

Similarly, a form of mitophagy dependent on the mitochondrial
fission protein DRP1 has been suggested to be critical for neonatal
heart development (Kageyama et al., 2014). Here, Parkin was found
to partially compensate for DRP1 ¢KO in this neonatal period,
leading the authors to conclude that parallel Parkin-dependent and
-independent mitophagy pathways are activated during neonatal
heart development (Kageyama et al., 2014). The argument for a
DRPI1-dependent mitophagy pathway in the heart rests largely on
the appearance of mitophagy intermediates, in the form of p62 (also
known as SQSTM1)-labeled mitochondria. However, it is not clear
from the data in this paper whether these mitophagy intermediates
accumulate in the heart due to loss of mitophagy or as a response
to mitochondrial damage incurred by loss of mitochondrial
fission. Notably, loss fission in the neonatal heart leads to poorly
distributed mtDNA and respiratory complexes, which correlate with
mitochondrial damage (Ishihara et al., 2015). In this context, Parkin
may partially compensate for DRP1 ¢KO through mitophagy or
through its evolutionarily conserved role in degrading the
mitochondrial fusion proteins MFN1 and MFN2 (Poole et al.,
2010; Ziviani et al., 2010), as has been observed in the mouse liver
upon DRP1 KO (Yamada et al., 2018). Inhibiting mitochondrial
fusion may compensate for loss of mitochondrial fission
by restoring mitochondrial morphology, albeit at the cost of
decreased mixing of mitochondrial components. Such partial rescue
has been observed in yeast, mouse heart and mouse liver (Sesaki and
Jensen, 2001; Chen et al., 2015; Song et al., 2017b). Thus, the
dependence on DRPI in the neonatal heart may reflect its role in
mitochondrial fission for biogenesis rather than mitophagy.

Considered  together, while mitochondrial biogenesis
and mitochondrial dynamics are essential for neonatal heart
development, autophagy appears dispensable, arguing against a
critical role for mitophagy in this process.

Mitophagy protects against ischemia in the heart

Tissue ischemia results from decreased blood flow and can lead to
infarction if protracted. Mitophagy protects against ischemia in the
heart (Diwan et al., 2007; Huang et al., 2011; Kubli et al., 2013),
kidney (Tang et al., 2018), and brain (Yuan et al., 2017), although it
has been best studied in the heart.

The Parkin-dependent mitophagy pathway has been shown to
protect against ischemic injury in the heart induced by vessel
ligation (Huang et al., 2011; Kubli et al., 2013). Ischemia leads to
increased levels of LC3-II (lipidated LC3 proteins, see Box 1) and
Parkin in the borderzone of the infarct, along with decreased levels
of mitochondrial proteins (Kubli et al., 2013). Parkin KO mice
suffer larger myocardial infarcts than WT mice (Kubli et al., 2013)
and gain smaller benefit from ischemic preconditioning (Huang
et al., 2011), suggesting that Parkin protects against ischemia by
eliminating dysfunctional or vulnerable mitochondria (Huang et al.,
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2011; Kubli et al., 2013). While Parkin-dependent mitophagy does
not appear to play a role during reperfusion injury to the heart
(Huang et al., 2011), BNIP3-dependent mitophagy appears to be
protective (Diwan et al., 2007).

Similar to ischemia induced by vessel ligation, exhaustive
exercise, which induces demand ischemia in the heart, leads to a
PINK1-dependent two-fold increase in mitophagy (measured with
the mt-Keima reporter) (Liu et al., 2021b; Sliter et al., 2018) and
increased levels of the PINK1-Parkin pathway biomarker pS65-Ub
in the heart (Sliter et al., 2018). Inhibition of Usp30, which opposes
ubiquitylation by Parkin (Bingol et al., 2014), similarly increases
mitophagy by about two-fold in the heart (Luo et al., 2021).

More recently, a Parkin- and LC3-independent pathway was
identified that is also activated by ischemia and other forms of
energy stress (Saito et al., 2019). Using the mt-Keima reporter
mouse and transmission electron microscopy, mitophagy in the
heart was shown to be upregulated following both starvation
and ischemia in a manner that depended on ULKI and Rab9
phosphorylation (on S179) but not on Atg7. In Rab S179A knock-in
(KI) mice, ischemia induced less mitophagy and caused a larger
infarct, demonstrating that ULK1 and Rab9 mitophagy protects
against ischemia. Mechanistically, ULK1 is phosphorylated at the
known S555 activating site by AMP-activated protein kinase
(AMPK), suggesting that AMPK senses the energy stress to activate
ULKI1 in the pathway. ULK1 then assembles in a complex with
Rab9, Rip1 and DRP1 to induce mitophagy (Saito et al., 2019). The
same group also found that DRP1-dependent mitophagy is activated
in response to thoracic aortic constriction (modeling cardiac
hypertrophy in response to high systemic blood pressure)
(Shirakabe et al., 2016) and cardiac-reperfusion injury (Ikeda
et al., 2015), although the latter finding was not reproduced by a
separate group (Bouche et al., 2021). Whether a specific mitophagy
receptor is involved in this form of alternative mitophagy has yet to
be established. Notably, BNIP3 was recently found to mediate
hypoxia-induced mitophagy in the zebrafish heart and might be a
candidate (Wrighton et al., 2021), as hypoxia has also been found to
stimulate the DRP1-dependent pathway in the mouse heart (Saito
et al., 2019).

FUNDC1-dependent mitophagy also protects against ischemia
but through its effects on platelet function rather than on the
ischemic tissues (Zhang et al., 2016). Platelets help seal the injured
endothelium of blood vessels to prevent bleeding but can also block
blood flow and cause ischemia when excessively or inappropriately
activated. FUNDC1 was previously observed to induce mitophagy
in cultured cells following hypoxia through a mechanism that
involved its dephosphorylation at Tyrl8 to increase its binding to
LC3-1II on autophagophores (Liu et al., 2012). To assess its in vivo
function, the same group generated a FUNDC1 KO mouse and
assessed mitophagy in response to hypoxia (Zhang et al., 2016).
The largest effect was observed in platelets, with smaller effects
seen in liver, skeletal muscle and heart. In platelets, hypoxia reduced
mitochondrial protein levels by ~90% with a concomitant increase
in LC3-II levels. Both changes depended fully on FUNDCI1 and
Atg5. Failure of FUNDCI-mediated mitophagy in platelets
eliminated the  typical  downregulation of  oxidative
phosphorylation during hypoxia and led to abnormal platelet
aggregation basally and a failure to increase aggregation in response
to hypoxia. Aberrant platelet activation led to greater ischemia-
reperfusion injury in the hearts of FUNDC1 KO mice (Zhang et al.,
2016).

When comparing FUNDC1 to PINKI1-Parkin- and NIX-
dependent pathways in vivo, it is striking that FUNDC1 KO

blocks the stress-induced accumulation of LC3-II (Zhang et al.,
2016), which is not observed with KO of the other mitophagy
pathways (Kubli et al., 2013; Tang et al., 2018; Yuan et al., 2017).
This suggests that FUNDC1 may be required for the upstream
induction of autophagy, as well as having selectivity for
mitochondria in hypoxic platelets. FUNDCI is thought to mediate
mitophagy through an interaction with LC3 proteins (Liu et al.,
2012); however, this does not explain why FUNDCI is also
required to generate LC3-II in platelets, suggesting that only part of
the mechanism is understood.

Together, these findings suggest that redundant mitophagy
pathways are likely activated in response to ischemia in the heart
to protect the tissue from damaged mitochondria and subsequent
infarction.

Regulation of metabolism by mitophagy

Regulating metabolism in mammals depends, in part, on insulin and
temperature-responsive organs, including the liver, fat, and skeletal
muscle. Failure to adapt metabolism appropriately to excess calories
may predispose patients to the metabolic syndrome and associated
obesity, type II diabetes, non-alcoholic fatty liver disease (NAFLD)
and cardiomyopathy (Eckel et al., 2005), while failure to adapt
metabolism to cold or warm environments may led to hypothermia
or hyperthermia, respectively. Through regulation of mitochondrial
number and quality in these tissues, mitophagy mediated by the
PINK1-Parkin and FUNDCI1 pathways helps adapt metabolism to
changes in diet and external temperature.

Mitophagy in the liver may promote gluconeogenesis

A major metabolic role of the liver in mammals is to produce
glucose from amino acids and fatty acids by gluconeogenesis to
maintain steady blood glucose levels between feedings. This
is promoted by counterregulatory hormones, including glucagon,
that increase in response to low blood glucose. Mitophagy may
facilitate this response, as first elucidated in a classic study of liver
ultrastructure following liver perfusion with glucagon (Ashford and
Porter, 1962). At 4 h after glucagon perfusion, lysosomes increase
three-fold and nearly all contain a structurally intact mitochondrion
or mitochondrial remnants. This process was subsequently coined
‘cellular autophagy’ (Deter et al., 1967). Later on, it was observed
that bioenergetically intact mitochondria are selectively degraded
by autophagy following glucagon treatment plus nutrient
deprivation in primary rat or mouse hepatocytes (Kim et al.,
2007; Rodriguez-Enriquez et al., 2006). Autophagy is critical for
maintaining plasma glucose and amino acid levels during starvation
(triggered by falling insulin in the setting of stable glucagon)
(Ezaki et al., 2011). Whether degradation of mitochondria per se is
critical for the maintenance of glucose and amino acid levels and
how selective degradation of mitochondria is achieved in response
to glucagon or starvation is not known.

Mitophagy in the liver and heart under lipid overload

NAFLD and cardiomyopathy both develop as a consequence of
excess energy intake and are modeled in mice by feeding with a
high-fat diet. The liver is the metabolic hub for fatty acid
metabolism, and in conditions of lipid excess, lipid accumulates
in hepatocytes (a condition known as steatosis), which can lead to
fibrosis, scarring (cirrhosis), type II diabetes through insulin
resistance, and hepatocellular carcinoma (Friedman et al., 2018).
The heart, as a heavy consumer of fatty acids, is also subjected to
increased lipid flux on a high-fat diet. Excess lipids ( particularly, in
the form of free diacylglycerols and ceramides) cause lipid toxicity
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and cardiomyopathy. This toxicity can be mitigated by storage of
excess fatty acids in lipid droplets and through increased fatty-acid
oxidation within mitochondria (reviewed in Olzmann and Carvalho,
2019). Mitophagy may also mitigate against the ill effects of lipid
overload (Fig. 2).

Parkin has multiple effects on lipid metabolism. Perhaps
counterintuitively, Parkin KO mice resist weight gain on a high-
fat diet and are protected from liver steatosis and insulin resistance
(Kim et al., 2011). However, the apparent protection of the liver in
the Parkin KO mice is due to decreased intestinal lipid absorption
(by an unclear mechanism), resulting in a reduced dose of fatty acids
seen by the liver (Costa et al., 2016). If the intestinal absorption
defect is circumvented by Parkin cKO in the liver, steatosis and
insulin resistance develop more readily in Parkin cKO mice than in
wild-type mice (Edmunds et al., 2020). Consistent with this, Parkin
KO mice are more vulnerable to steatosis in the setting of alcohol
abuse, which shares pathophysiological features with damage from
excess lipids (Williams et al., 2015).

Similar to what is seen in Parkin liver cKO animals, FUNDC1 KO
animals develop increased steatosis and insulin resistance on a high-
fat diet, which appears to be due to failed mitophagy in white
adipose tissue rather than due to a direct effect of FUNDCI in the
liver (Wu et al., 2019). Thus, Parkin and FUNDCI1 protect the liver
against steatosis and insulin resistance likely through their
promotion of mitophagy in the liver and white adipose tissue,
respectively.

Parkin-dependent mitophagy similarly protects the heart against
damage from lipid excess. On initiation of a high-fat diet,
mitophagy measured with mt-Keima transiently increases in the
heart over 6 weeks and then decreases, as the excess lipid state
becomes chronic (Tong et al., 2019). This transient increase in
mitophagy depends on Atg7 and to a lesser extent on Parkin. Atg7
¢KO and Parkin KO mice exhibit decreased mitochondrial function
and fail to upregulate B-fatty acid oxidation appropriately, leading
to the accumulation of lipid droplets and total triglycerides in the

High-fat diet

Lumen

AN

Parkin KO inhibits intestinal
fatty acid absorption

Fatty acid g

tissue (Tong et al., 2019). Preemptively upregulating mitochondrial
fatty acid B-oxidation through cKO of acetyl coenzyme A
carboxylase 2 (ACC2; also known as ACACB) prevents
mitochondrial dysfunction and damage induced by chronic
administration of a high-fat diet (Shao et al., 2020). Additionally,
increased fatty acid B-oxidation restores mitophagy (Shao et al.,
2020), perhaps by preventing the downregulation of Parkin levels in
the chronic phase of high-fat diet administration. Together, these
findings suggest that Parkin-dependent mitophagy likely protects
against lipid excess in the heart, particularly early during pathology.
It also points to a potential vicious cycle whereby a mitophagy
deficit leaves mitochondria vulnerable to fatty acid toxicity, which
decreases fatty acid B-oxidation, leading to increased tissue fatty
acids, which further inhibit mitophagy.

The PINK1-Parkin pathway in brown and beige fat

Brown and beige adipocytes are mitochondria-rich fat cells
that produce heat to maintain thermal neutrality and contribute
substantially to overall energy balance. In response to cold exposure
or B3-adrenergic agonists (which mimic cold exposure), brown fat is
activated, and white fat transdifferentiates into beige fat. Following
cold exposure, the tissues deacclimate with brown tissue producing
less heat and beige fat transdifferentiating back to white fat (Cair6
et al., 2019; Lu et al., 2018).

Recent studies demonstrate that Parkin-dependent mitophagy
is suppressed during cold acclimation to allow mitochondrial
proliferation, and activated during de-acclimatization to clear excess
mitochondria from both brown and beige fat cells (Lu et al., 2018;
Cair6 et al., 2019). In brown fat activated by cold exposure or Bs-
adrenergic agonists, Parkin is downregulated transcriptionally by a
mechanism that depends on lipolysis and Ppard (Cair6 et al., 2019).
Consistent with this, Parkin KO increases heat production by brown
fat both basally and following cold exposure, and Parkin KO blocks
the typical mitochondrial protein reduction that occurs after cold-
exposed animals are returned to warmth (Caird et al., 2019). The

cKO of Parkin in
liver causes steatosis

Parkin KO worsens
lipid cardiotoxicity

o o
%000
o

o

Fundc1 KO Parkin KO
T Lipid in T Heat production
white fat in brown/beige fat

Fig. 2. Effects of Parkin and FUNDC1 on lipid metabolism. Parkin has pleotropic effects on lipid metabolism. Parkin KO diminishes lipid absorption by the small
intestine, resulting in reduced lipid accumulating in the liver and adipose in response to a high-fat diet. Conditional KO (cKO) of Parkin in the liver, however,
exacerbates lipid overload in response to a high-fat diet. Additionally, Parkin KO exacerbates lipid toxicity in the heart. Parkin also promotes the heat-generating
activity of brown and beige fat after cold exposure, as brown and beige fat cells fail to decrease mitochondrial numbers appropriately through mitophagy. FUNDC1
KO affects lipid handling in white fat, resulting in increased weight gain and signs of the metabolic syndrome when animals are placed on a high-fat diet.

()
Y
C
ey
()
(V]
ko]
O
Y=
(®)
‘©
c
—
>
(®)
-



REVIEW

Journal of Cell Science (2021) 134, jcs240465. doi:10.1242/jcs.240465

increased brown fat activity in Parkin KO animals may protect
against weight gain and insulin resistance on a high-fat diet,
although decreased intestinal fat absorption in the Parkin KO likely
also contributes to these phenotypes (as discussed above) (Costa
et al., 2016).

Parkin similarly mediates mitochondrial clearance by mitophagy
during the conversion of beige fat back into white fat, when animals
are returned to warmth after cold exposure (or this transition is
mimicked pharmacologically) (Lu et al., 2018). The reduction in
mitochondria coincides with increased mitophagic flux as measured
with the mt-Keima reporter and depends on Atgl2 and Atg5
(Altshuler-Keylin et al., 2016). Thus, Parkin is downregulated in
response to cold exposure to allow mitochondrial proliferation and
upregulated when returning from cold to warmth to mediate
mitochondrial clearance by mitophagy.

Somewhat counterintuitively, FUNDC1-dependent mitophagy
has recently been proposed to be upregulated in brown fat
concurrently with cold exposure, when mitochondrial biogenesis
is increased (Liu et al.,, 2021a). However, FUNDCI1 KO also
blocked mitochondrial biogenesis and Ucp1 expression in response
to cold (Liu et al., 2021a,b,c). Thus, these findings could be due to
failure of mitochondrial biogenesis and not primarily a failure of
mitophagy as the authors suggested. Additional work is needed to
clarify why mitochondrial biogenesis depends on FUNDCI1 in
brown fat.

Mitophagy in skeletal muscle

Skeletal muscle relies on mitophagy following both acute and
chronic stresses. Acute stresses include immobilization of a limb or
denervation of a muscle, leading to disuse or denervation muscle
atrophy, respectively. A week after hindlimb immobilization,
mitophagy increases approximately two-fold in the soleus muscle,
in conjunction with an increase in oxidative stress (Yamashita et al.,
2021). Increased expression of autophagy- and mitophagy-related
genes occurs in two waves, with Ulkl and Nix levels peaking around
days 1 to 3 and Prkn peaking around days 3 to 7 (Yamashita et al.,
2021). A similar response is seen following denervation of the soleus
muscle with an increase in autophagosomes and Prkn expression at
7 days following sciatic nerve transection (Furuya et al., 2014). In
both Atg7 cKO and Parkin KO mice, the muscle atrophy that
normally occurs by day 7 is delayed, respiratory complex function is
reduced and oxidative stress is increased (Furuya et al., 2014). This
leads to increased cell death at 14 days after denervation (Furuya
et al., 2014), suggesting that mitophagy helps adapt the muscle to its
denervated state by reducing mitochondrial numbers and/or clearing
damaged mitochondria. Whether NIX-dependent mitophagy also
plays a protective role at an early stage in immobilization or
denervation muscle injury is currently unknown.

Additionally, upregulating mitophagy may enhance normal
muscle performance and improve muscle function in the setting of
muscular dystrophy. The natural compound urolithin A (UA) has
been identified as stimulating mitochondrial function and lifespan by
promoting mitophagy in the round worm (Caenorhabditis elegans)
(Ryuetal., 2016). In mice, UA enhances muscle function in the wild-
type mice and extends the lifespan of a Duchene’s muscular
dystrophy model mouse, with improved muscle function and
decreased fibrosis in the heart, leg muscle and diaphragm (Luan
et al., 2021). Although the precise mechanism of action has not been
identified, UA restores expression of Parkin and PINKI1 in round
worm and mouse models of muscular dystrophy, and PINK1 and
Parkin are required for the beneficial effect of UA in round worms
(Luan etal., 2021; Ryu et al., 2016). As Parkin levels and mitophagy

have been observed to decrease with chronic stress in several models
(including high-fat diet and pressure overload in the heart) (Shao
et al., 2020; Shirakabe et al., 2016; Tong et al., 2019), derepressing
Parkin expression in these pathological conditions might be
beneficial for several disorders. Notably, UA was recently found to
be well-tolerated in a first-in-human trial for a mitophagy-targeted
therapy, with demonstration of target engagement in the muscle
(Andreux et al., 2019).

Together these findings suggest that mitophagy is important in
protecting muscle against injury (e.g. from denervation) and that
upregulation of mitophagy may be beneficial in the treatment of
muscular dystrophy or aging-associated muscular atrophy.

Programmed mitochondrial clearance by mitophagy

In programmed mitochondrial clearance, mitochondria are
degraded as part of a developmental program. In the most extreme
cases, such as in erythrocytes (mature red blood cells) (Tooze and
Davies, 1965) and the lens of the eye (Bassnett, 2002), mitochondria
are eliminated completely. This allows tight packing of hemoglobin
in erythrocytes and clears the lens to refract light.

Programmed mitochondrial clearance is mediated by both
NIX-dependent mitophagy and autophagy-independent pathways.
NIX-dependent mitophagy mediates programmed mitochondrial
clearance in developing erythrocytes (as discussed in mechanistic
detail below) and might also mediate (in a small part) programmed
mitochondrial clearance from the lens (Brennan et al., 2018). NIX-
dependent mitophagy was also recently found to partially clear
mitochondria in developing retinal ganglion cells, as they transition
to a predominately glycolytic metabolism (Esteban-Martinez et al.,
2017). Thus, a principal function of NIX-induced mitophagy is
elimination of mitochondria during development, particularly in
those tissues that rely primarily on glycolysis in their terminally
differentiated state.

Another form of programmed mitochondrial clearance occurs
shortly after fertilization, as paternal mitochondria are selectively
eliminated from the zygote, ensuring that only maternal mtDNA is
passed on. In mammals, these mitochondria are marked by ubiquitin,
likely by the PINK1-Parkin pathway, and degraded by mitophagy
(with the ubiquitin ligase MULI playing a partially redundant role
with Parkin) (Rojansky et al., 2016; Sutovsky et al., 1999).

In addition to mitophagy, autophagy-independent mechanisms
also contribute to programmed mitochondrial clearance. Both early
and late autophagy complexes are largely dispensable for
mitochondrial clearance from the lens, which instead depends on
degradation of mitochondrial membranes by the phospholipase A
and acyltransferase (PLAAT) phospholipases, in an autophagy-
independent pathway (Morishita et al., 2013, 2021). Likewise,
while mitophagy is needed to efficiently clear mitochondria from
developing erythrocytes, most adult erythrocytes still eliminate their
mitochondria in its absence (Schweers et al., 2007; Sandoval et al.,
2008; Kundu et al., 2008). Whether a redundant non-autophagy
mechanism exists in reticulocytes, such as that mediated by PLAAT
phospholipases in the lens, has yet to be established.

Thus, mitophagy serves as one (but not the only) mechanism
mediating programmed mitochondrial clearance during development.

Mitochondrial elimination by the NIX-ULK1 pathway during red

blood cell maturation

Perhaps the best-studied example of mitophagy in mammals is the
elimination of mitochondria from reticulocytes as they terminally
differentiate into erythrocytes with a purely glycolytic metabolism
(Sandoval et al., 2008; Schweers et al., 2007). Mitochondria, which
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are required to synthesize heme in the oxygen-carrying hemoglobin,
are the last major organelle to be eliminated from reticulocyte as it
matures. This transition coincides with a transcriptionally driven
increase in NIX (Schweers et al., 2007), a protein on the OMM
that contains both a minimal essential region for mitophagy
and a separate LIR motif (Novak et al., 2010; Zhang et al., 2012).
Consistent with there being a specific role for NIX in mitochondrial
clearance, ~40% of erythrocytes from adult NIX KO mice retain their
mitochondria in vivo (Sandoval et al., 2008; Schweers et al., 2007).

Autophagosome formation also increases during reticulocyte
development and is critical for mitophagy. Interestingly, here,
mitophagy depends on ULKI1 (the sole ULK1/2 paralog expressed
in reticulocytes) but appears to be independent of the late
conjugation systems, as ULK1 KO but not Atg5 ¢cKO mice retain
mitochondria to a similar extent to NIX KO mice (Honda et al.,
2014; Joo et al., 2011; Kundu et al., 2008; Matsui et al., 2006).
Additionally, although LC3-II-coated vesicles form, they do not
appear to associate with mitochondria (Honda et al., 2014), and
Atg7 cKO, which disrupts both late conjugation systems, only
weakly blocks mitochondrial clearance (Zhang et al., 2009). Based
on the ULK1 dependence and independence of Atg5 and/or Atg7,
mitophagy in reticulocyte maturation has been suggested to occur
by a form of alternative autophagy, differentiating it from the LC3-
dependent conventional autophagy (Honda et al., 2014). Like other
forms of alternative autophagy, mitophagy in reticulocytes is
additionally blocked by PI3K complex inhibitors (Kundu et al.,
2008; Honda et al., 2014; Zhu et al., 2014).

Phosphorylation of ULK1 at S555 by AMPK is at least partially
required for ULKI activity in reticulocytes, as KO of Prkaal, the
catalytic subunit of AMPK, in mice also decreases clearance of
mitochondria from reticulocytes (although to a lesser extent than
ULK1 KO) (Zhu et al., 2014). In the absence of phosphorylation,
ULK1 exhibits reduced association with Fip200 in the ULKI
complex, and the PI3K complex does not fully assemble (Zhu et al.,
2014). As with many serine/threonine kinases, ULK1 is also
dependent on Hsp90A family proteins and their co-chaperone
Cdc37 for full kinase activity (Joo et al., 2011). ULK1-dependent
autophagy appears to be particularly important for programmed
mitochondrial clearance after adult acute anemic stress induced with
the haemolytic agent phenylhydrazine and in fetal erythrocyte
maturation, but is less important in adult maintenance and embryonic
erythrocyte maturation (Honda et al., 2014). This points to redundant
(and potentially autophagy independent) mechanisms for
programmed mitochondrial clearance in the adult and embryo.

Electron microscopy shows that in animals lacking NIX or
ULK1, autophagic membranes form and appear to loosely associate
with mitochondria (Honda et al., 2014; Kundu et al., 2008;
Sandoval et al., 2008; Schweers et al., 2007). However,
mitochondria are not captured within the autophagic membranes,
thereby eluding delivery to the lysosome/vacuole or the
extracellular space. The autophagic membranes have a different
appearance in NIX KO and ULK1 KO animals. In ULK1 KO
animals, an extended phagophore (a long flattened tubular structure)
develops but does not enclose the attached mitochondria to form a
spherical autophagosome (Honda et al., 2014; Kundu et al., 2008).
By contrast, in NIX KO animals, an autophagosome forms but
mitochondria attach to the cytosolic rather than the luminal surface,
giving the appearance in thin section of medallions on a necklace
(Sandoval et al., 2008; Schweers et al., 2007). Thus, NIX is not
required for autophagosome formation per se but rather guides
mitochondrial capture, whereas ULK1 is required to form a mature
autophagosome.

Box 4. Outstanding questions

How do mitophagy receptors mediate mitophagy? Although the
presence of LIRs was initially used to identify many mitophagy
receptors, binding to LC3 proteins may not be essential for their action.
Indeed, OPTN and NDP52 directly recruit early autophagy complexes
independently of LC3 binding (Vargas et al., 2019; Yamano et al., 2020).
Are similar mechanisms also mediating the action of NIX, which does not
need its LIR for mitophagy in reticulocytes, and FUNDC1, which
promotes not only mitophagy but also LC3-ll conjugation following
hypoxia in platelets (Zhang et al., 2012, 2016)?

Why do some forms of mitophagy depend on late conjugation systems
but others do not? The PINK1-Parkin pathway appears to rely on the late
conjugation systems in vivo, whereas NIX does not in reticulocytes
(Honda et al., 2014; Matsui et al., 2006; Zhang et al., 2009). Is this a
general feature of NIX or are reticulocytes a special case?

Which non-autophagy pathways mediate mitochondrial clearance?
Surprisingly, in the lens of the eye, autophagy is dispensable for
mitochondrial clearance (Morishita et al., 2013). Instead, PLAAT
phospholipases clear mitochondria through degradation of their
membranes (Morishita et al., 2021). Could a similar mechanism
account for mitochondrial clearance in autophagy-deficient
reticulocytes? Are these non-autophagy mechanisms of mitochondrial
clearance deployed only when all mitochondria must be eliminated, or
might they function in other tissues?

What injures a tissue when mitophagy is impaired? Is the primary
injury due to energy failure, oxidative stress, or, as has been recently
highlighted (Matheoud et al., 2016, 2019; Sliter et al., 2018), DAMPs that
cause secondary damage by triggering inflammation?

Finally, can mitophagy be safely upregulated while maintaining its
selectivity forimpaired mitochondria? Several strategies hold therapeutic
promise. Parkin activity has been upregulated in the heart with a USP30
inhibitor (Luo et al., 2021). The Parkin-PINK1 pathway has been
derepressed in muscle with UA treatment (Luan et al., 2021; Ryu
et al., 2016). Small peptides derived from BECLIN1 and FUNDC1 have
increased mitophagy in the heart and platelets (Shirakabe et al., 2016;
Zhang et al., 2016). Will one or more of these strategies prove safe and
effective in patients?

The mechanism by which NIX functions as a mitophagy receptor
is not entirely clear. NIX has an LIR motif that directly binds to LC3
proteins in vitro (Novak et al., 2010). However, this motif is not
strictly required for its function (Zhang et al., 2012). Additionally, as
NIX can mediate mitophagy in the absence of LC3 conjugation (e.g.
in Atg5 or Atg7 cKO mice), an interaction with LC3 proteins must be
dispensable for NIX-mediated mitophagy (Matsui et al., 2006).
Instead, the minimal essential region (MER) of NIX comprises a
small region C-terminal to the LIR (spanning residues 70 to 86 with
an essential function for L74) (Zhang et al., 2012). This region and
anchoring to the mitochondria are the only clear requirements for
NIX-dependent mitophagy in developing erythrocytes. Additionally,
the NIX ortholog BNIP3 can substitute for NIX in mouse
reticulocytes, suggesting that BNIP3 and NIX likely promote
mitophagy by a shared mechanism at least in reticulocytes (Zhang
et al., 2012). However, BNIP3-mediated compensation of NIX has
not been observed in all systems (Esteban-Martinez et al., 2017;
Lampert et al., 2019; Yazdankhah et al., 2021). Together these
findings suggest a model in which NIX mediates mitophagy by
connecting the mitochondria to the autophagosome as a receptor.
What NIX binds to on the autophagosome, however, is not clear, as
LC3 binding is dispensable.

Concluding remarks

Since NIX, BNIP3 and Parkin were described as the first
components of pathways mediating mammalian mitophagy over
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a decade ago, our understanding of mitophagy in vivo has
greatly expanded. These pathways have been shown to maintain
mitochondrial quality in response to stress and to reduce
mitochondrial numbers when they are not needed. Additional
mitophagy receptors, such as FUNDCI, have been reported to
mediate mitophagy in vivo. Mitophagy has been shown to protect
against neurodegeneration, cardiomyopathy, metabolic syndrome
and anemia. Some initial assumptions have been challenged and, as
a result, have generated remaining questions for the field (Box 4).
Moreover, it is notable that the first mitophagy-targeted therapies
have entered human trials with the hope that upregulating
mitophagy might help manage these risky assets (Andreux et al.,
2019).
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