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The pathways of mitophagy for quality control and
clearance of mitochondria

G Ashrafi1,3 and TL Schwarz*,1,2

Selective autophagy of mitochondria, known as mitophagy, is an important mitochondrial quality control mechanism that

eliminates damaged mitochondria. Mitophagy also mediates removal of mitochondria from developing erythrocytes, and

contributes to maternal inheritance of mitochondrial DNA through the elimination of sperm-derived mitochondria. Recent studies

have identified specific regulators of mitophagy that ensure selective sequestration of mitochondria as cargo. In yeast, the

mitochondrial outer membrane protein autophagy-related gene 32 (ATG32) recruits the autophagic machinery to mitochondria,

while mammalian Nix is required for degradation of erythrocyte mitochondria. The elimination of damaged mitochondria in

mammals is mediated by a pathway comprised of PTEN-induced putative protein kinase 1 (PINK1) and the E3 ubiquitin ligase

Parkin. PINK1 and Parkin accumulate on damaged mitochondria, promote their segregation from the mitochondrial network, and

target these organelles for autophagic degradation in a process that requires Parkin-dependent ubiquitination of mitochondrial

proteins. Here we will review recent advances in our understanding of the different pathways of mitophagy. In addition, we will

discuss the relevance of these pathways in neurons where defects in mitophagy have been implicated in neurodegeneration.
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Facts

� Mitophagy mediates clearance of damaged mitochondria,

and is also involved in the removal of mitochondria from

maturing erythrocytes and eliminating sperm-derived mito-

chondria after fertilization.

� In yeast, the mitochondrial outer membrane protein

autophagy-related gene 32 (ATG32) recruits the core auto-

phagic machinery to mitochondria for their selective removal.

� A pathway containing PTEN-induced putative protein

kinase 1 (PINK1) and Parkin responds to loss of

mitochondrial membrane potential by targeting damaged

mitochondria for clearance.

� The PINK1/Parkin pathway is triggered when PINK1 is

stabilized on the outer membrane of damaged mitochon-

dria, where it facilitates recruitment of cytosolic Parkin.

� Damaged mitochondria are prevented from moving and

fusing with the mitochondrial reticulum in preparation for

their mitophagic clearance.

Open Questions

� How distinct are the mitophagy pathways triggered by

different stimuli or conditions?

� To what extent does Parkin activate mitophagy by causing

the degradation of mitochondrial surface proteins or hyper-

ubiquitinating the mitochondrial surface?

� How do PINK1 and Parkin interact with one another and

with substrates on the mitochondrial surface in causing

mitophagy?

� In contrast to the remarkable conservation of the core

autophagic machinery, why are mitophagy-specific genes

so little conserved between yeast and mammals?

� How best should mitophagy be triggered by researchers

probing physiologically relevant pathways?

The mitochondrion is an important actor in the life of a

eukaryotic cell, but, like all good actors, a mitochondrion

needs to exit the stage at the right time. Mitophagy removes

mitochondria once they have played their part. This article will

review themechanism by which they are cleared and the cues

that signal their removal. Alongside the critical metabolic

functions of mitochondria in fatty acid oxidation, the Krebs

cycle, and oxidative phosphorylation, mitochondria can also

potentially damage cells.1 Reactive oxygen species (ROS), in

particular superoxide anion (O2
�� ), hydrogen peroxide (H2O2),

and hydroxyl radical (�OH) are toxic byproducts of oxidative

phosphorylation.2 ROS causes oxidative damage to mito-

chondrial lipids, DNA, and proteins, making mitochondria
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further prone to ROS production. In turn, damaged mitochon-

dria release high levels of Ca2þ and cytochrome c to the

cytosol and thereby trigger apoptosis.3 Thus, like macro-

scopic energy sources and power plants, these microscopic

power supplies are essential but prone to release hazardous

materials, particularly when they have been compromised by

damage or age. Accordingly, ensuring proper elimination of

dysfunctional mitochondria is imperative to cellular survival,

and mitochondrial damage has been implicated in aging,4

diabetes, and neurodegenerative diseases.2

To prevent cellular damage by preserving a population of

healthy mitochondria, several quality control mechanisms

have evolved (Figure 1). Mitochondria have their own

proteolytic system, two AAA protease complexes in the inner

membrane, whose function is to degrade unfolded membrane

proteins.5 Cytosolic proteosomes have also been shown to

mediate degradation of proteins on the inner and outer

mitochondrial membrane.6 In addition to proteolytic and

proteosomal degradation, recent evidence points to a

lysosomal pathway in which vesicles bud from mitochondrial

tubules, sequester selected mitochondrial cargos, and then

deliver those mitochondrial components to the lysosome for

degradation.7 This pathway is active under steady-state

conditions and is further stimulated by oxidative stress. These

mitochondrially derived vesicles may represent a mechanism

for selective removal of oxidized mitochondrial proteins while

leaving the whole organelle intact.

The aforementioned pathways account for degradation

of only a subset of mitochondrial proteins, whereas radio-

isotope pulse-chase assays indicate that the entire protein

contents of mitochondria are turned over within a few

days.8,9 This observation implies that alternative mechanisms

for bulk degradation of mitochondria exist. Accordingly,

entire mitochondrial organelles were often observed in

yeast vacuoles and mammalian lysosomes in electron

microscopy studies.10,11 Bulk degradation of cellular contents

occurs through a regulated process called autophagy

(reviewed elsewhere in this issue); however, a selective form

of autophagy, termed mitophagy, is chiefly responsible for

elimination of damaged or superfluous mitochondria.

In this process, mitochondria are sequestered in double-

membrane vesicles and delivered to lysosomes for hydrolytic

degradation. In addition, although mitochondrial turnover and

clearance of damaged mitochondria may be the primary

functions of mitophagy, there are other specialized cases of

mitophagy: the complete removal of mitochondria during

erythrocyte maturation12 and the selective destruction of

sperm-derived mitochondria after oocyte fertilization.13,14

In this review, we will discuss the general features of

mitophagy as a quality control pathway, and also the

activation of specific types of mitophagy in response to

different physiological triggers.

Overview of Autophagy

Autophagy (from Greek, meaning self-eating) is a broad term

referring to different pathways for bulk degradation of

cytosolic components and organelles, including mitochondria,

through delivery to the lysosome. There are three distinct

classes of autophagy: microautophagy, chaperone-mediated

autophagy (CMA), and macroautophagy.15 In microauto-

phagy, invaginations of the lysosomal membrane directly

engulf portions of the cytoplasm. In contrast, CMA involves

the chaperone Hsc70 and its co-chaperones that recognize

and unfold substrate proteins with a KFERQ amino-acid motif.

The substrates bind to the lysosomal protein LAMP-2A and

are translocated across the lysosomal membrane for

degradation.16

Macroautophagy is the major type of autophagy and it is

well conserved from yeast to mammals. Non-selective or bulk

autophagy is induced by starvation to provide the cell with

essential nutrients. In contrast, selective autophagy occurs to

clear unwanted or damaged organelles, including mitochon-

dria. In this process, an isolation membrane (known as

phagophore) surrounds a portion of the cytoplasm or an

organelle, forming a double membranous structure called the

autophagosome. The autophagosome then fuses with the

lysosome to form an autolysosome, in which the hydrolytic

degradation of contents of the autophagosome will occur.

Mitochondria are removed by a form of macroautophagy

(called mitophagy), in which the core machinery of bulk

macroautophagy is harnassed for the selective clearance of a

mitochondrion. We will therefore focus our discussion on

macroautophagy, herein referred to as autophagy.

Autophagy can be mechanistically broken down into the

following five steps: initiation of the isolation membrane,

elongation, closure of the isolation membrane and autophag-

some formation, autophagosome–lysosome fusion, and

lysosomal degradation.17 These stages are similar whether

invoked for the clearance of bulk cytosol or of a mitochon-

drion.18 Genetic screens for defects in this pathway in the

yeast Saccharomyces cerevisiae have identified nearly 30

ATGs.19 The ATG genes that form the core machinery in

yeast are ATG1–10, ATG12–16, and ATG18. These core

genes are highly conserved in mammals and, except for
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Figure 1 Three major pathways of mitochondrial quality control. Misfolded
mitochondrial membrane proteins can be degraded by two AAA protease
complexes with catalytic sites facing both sides of the inner membrane.
Mitochondrial proteins can also be degraded by being transferred to lysosomes;
vesicles budding from mitochondrial tubules sequester selected mitochondrial
cargos, and deliver those mitochondrial components to the lysosome for
degradation. The third pathway, known as mitophagy, involves sequestration of
an entire mitochondrion within a double-membrane vesicle, the autophagosome,
followed by fusion with a lysosome
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ATG13 in some circumstances, are also essential for

mitochondrial autophagy.20 In the case of starvation-induced

autophagy, the process begins with a complex consisting of

ATG1, a kinase, and ATG13, its regulatory subunit, that exist

in a complex with other autophagy proteins. Target of

rapamycin complex 1 (TORC1) normally restricts ATG13

from interacting with ATG1, but starvation removes this

inhibition and allows the cascade to proceed. Themammalian

ortholog of these proteins, the ULK1 complex, is similarly

regulated by TORC1. In the case of stress response in

mammalian cells, mitophagy can similarly be signaled by the

Hsp90–Cdc37 complex acting through ULK1 and ATG13.21

Other pathways for activating mitophagy are discussed

below, but all seem to require the ATG1/ULK1 complex for

initiation,20,22 but do not necessarily require ATG13. The

formation of the autophagosome, whether surrounding a

mitochondrion or other cargo, proceeds by means of the

ATG1/ULK1 complex activating a class III phosphatidylinosi-

tol 3-kinase (PI3K) complex that includes ATG14, Vps34 and

Beclin1. PI3K-mediated formation of phosphatidyl inositol

triphosphate (PIP3)-rich membrane domains is important for

nucleation of the isolation membrane.17 In some cases,

stress-induced bulk autophagy as well as mitophagy occurs

independently of Beclin 1,23,24 suggesting that alternative

pathways for production of PIP3 may exist. Elongation of the

isolation membrane is then mediated by two ubiquitin-like

conjugation systems. In the first system, the ubiquitin fold-

containing protein ATG12 is conjugated to ATG5 and an

ATG5–ATG12–ATG16L1 complex then localizes at the

isolation membrane. ATG12 can also be conjugated to

ATG3 and this complex, although not necessary for general

autophagy, promotes mitophagy when the mitochondria are

depolarized.25 The mechanism by which this additional

ATG12 complex figures in selective mitophagy remains

unknown. The second ubiquitin-like reaction that is shared

by the general autophagy pathway and mitophagy employs

the ubiquitin fold-containing protein microtubule-associated

protein light chain 3 (LC3) (also called MAP1LC3 or LC3B, the

ortholog of yeast ATG8). It is synthesized in the pro-LC3 form,

cleaved by ATG4B to form LC3-I, and conjugated in ubiquitin-

like reactions to phosphatidyl ethanolamine (PE) forming

LC3-II. LC3-II localizes to isolation membranes and is

required for elongation and closure of this membrane to form

mature autophagosomes.17

Although clearly essential for forming the defining double-

membrane vesicle of the autophagosome, the origin of the

membrane component remains controversial.26 De novo

membrane assembly has been proposed; however, various

studies have implicated the ER,26,27 Golgi,26 plasma mem-

brane,28 and more recently mitochondria29 as possible

membrane sources for the autophagosome. Yoshi27 and

co-workers observed close association of the isolation mem-

brane with rough ER during mitophagy, implicating ER in

particular as a membrane source for mitophagy. On the basis

of the evidence suggestingmitochondria as amembrane source,

in general autophagy, it is intriguing to speculate that, in

mitophagy, the mitochondrion could supply the autophogosomal

membrane for its own degradation. Clearly, further work

is required to unambiguously determine the membrane

sources in both general and cargo-selective autophagy.

Mitophagy as a Selective Form of Autophagy

The extensive similarity of the pathways for general autop-

hagy and mitophagy,22,30 as summarized above, raises an

obvious question: How is an autophagosome directed

selectively to mitochondria and how is that process triggered

without the activation of bulk autophagy? Although mitochon-

dria can be engulfed non-selectively along with other cytosolic

contents during bulk autophagy,31 both yeast andmammalian

cells can selectively degrade damaged or superfluous

mitochondria by mitophagy. In yeast, mitophagy can be

activated by mutations that impair mitochondrial electro-

chemical potential; two such mutations in Fmc1 and Mdm38

cause aggregation of the F0F1 ATPsynthase subunits and

impairment of the mitochondrial Hþ /Kþ exchanger, respec-

tively.32,33 Similarly, knockdown of an inhibitor of the

mammalian F0F1 ATPsynthase, IF1, causes a dramatic

reduction in mitochondrial mass that correlates with increased

autophagic activity.34 Depolarization of mitochondria with the

uncoupler carbonyl cyanide m-chlorophenylhydrazone

(CCCP)35 or photo-irradiation36 induces autophagic clear-

ance of mammalian mitochondria while leaving other orga-

nelles such as peroxisomes intact. Recently, it has been

reported that mitochondria carrying deleterious mutations in

mtDNA can be selectively eliminated through mitophagy,37

although additional activation of macroautophagy, such as

rapamycin-mediated inhibition of TORC1, may be required for

efficient clearance.38 Of course, mitochondria with DNA

mutations are encountered in human patients39 and so the

clearance mechanism cannot be perfectly efficient; presum-

ably, some threshold of damage must be crossed before

mitophagy is likely to occur. Mitophagy also serves as a

mechanism to regulate organelle number in response to

developmental or physiological cues. Yeast cells that are

grown on a non-fermentable carbon source require mitochon-

dria for oxidative phosphorylation. Under such conditions,

mitochondria are spared from degradation even during

starvation-induced bulk autophagy, indicating differential

regulation of bulk autophagy and mitophagy. In contrast,

when yeast are switched from growth on non-fermentable to

fermentablemedia, mitophagy occurs to reducemitochondrial

mass as oxidative phosphorylation is no longer needed.40

Thus, mitophagy must be mechanistically separable from

other forms of autophagy so as to eliminate selectively

dysfunctional or superfluous mitochondria in response to

cues particular to mitophagy. Mitochondrial-specific mechan-

isms are beginning to emerge.

Mitophagy-Specific Effectors

To identify factors that might account for the selectivity of

mitophagy, two groups independently performed screens for

yeast mutants defective in mitophagy.41,42 Taken together,

they found approximately 40 genes that were distinct from

known ATGs and required for mitophagy but not bulk

autophagy. A previously identified gene, Uth1,43 had been

shown to be required for mitochondrial removal, induced by

rapamycin and starvation; conditions that would induce bulk

autophagy. This gene was not isolated in the screens for

selective mitophagy where mitophagy was induced by
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switching to fermentable media. From these screens, ATG11

emerged as an important factor in mitochondrial degrada-

tion.20,40 ATG11 has also been implicated in other forms of

selective autophagy including pexophagy (selective auto-

phagy of peroxisomes).44 ATG11 appears to function as an

adaptor between ATG8 and the proteins that function as the

receptor for ATG11 on each particular organelle or cargo to be

selectively removed. In the case of mitochondria, the ATG11

receptor is ATG32, another protein uncovered in the yeast

screen, which localizes to mitochondria and binds ATG11 and

ATG8 upon induction of mitophagy. In this manner, ATG32

recruits the canonical autophagic machinery to the mitochon-

dria. Surprisingly, however, loss of ATG32 did not affect

cellular ROS levels or growth on a non-fermentable carbon

source,41 which may imply that other quality control pathways

independent of ATG32-mediated mitophagy exist.

Unfortunately, ATG11 and ATG32 do not have any

identifiable homologs in higher eukaryotes.20Mammals could,

however, have functional homologs of these proteins. For

example, the ubiquitin-binding adaptor p62 (SQSTM1) may

have an ATG11-like role. It accumulates on damaged

mitochondria and has been reported to recruit mitochondria

to the autophagosome by binding to ATG8/LC3 in some

studies45 but not others.46 Another protein, Nix, may serve the

function of both ATG32 and ATG11. Nix is a resident protein

on the mitochondria and also binds directly to LC3. Nix is

induced in developing reticulocytes and is required for the

subsequent clearance of mitochondria during eythrocyte

development.12,47 Yet another pathway involves the ubiquitin

ligase Parkin as an important player in recruiting autophago-

somes to damaged mitochondria.48 We will discuss the roles

of Nix and Parkin in more detail in the next sections.

Two puzzles remain. The first concerns the initiation of the

autophagic pathway in selective mitophagy. Although the

proteins just discussed may explain the selective recruitment

of ATG8 or LC-3 to mitochondria, ATG8/LC3 represent a late

stage in the autophagic pathway, downstream of several

protein complexes known to be essential for mitophagy as

well. It is not yet clear how conditions that trigger mitophagy,

whether metabolic changes or mitochondrial damage, initiate

the cascade. The second puzzle arises from a recent

mammalian genomic screen that identified 96 new genes

required for Parkin-mediated mitophagy.49 Lack of significant

similarities in the genes identified by this screen and those in

yeast may suggest extensive differences between the regula-

tion of mitophagy in mammals and yeast. This may reflect the

different physiological purposes of mitophagy in such different

cell types. However, it should also be considered that the

inducers of mitophagy also differed in these screens; those

in yeast employed shifts in nutrient sources, while the

mammalian screens used depolarization of the mitochondrial

membrane potential. There may be multiple routes for the

recruitment of the autophagosome to the mitochondria, all of

which will converge on the core apparatus of autophagy.

Modulation of Mitochondrial Dynamics before the onset

of Mitophagy

Mitochondria are dynamic organelles that move within the

cell and frequently undergo fission and fusion. In many cells,

a large fraction of the mitochondria at any given moment are

in an interconnected network. Mitochondrial dynamics and

mitophagy are closely related; a mitochondrion has to be

separated from the mitochondrial network to be engulfed by

the autophagosome (Figure 2). In this section, we will briefly

review the molecular machinery that regulates mitochondrial

dynamics and discuss the interaction of this machinery with

the mitophagic pathway.

Fission and fusion, as well as mitochondrial trafficking on

actin (in yeast) or the microtubule cytoskeleton (in higher

organisms) enable the cell to adjust mitochondrial distribution

to changing local needs. Mitochondrial fission and fusion are

regulated by members of a family of conserved large

GTPases, initially identified in yeast.50,51 The dynamin-like

GTPase, dynain-related protein 1 (Drp1) (Dnm1 in yeast),

mediates fission by forming a multimeric complex that wraps

around the outer membrane of mitochondrial tubules and

exerts mechanical force to produce membrane scission. In

contrast to fission where mitochondria are divided using only

an outer membrane apparatus, two distinct machineries,

Mitofusin 1 and 2 (Fzo in yeast) and optic atrophy 1 (Opa1)

(Mgm1 in yeast), are required for fusion of the outer and inner

membranes, respectively. Mitochondrial fusion is also regu-

lated by mitochondrial motility, although less directly; sta-

tionary mitochondria are less likely to encounter another

mitochondrion with which to fuse.52 A critical function of fusion

and fission is to allow for efficient distribution of mtDNA and

proteins throughout the mitochondrial network.51 Even brief

fusion events can allow extensive exchanges of mitochondrial

content. By following the fate of individual photo-labeled

mitochondria, Twig and co-workers53 have shown that a

fusion event is often followed by fission, creating daughter

mitochondria with uneven mitochondrial potentials. Whereas

the daughter mitochondrion with the healthier membrane

potential will continue to participate in fusion and fission cycles
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Membrane

Autophagosome 

Autolysosome 

Lysosome 

LC3
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Mitochondrial
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Figure 2 From mitochondrial network to fragmentation and mitophagy.
Mitochondria typically form an interconnected network, but fission events and a
block of fusion can fragment the network and thereby segregate a mitochondrion
destined for mitophagy from the rest of the network. An isolation membrane, of an
unknown origin, forms around this mitochondrial fragment. Closure of the isolation
membrane, with the help of LC3/ATG8, gives rise to an autophagosome engulfing
the mitochondrion. The autophagosome fuses with the lysosome forming an
autolysosome in which the mitochondrial cargo is degraded

The pathways of mitophagy

G Ashrafi and TL Schwarz

34

Cell Death and Differentiation



with the mitochondrial reticulum, the depolarized daughter

mitochondrion is unlikely to undergo fusion and is often

degraded through mitophagy.

Depolarization causes the loss of Opa154 and Mitofusins

(Mfn1 and 2),55–57 proteins necessary for the fusion of the

inner and outer membranes of mitochondria, and thereby

promotes mitochondrial fragmentation. In agreement with the

essential role of fission in mitophagy, a yeast genetic screen

revealed that Dnm1, the yeast homolog of Drp1, is essential

for mitophagy.20 Similarly in mammals, genetic manipulations

that cause excessive fusion, such as overexpression of Opa1

or dominant-negative Drp1, preclude autophagic degradation

of mitochondria.58 This protection from autophagy by hyper-

fusion occurs physiologically during certain types of starva-

tion-induced autophagy, in which a fused mitochondrial

network protects mitochondria from degradation.59 In sum-

mary, a shift in the balance ofmitochondrial dynamics towards

increased fission and decreased fusion promotes segregation

of damaged mitochondria and facilitates their clearance by

mitophagy.

The PINK1/Parkin Pathway of Mitophagy

A recently identified pathway that has emerged as a paradigm

for mammalian mitophagy is mediated by the PINK1 and the

E3 ubiquitin ligase Parkin (Figure 3a). The genes encoding

PINK160 and Parkin61 were found to be mutated in certain

forms of autosomal recessive Parkinson’s disease (PD).

Accumulation of dysfunctional mitochondria in the brains of

PD patients implied a link between PINK1 and Parkin and

mitochondrial quality control. Genetic studies in Drosophila

further suggested a role for PINK1 and Parkin in the regulation

of mitochondrial integrity.62,63 Loss of either protein in flies

results in mitochondrial dysfunction and thereby causes

degeneration of flight muscles and dopaminergic neurons.

Overexpression of Parkin ameliorates the mitochondrial

phenotypes in PINK1-deficient flies. This interaction and

other genetic experiments demonstrate that the two genes act

in the same pathway, with PINK1 upstream of Parkin. Parkin

overexpression in mammalian cytoplasmic hybrid cells con-

taining both wild-type and mutant mtDNA leads to selective

elimination of mitochondria carrying mutant mtDNA.37 PINK1

and Parkin also promote removal ofmitochondria damaged by

chemical uncouplers, such as CCCP.35While a role for PINK1

and Parkin in the clearance of defective mitochondria has

extensive evidence, certain controversies remain. Stable

knockdown of PINK1 has been reported to induce, rather

than inhibit, mitophagy in neuronal cell lines.64 One explana-

tion for this unexpected result is that PINK1 deficiency leads to

higher mitochondrial oxidative stress, which in turn might

trigger compensatory PINK1-independent mitophagy. In

another study, it was found that while Parkin overexpression

stimulates CCCP-inducedmitophagy, it appears to inhibit bulk

autophagy under basal conditions.65 This observation sug-

gests that Parkin may differentially regulate distinct types of

autophagy.

As discussed in the previous section, segregation of

mitochondria destined for mitophagy appears to precede their

degradation. Accordingly, PINK1 and Parkin play central roles

in regulating mitochondrial dynamics and the mechanistic

basis of this aspect of their function is presently the best

understood. A genetic interaction between the PINK1/Parkin

pathway and the fission/fusion machinery was discovered in

flies where overexpression of Drp1 led to suppression of
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Figure 3 Pathways of mitophagy. (a) Damaged mitochondria that have lost their membrane potential (cm) are eliminated by mitophagy through the accumulation of
PINK1 and the E3 ubiquitin ligase Parkin on the mitochondrial surface. (b) In developing reticulocytes, all mitochondria are eliminated by mitophagy. The mitochondrial outer
membrane protein, Nix, may serve as a receptor for targeting mitochondria to autophagosomes. (c) Sperm-derived mitochondria are selectively eliminated from fertilized
oocytes through mitophagy, thereby allowing for exclusively maternal inheritance of mitochondrial DNA
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mitochondrial defects in PINK1 and Parkin mutants.66

Although similar studies in mammalian systems have pro-

duced contradictory results,64,67 the findings in the fly indicate

that PINK1 and Parkin promote fission. Consistent with this

conclusion, mammalian and fly studies indicate that upon

mitochondrial depolarization, Parkin translocates to mito-

chondria and causes polyubiquitination of Mitofusin, targeting

it for removal from the mitochondrial membrane by the p97

AAA-ATPase and subsequent proteosomal degradation55–57

(Figure 4bi). Degradation of Mitofusin prevents damaged

mitochondria from fusing with the functional mitochondrial

network and is essential for their subsequent degradation by

mitophagy. However, although loss of Mitofusin is necessary

for mitophagy to proceed, it is not by itself sufficient to trigger

mitophagy and PINK1 and Parkin can initiate mitophagy in

cells lacking Mitofusin.56,68Mitochondrial fragmentation in the

absence of Mitofusin thus appears to be a permissive rather

than a triggering event.

The PINK1 and Parkin pathway of mitophagy is also closely

associated with the regulation of mitochondrial movements.

Mitochondrial depolarization causes PINK1 and Parkin to

associate with mitochondria Rho-GTPase (Miro), a mitochon-

drial adaptor protein that anchors a kinesin motor complex to

the mitochondrial surface.69 This association leads to the

phosphorylation of Miro by PINK1 and the subsequent

proteosomal degradation of Miro in a Parkin-dependent

manner (Figure 4bi). Loss of this adaptor protein releases

kinesin from the mitochondrion and arrests mitochondrial

motility. Because stationary mitochondria are less likely to

undergo fusion,52 this arrest may serve as an additional

quarantine mechanism to segregate damaged mitochondria

from the rest of the mitochondrial reticulum before mitophagy.

Although it remains to be seen whether degradation of Miro is

a required event for mitochondrial elimination, the PINK1/

Parkin-mediated degradation of both Miro and Mitofusin

illustrate how regulation of mitochondrial dynamics is coupled

to mitophagy and have provided insight into the mechanisms

by which these enzymes act. In the following section, we will

describe themolecular details of the PINK1/Parkin pathway of

mitophagy.

Accumulation of PINK1 and Parkin on damaged mito-

chondria. PINK1 is a serine/thereonine kinase that contains

a mitochondrial targeting sequence allowing for its mitochon-

drial localization.48 In healthy mitochondria, PINK1 is con-

stitutively imported, probably via the TIM/TOM complex, to

the inner membrane where it is cleaved by several proteases

including the mitochondrial-processing protease (MPP) and

the inner membrane presenilin-associated rhomboid-like

protease PARL, and ultimately proteolytically degraded

(Figure 4A).70–73 Loss of mitochondrial membrane potential

may be the event that acutely activates this pathway; loss of

the potential gradient precludes import of PINK1 to the inner

membrane, thereby stabilizing intact PINK1 on the mitochon-

drial outer membrane where it interacts with the TOM

complex.74 In this manner, PINK1 serves as a sensor for

mitochondrial damage. Accumulation of PINK1 on the

mitochondrial surface induces translocation of Parkin from

the cytosol to damaged mitochondria through a mecha-

nism as yet unknown.71 Once recruited, Parkin promotes

degradation of mitochondria through mitophagy.35 In mam-

malian cells, recruitment of Parkin to damaged mitochondria

requires PINK1,71 although in fly studies Parkin overexpres-

sion was sufficient to rescue mitochondrial defects in

PINK1-null mutants.63 Even in the absence of mitochondrial

depolarization, a recombinant form of PINK1 that is stably
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PINK1 is imported to the inner mitochondrial membrane, presumably through the
TOM/TIM complex. The TIM complex-associated protease, mitochondrial MPP,
cleaves PINK1 mitochondrial targeting sequence (MTS). PINK1 is also cleaved by
the inner membrane presenilin-associated rhomboid-like protease PARL and
ultimately proteolytically degraded. Loss of membrane potential in damaged
mitochondria prevents the import of PINK1 leading to the accumulation of
unprocessed PINK1 on the outer membrane surface where it associates with the
TOM complex, and recruits cytosolic Parkin, via an unknown mechanism, to
damaged mitochondria. (b) Parkin promotes mitophagy of damaged mitochondria in
two major ways. (i) In one mechanism, Parkin, presumably through its ubiquitin–
ligase activity, causes the degradation of its substrates such as Miro and Mitofusin.
In the case of Miro, its phosphorylation by PINK1 is upstream of the Parkin-
dependent proteosomal degradation. Mitocondrial fragmentation and arrest of
motility, through loss of Mitofusin and Miro, quarantine damaged mitochondria and
promote their autophagosomal engulfment. (ii) Alternatively or in addition, Parkin-
mediated hyper-ubiquitination of the mitochondrial outer membrane is recognized
by ubiquitin-binding adaptors, such as p62, HDAC6, and unknown others, that may
recruit damaged mitochondria to the isolation membrane through their interaction
with the autophagosomal protein LC3
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localized on the mitochondrial outer membrane is sufficient

for Parkin recruitment and induction of mitophagy.35,71

In addition, PINK1 artificially targeted to peroxisomal

membranes can recruit Parkin and mediate autophagic

degradation of the peroxisome.74 Thus, PINK1 and Parkin

form the minimal machinery for recruitment of the canonical

autophagy players to target organelles. Although the kinase

activity of PINK1 is required for it to recruit Parkin, it is

unclear as to how this occurs. One hypothesis is that PINK1

binding to45,75 and phosphorylation35,71,76 of Parkin serves to

activate that enzyme and cause its translocation, but this

remains controversial. Alternatively, it is possible that PINK1

phosphorylates an unknown substrate, and it is the primed

substrate, not PINK1 per se, that binds to and recruits Parkin.

This model is consistent with the sequential action of PINK1

and Parkin on the substrate Miro,69 but there is no evidence

at present that Miro itself is essential for mitophagy.

Although PINK1 can clearly promote Parkin-dependent

mitophagy, it is not necessarily the only means of activating

the Parkin pathway. In Drosophila, Parkin overexpression

rescues themitochondrial morphology defects of a PINK1-null

mutant, indicating that PINK1 is not essential for Parkin

function.63,66 Parkin overexpression can also arrest mito-

chondrial motility in PINK1-deficient flies.69 Furthermore,

Parkin mutants had more severe phenotypes than PINK1-

null flies, suggesting PINK1-independent functions of

Parkin.66 On the other hand, activation of mitophagy by

CCCPwas not observed inmammalian cells when PINK1was

knocked down.71 This leaves open the question of whether

Parkin can be activated by pathways other than mitochondrial

depolarization and PINK1 activation in mammalian cells.

Parkin promotes ubiquitination of mitochondrial proteins.

Following its mitochondrial translocation, the E3 ubiquitinli-

gase activity of Parkin appears to increase.77 Parkin

mediates formation of two types of polyubiquitin chains:68

lysine (K) 48 linkage associated with proteosomal degrada-

tion of the substrate; and lysine (K) 63 linkage associated

with autophagic degradation.48,78 Although Parkin-mediated

polyubiquitination of mitochondrial substrates is likely to be

the mechanism by which it triggers mitophagy,45,79

(Figure 4b) the details of how this happens remain uncertain.

In one model, Parkin mediates formation of K48 chains on

specific mitochondrial outer membrane proteins and it is the

proteosomal degradation of these proteins that triggers

mitophagy. In support of this model, inhibition of proteosome

activity prevents mitophagy of damaged mitochondria.56,68

A proteomic study in HeLa cells revealed Parkin- and

proteosome-dependent degradation of Miro, Mitofusin,

hFis1, and Tom70, as well as others, before mitophagy.

However, as mentioned above, while proteosomal elimina-

tion of Mitofusin is required, it is not sufficient for initiation of

mitophagy. Moreover, proteosome inhibition in Mitofusin-null

cells prevents mitophagy, indicating that Mitofusin is not the

key target.68 Therefore, it is not clear whether the degrada-

tion of these candidate proteins, if any, leads to activation of

mitophagy or if they are merely permissive for mitophagy

by, among other things, arresting motility and inducing

fragmentation (Figure 4bi). In a second model, Parkin

causes formation of K63 (or 27)-linked ubiquitin chains

on mitochondrial outer surface, and these ubiquitin chains,

rather than inducing proteosomal degradation, initiate a

signaling cascade that activates mitophagy (Figure 4bi).

In support of this model, Geisler et al.45 found abundant

Parkin-dependent K63 and K27 ubiquitin chains and identi-

fied ubiquitination of the mitochondrial outer membrane

protein VDAC, a component of the permeability transition

pore, to be essential for mitophagy. However, the require-

ment of VDAC ubiquitination for mitophagy could not be

replicated in a different study.46 In fact, it is possible that the

mere presence of high levels of ubiquitin on the mitochondrial

surface, rather than ubiquitination of a particular substrate, is

sufficient for induction of mitophagy. This hypothesis is

consistent with the ability of Parkin ectopically targeted to

peroxisomes to mediate surface ubiquitination and autopha-

gic degradation of these organelles.74 In summary, while the

ubiquitin ligase activity of Parkin is well established, further

work is required to determine how Parkin-mediated ubiqui-

tination promotes mitophagy.

Interaction of PINK1 and Parkin with the core autophagy

machinery. Parkin-mediated mitophagy requires core com-

ponents of the autophagic machinery. Specifically, blocking

the activities of ATG3, ATG5, ATG5, or ATG 7, and class III

PI3K prevents degradation of CCCP-treated mitochondria.35

How does the PINK1/Parkin pathway interact with and

activate the autophagic machinery? The ubiquitin-binding

adaptor protein p62/SQSTRM1 accumulates on depolarized

mitochondria and it has also been proposed to facilitate

recruitment of damaged mitochondria to autophagosomes

by binding to LC348 (Figure 4bii). However, it is not clear

whether p62 is required for Parkin-mediated mito-

phagy,45,46,80 as mitochondrial elimination has been reported

to occur in the absence of p62-mediated clustering. Nor

would p62-mediated recruitment of damaged mitochondria to

pre-existing isolation membranes explain how Parkin might

stimulate the formation of new isolation membranes.81

Recent studies suggests that both PINK1 and Parkin can

directly interact with the Beclin-1 PI3K complex.82,83 Parkin-

dependent recruitment of Ambra1, an activator of the Beclin1

complex, to mitochondria upon depolarization could lead

to activation of the Beclin-1 complex and nucleation of

pre-autophagosomal membranes around damaged mito-

chondria. Therefore, both functions of Parkin, namely,

ubiquitination of the mitochondrial outer membrane proteins

and recruitment of Ambra1, may contribute to mitophagy of

damaged mitochondria. The cytoplasmic E3 ubiquitin ligase

SMURF1 has also been found to be required for Parkin-

dependent mitophagy.49 The exact function of SMURF1 in

mitophagy is not clear yet; however, the authors did find that

its membrane targeting domain, and not its ubiquitin ligase

activity, was required. On the basis of this finding, it is proposed

that SMURF1 might be involved in the delivery of mitochondria

to the autophagosome. In addition to its role in mitophagy of

defective mitochondria, Parkin also stimulates mitochondrial

biogenesis, presumably to replace damaged mitchondria with

healthy and functional organelles.84 Upon depolarization,

Parkin causes degradation of the trascriptional repressor

PARIS. Loss of PARIS releases the mitochondrial biogenesis

transcription factor PGC1a to activate its target genes.
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In summary, the current body of evidence highlights the

PINK1/Parkin pathway of mitophagy as an important regulator

of mitochondrial homeostasis. Many questions, however,

remain unanswered. How does PINK1 trigger Parkin recruit-

ment? How does Parkin interact with various components of

the core autophagic machinery and regulate mitophagy at

different steps of autophagosome formation and maturation?

How are the differential functions of Parkin in promoting

mitophagy and mitochondrial biogenesis coordinated?

Is the PINK1/Parkin pathway relevant only in cases of

mitochondrial damage or does it also contribute to the

steady-state turnover of mitochondria? It is noteworthy to

mention that PINK1 and Parkin cannot be the only pathway

for degradation of damaged mitochondria. Several observa-

tions support this conclusion. First, neither humans nor flies

with mutations in the PINK1/Parkin pathway show a gross

increase in their cellular mitochondrial mass. Second,

PINK1 or Parkin knockout mice appear largely normal

and have only subtle phenotypes,85 which would not be

expected if turnover of damagedmitochondria was completely

blocked. It remains to be seen what other parallel pathways

account for mitochondrial turnover in the absence of PINK1

and Parkin.

What best models a physiological trigger of damage-

induced mitophagy?. Because mitophagy is infrequent in

healthy mammalian cells, researchers typically challenge

cells to trigger the process, particularly to examine damage-

induced mitophagy and the PINK1/Parkin pathway. The

mitochondrial uncouplers, CCCP and FCCP, are most

commonly used in this context. These drugs are nonspecific

ionophores that cause a severe loss of mitochondrial

membrane potential within minutes followed by recruitment

of Parkin and LC3 to the mitochondria.86 For biochemical

studies, the ability to depolarize all the mitochondria in a cell

culture with CCCP has clear advantages.35,69 However, how

similar is this phenomenon to the process that normally

removes the sporadically damaged mitochondrion within an

otherwise healthy cell? Presumably, the mitophagic appara-

tus in most cells was not designed to cope with the

immediate loss of all mitochondria. In addition, CCCP is a

nonspecific ionophore that affects cellular components other

than the mitochondria. In fact, CCCP causes disruption of the

microtubule cytoskeleton87 and prevents lysosomal acidifica-

tion.88 For gentler disruption of mitochondrial function,

several other approaches have been used. These include

application of valinomycin, a Kþ ionophore, and antimycin A,

a blocker of complex III, and these also induce recruitment of

Parkin.69,89 These compounds, although less drastic than

CCCP, also affect the entire population of mitochondria.

Damage to subsets of mitochondria has been achieved by

photoirradiation36 and by the inducing mitochondrial DNA

damage.37 These manipulations triggered selective removal

of the damaged mitochondria and did so via Parkin

recruitment. At present, therefore, these subtler perturba-

tions of mitochondrial status largely confirm the conclusions

from experiments with CCCP, but future work in this field

may wish to focus, whenever possible, on milder techniques

for induction of mitophagy that more closely resemble

physiological conditions.

Mitophagy in Erythrocyte Maturation, Hypoxia, and

Embryogenesis

Among the specializations that allow erythrocytes to mediate

gas exchange between the lungs and peripheral tissues is the

absence of internal organelles, including mitochondria. The

lack of mitochondria may be important because erythrocytes

experience high levels of oxidative stress during hemoglobin-

mediated oxygen transport. Exposure to oxidative stress

would increase mitochondrial ROS production and its

consequent cellular damage. The transformation from a

mitochondria-containing reticulocyte to a mature erythrocyte

takes place over 2 to 3 days, during which time all their internal

organelles, including mitochondria, are eliminated.90 The

elimination of mitochondria in reticulocytes is mediated by a

specialized form of extreme mitophagy that requires Nix

(BNIP3L), a Bcl2-related mitochondria outer membrane

protein with an atypical BH3 domain (Figure 3b). In fact,

Nix� /� mouse retain mitochondria in their erythrocytes and

develop anemia due to decreased survival of those cells.12

Nix is required specifically for elimination of reticulocyte

mitochondria, but not other organelles that are lost during

maturation such as ribosomes and the nucleus.12,47

Nix-dependent clearance of mitochondria is distinct from

apoptotic pathways as it does not require other Bcl2 proteins

such as Bak, Bax, Bcl-xl, Bim, or Puma.47 How then does Nix

participate in mitophagy? Studies on reticulocyte maturation

suggest that Nix is not required for the induction stage, as

LC3-rich isolation membranes form in Nix� /� mice. Instead,

Nix is required for incorporation of mitochondria into autopha-

gosomes. Nix contains a conserved LC3-binding motif known

as LIR (LC3-interacting region) and therefore may act as a

receptor for targeting mitochondria to autophagosomes in a

manner similar to the yeast ATG32/ATG11 pair.91Despite the

involvement of Nix, however, the upstream signal that

activates mitophagy in these cells remains unknown.

The function of Nix may not be restricted to erythrocyte

maturation; Nix could also be involved in depolarization-

induced mitophagy, as CCCP treatment enhances Nix and

LC3 interaction in HeLa cells.92,93 There is not yet consensus

in these cases as to whether Nix functions upstream or

downstream of mitochondrial depolarization.12,80,94Unlike the

clear requirement for Nix in erythrocyte maturation, treatment

of reticulocytes with the uncoupling agent FCCP induces

mitophagy in the absence of Nix.12 Thus, Nix can have at

most a facilitating or parallel function in depolarization-

induced mitophagy.

Nix, and another BH3-only protein Bnip3, are also involved

in hypoxia-induced mitophagy in mammalian fibroblasts.91

Removal of mitochondria during hypoxia is important to

reduce ROS production and maintain oxygen homeostasis.

Activation of hypoxia-inducible factor under hypoxic condi-

tions induces expression of Nix and Bnip3, which at high

levels disrupt the interaction between Bcl2 and Beclin1. Once

released, Beclin 1 is free to nucleate pre-autophagosomal

membranes and induce ATG5-dependent autophagy.95 This

mechanism does not explain whymitochondria are selectively

degraded in hypoxia. A recent study, however, identified

the mitochondrial outer membrane protein, FUNDC1, as a

mitochondrial receptor for hypoxia-induced mitophagy.96
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FUNDC1 binds to LC3 through a conserved LIR motif and this

interaction is strengthened under hypoxic conditions, facilitat-

ing engulfment of mitochondria by autophagosomes. It is

attractive to hypothesize that Nix, Bnip3, and FUNDC1

function in a coordinate manner during hypoxia with the

consequence that FUNDC1 selectively targets mitochondria

to autophagosomes formed through Nix- and Bnip3-mediated

activation of Beclin 1.

Two groups have recently described a novel developmental

role for mitophagy in the elimination of paternal mitochondria

from fertilized oocytes (Figure 3c).13,14 In most eukaryotes,

only maternal mitochondrial DNA is inherited, although

sperms do contain mitochondria that are present in the oocyte

immediately after fertilization. These paternal mitochondria

are rapidly destroyed, although the evolutionary advantage

this confers is unclear. Mechanistically it had not been known

whether strict maternal inheritance was due to simple dilution

of paternal mtDNA or active degradation of paternal mito-

chondria. The two studies in Caenorhabditis elegans show

that an autophagic process accounts for selective degradation

of sperm-derived mitochondria in early stages of embryo-

genesis. When autophagy is inhibited, paternal mitochondria

persist but remain fragmented and unable to fuse with

maternal mitochondria. While the fusion incompetence of

paternal mitochondriamay predispose them tomitophagy, the

signal that activates this exceptional form of mitophagy

selectively on sperm-derived mitochondria remains unknown.

Mitophagy in Neurons

Neurons represent a particularly interesting cell type for

mitophagy because they combine high demand for mitochon-

dria and high mitochondrial stress with a challenging cellular

architecture. Neuronal demand for mitochondria is reflected in

the high local density of mitochondria at presynaptic endings,

post-synaptic densities, nodes of Ranvier, and in growth

cones,97,98where mitochondrial function is required to sustain

neuronal activity. Indeed, it is estimated that the brain of a

resting human is responsible for 25% of oxygen consumption,

although it consists of only 2% of the volume.99 In addition to

their importance for ATP production in neurons, neuronal

mitochondria also serve important Ca2þ -buffering roles.

Neurons are post-mitotic and non-proliferating cells; there-

fore, their mitochondria are particularly prone to accumulation

of oxidative damage over time and high levels of Ca2þ influx

in neurons may be a further stressor. Not surprisingly,

mitochondrial damage and dysregulation of mitophagy have

been implicated in several neurodegenerative disease asso-

ciated with aging, such as PD,100 Alzheimer’s disease (AD),

and Huntington’s disease (HD).101 Significantly, it is not clear

whether it is the upregulation or downregulation of mitophagy

that contributes to the pathology of some of these neurode-

generative diseases. In addition, the neuronal process of

mitophagy remains enigmatic as pathways of mitophagy have

mainly been characterized in non-neuronal cell lines. While

the role of PINK1 and Parkin in non-neuronal mitophagy is

well established and mutations in these two genes are

associated with neurodegeneration in hereditary PD, it

remains to be seen whether our knowledge of damage-

induced mitophagy can be applied to neurons. In fact, it has

been reported that unlike other cell types, depolarization of

neuronal mitochondria does not lead to Parkin recruitment or

their autophagic clearance.102 On the other hand, recruitment

of Parkin to depolarized neuronal mitochondria and their

Parkin-dependent mitophagy have been observed in other

studies.69,86 Clearly, further work is required to address the

relevance of the PINK1/Parkin-mediated pathway of mito-

phagy in neurons.

Neurons face a unique challenge for mitochondrial turnover

because a large fraction of the mitochondrial mass resides in

distal axonal and dendritic processes, far away from the soma

where most of the biogenesis is likely to occur and most of the

lysosomes are thought to be located.103 The scarcity of

lysosomes in axons may suggest that mitochondrial degrada-

tion preferentially occurs in the soma. While it may take days

for axonal transport to deliver an organelle to the soma for

degradation, rapid elimination of dysfunctional mitochondria is

probably critical for protection of neurons against oxidative

damage and degeneration. Not surprisingly, perhaps, neuro-

nal autophagy plays a critical role in the maintenance of

homeostasis in distal axons. Indeed, neurons are particularly

sensitive to loss of autophagic genes.104 At basal levels,

neuronal autophagy is highly efficient, and as a result,

autophagosomes are rarely observed in neurons.105 In fact,

multiple lines of evidence suggest that regulation of auto-

phagy in neurons is distinct from other cell types.

The life cycle of damaged axonal mitochondria is poorly

understood and it is not clear whether they need to be

trafficked back to the cell body at any stage during their

autophagic degradation. While preferential retrograde move-

ment of depolarized mitochondria has been controver-

sial,106,107 the destruction of Miro and arrest of

mitochondrial movement that occurs upon mitochondrial

damage will prevent the retrograde transport of mitochondria

on which the PINK1/Parkin pathway has been activated.69

If retrograde transport is required for the completion of

mitophagy, it is therefore not clear at which stage of the

process defective mitochondria are retrieved from axons. It

may be advantageous to the neuron to first sequester the

damaged organelle locally within an autophagosome before

transport to the soma. Retrograde transport of the autophago-

some would be independent of Miro, a mitochondrion-specific

adaptor.108 Indeed, autophagic markers have been detected

in axons, suggesting that autophagosomes can form in

neuronal processes.109 In addition, distal formation and

retrograde transport of autophagosomes in axons of primary

neurons have been reported and mitochondrial markers have

been observed in these autophagosomes.110 Nevertheless, it

is not certain that retrograde transport of an autophagosome

to the soma is strictly required as lysosomal markers have

also been found to colocalize with autophagosomes in distal

axons, implying that lysosomal degradation can be completed

outside the soma.109,110 It bears mentioning that the above

studies have looked at the total population of autophago-

somes, and the fate of mitophagosomes formed in response

to damage in particular have not been analyzed. Under-

standing the dynamics of damaged neuronal mitochondria

and the molecular players of neuronal mitophagy will help

elucidate the contribution of mitochondrial dysfunction to

neurodegenerative diseases.
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Conclusion

How diverse will the pathways to mitophagy prove to be?

From one perspective, considerable evidence in both yeast

and mammalian cells indicates that all modes of mitophagy

are harnessing the core machinery of autophagy. The

important steps of autophagy, in which autophagosomes

grow and surround their cargo before fusion with a lysosome,

are equally pertinent to the engulfment and destruction of the

mitochondria. However, the triggers that can activate this

specialized and selective form of autophagy can be quite

diverse, ranging from changes in the nutrient conditions of

yeast media to the developmental transition from reticulocyte

to erythrocyte and to damage or drug-induced loss of

mitochondrial membrane potential. Several proteins are now

identified that are critical in directing autophagosomes to the

mitochondria, including ATG32, Nix, p62, PINK1, and Parkin.

Ubiquitination of the mitochondrion, and/or the interaction of a

mitochondrial receptor with the autophagosomal protein LC3

appear to be important in targeting of the autophagosome, but

in each case the details of this recruitment remain unclear.

More mysterious, perhaps, is the means by which the cues for

mitophagy may initiate autophagosome formation before the

association with mitochondrial membranes. Finally, there is

interplay between control of mitochondrial dynamics – their

movements, fissions, and fusions – and the progression of

mitophagy; arrest and fragmentation of mitochondria after

damage is likely to facilitate the selective clearance of

damaged organelles. The existence of multiple pathways for

mitophagy is likely to provide distinct control mechanisms for

regulating constitutive turnover of mitochondria, rapid

responses to damaged mitochondria, adjustments to mito-

chondrial status with nutrient availability, and highly specia-

lized developmental needs.
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