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Abstract

It has been nearly a decade since the first landmark studies implicating familial recessive 

Parkinson’s disease genes in the regulation of selective mitochondrial autophagy. The PTEN-

induced kinase 1 (PINK1) and the E3 ubiquitin ligase Parkin (encoded by the PARK2 gene) act 

together to mark depolarized mitochondria for degradation. There is now an extensive body of 

literature detailing key mediators and steps in this pathway, based mostly on work in transformed 

cell lines. However, the degree to which PINK1-triggered mitophagy contributes to mitochondrial 

quality control in the mammalian brain, and the extent to which its disruption contributes to 

Parkinson’s disease pathogenesis remain uncertain. In recent years, it has become clear that there 

are multiple, potentially redundant, pathways of cargo specification for mitophagy. Important 

mitophagy-independent functions of PINK1 and Parkin are also emerging. This review 

summarizes key features of three major mitophagy cargo recognition systems: receptor-mediated, 

ubiquitin-mediated and cardiolipin-mediated. New animal models that may be useful for tracking 

the delivery of mitochondria into lysosomes in different neuronal populations will be highlighted. 

Combining these research tools with methods to selectively disrupt specific mitophagy pathways 

may lead to a better understanding of the potential role of mitophagy in modulating neuronal 

vulnerability in Parkinson’s spectrum (PD/PDD/DLB) and other neurodegenerative diseases.
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A Brief History of Mitophagy in Parkinson’s Disease

Neurons maintain extended axonal and dendritic arbors, poised in readiness to rapidly 

communicate electrochemical signals across vast cellular distances. These bioenergetically 
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demanding activities necessitate a high degree of metabolic dependence on mitochondria 

[33]. As mitochondria are damaged with usage, aging or disease, neurons rely upon multiple 

cellular quality control mechanisms to identify and either repair or replace damaged 

mitochondrial segments [16, 75]. Mitophagy, short for mitochondrial macroautophagy, 

represents the process by which mitochondrial are selectively sequestered and delivered for 

lysosomal degradation [43]. Mitochondrial turnover by this mechanism is believed to 

operate at basal levels to maintain neuronal health. In addition, mitophagy can be up-

regulated in response to mitochondrial injury, cellular differentiation or stress-induced 

metabolic adaptation.

One of the first clues highlighting an important role for mitophagy in Parkinson’s and 

related diseases was an ultrastructural study delineating mitochondria marked by activated 

kinases within autophagosomes in neurons of patients with Parkinson’s Disease (PD) and 

Lewy Body Dementia (LBD) [85]. Subsequently, altered mitophagy was observed in 

numerous experimental models of toxic-environmental and genetic forms of PD [11, 12, 14, 

16, 19, 58, 86]. In 2008, a landmark study from the Youle lab showed that Parkin, an E3 

ubiquitin ligase encoded by the PARK2 gene, plays an integral role in marking severely 

depolarized mitochondria for lysosomal clearance [55]. This was followed by simultaneous 

work by several groups showing that the mitochondrial kinase encoded by a second 

recessive PD gene, PINK1, accumulated on depolarized mitochondria to recruit Parkin [35, 

48, 56, 79]. In the intervening decade, extensive progress has been made concerning PINK1 

stabilization on the surface of depolarized mitochondria, its role in phosphorylating both 

ubiquitin and Parkin, mitophagy adapters that link ubiquitinated mitochondria to the 

autophagic machinery, and other mitochondrial fusion or transport proteins whose 

proteasomal degradation facilitates mitochondrial sequestration [Reviewed in [25, 51, 82]]. 

PINK1 and Parkin regulated mitophagy is triggered by CCCP or FCCP in a wide variety of 

cell types, and represents the most studied pathway of cargo specification.

Unresolved Questions

Despite all this progress, the relative importance of the PINK1-Parkin mitophagy pathway in 

neurons, and its contribution to the pathogenesis of recessive PD and other 

neurodegenerative diseases remain unclear [24, 59, 62]. The majority of studies have been 

performed in proliferative, metabolically flexible cells using overexpressed Parkin and 

severe stimuli including chemical depolarization, chemical ablation of electron transport or 

laser-triggered ROS generation. Studies focusing on primary neurons or neurons 

differentiated from induced pluripotent stem cells have yielded conflicting interpretations 

concerning activation of the PINK1-Parkin pathway, ranging from no increase over baseline 

in cortical, striatal or midbrain neurons to parkin recruitment to 16% of Killer red-

depolarized mitochondria in hippocampal neurons [4, 7, 62, 76]. The responses in neurons, 

if present are slower and/or much less robust compared to the responses observed in tumor 

cells.
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Alternative functions for PINK1 and Parkin

While it is clear that deficiency in PINK1 or PARK2, or expression of recessive mutations 

linked to PD, have profound effects on mitochondrial structure and function, deciphering 

which of these function(s) play a key role in disease pathogenesis is not straightforward. 

One complicating factor in analyzing the effects of PINK1 or PARK2 deficiency, relates to 

growing evidence that these genes are involved in multiple aspects of mitochondrial quality 

control [3, 13, 64, 71]. Primary mouse Pink1−/− neurons exhibit mitochondrial 

fragmentation, reduced membrane potential, and lysosomal expansion [17]. Stem cell 

derived PINK1 RNAi neurons show increased cell death accompanied by similar membrane 

potential and lysosomal changes [81], and iPSC-derived neurons from PARK2- and PINK1-
mutated patients clearly exhibit mitochondrial dysfunction [15]. Whether or not these 

mitochondrial deficits are caused by primarily by deficits in mitophagy or through 

dysregulation of upstream mechanisms is less clear.

An in vivo protein turnover study in Drosophila supports an important role of PINK1 and 

Parkin in regulating mitochondrial protein turnover in vivo [78]. However, there is a 

disconnect between the effects of PINK1 deficiency and autophagy (Atg7) deficiency, 

suggesting that PINK1 regulates respiratory complex protein stability through additional 

mechanisms independent of the autophagy machinery. Whether or not this could occur 

through mitochondrial derived vesicles [50], the effects of PINK1 on cristae structure [16] 

remain to be addressed experimentally.

PINK1 may also function to maintain high quality mitochondria through its ability to 

modulate the phosphorylation of complex I subunits, mitochondrial fission and transport 

proteins, mitochondrial chaperones and mitochondrial calcium transporters [39, 53, 60, 63, 

69, 84]. Notably, PINK1 and Parkin may also function in the cytosol to regulate PGC-1α 
and mitochondrial biogenesis [42, 68, 70], suppressing autophagy [16, 20] and activating 

mTORC2 [54]. Additional neuron-specialized roles for PINK1 include a role in promoting 

dendritogenesis or maintenance of dendritic arbors [71], based on studies showing dendritic 

simplification in Pink1−/− neurons that can be rescued by processed, cytosolic PINK1 [18].

PINK1- and Parkin-independent mitophagy

Finally, a growing number of PINK1- and/or Parkin-independent pathways of selective 

mitophagy have been reported [1, 14, 30, 44, 72]. These are not mutually exclusive 

pathways, and there is evidence that more than one mechanism may be activated by a given 

stimulus. Indeed, cross-regulation, potential redundancy, and multiplication of mitophagy 

mechanisms relative to unicellular organisms attest to the importance of mitochondrial 

autophagy in mammalian cells. PINK1-independent mitophagy pathways may account for 

the upregulation of neuroprotective mitophagy observed in PINK1-deficient neuronal 

models [16, 38, 61]. While many studies have shown that PINK1 and Parkin are essential for 

CCCP/FCCP-triggered mitophagy, they may not be essential for mitophagy triggered by 

rotenone, hypoxia, ROS or iron deficiency [1, 14, 26, 44]. Given this functional redundancy, 

the impact of loss of function mutations on mitophagic turnover in specific neuronal 
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populations cannot be assumed, but should be experimentally investigated keeping in mind 

alternative cargo-targeting mechanisms for mitophagy.

Three Mechanisms of Cargo Recognition for Selective Mitophagy

Among the stimuli that upregulate mitophagy are developmental cues, mitochondrial toxins, 

hypoxic-ischemic/oxidative injuries and expression of mutated proteins. Given that a given 

mitophagy stimuli may trigger more than one pathway, I have chosen to classify these 

pathways in terms of the molecules that are recognized by the autophagy machinery (Figure 

1). These mitochondrial “eat-me” signals may be transcriptionally regulated, and/or post-

translationally modified or exposed to stimulate mitophagy. All are recognized directly or 

indirectly by mammalian Atg8 homologues. While most existing studies have focused on 

microtubule-associated protein 1 light chain 3 (LC3), which has three human protein 

isoforms LC3A, LC3B and LC3C, members of the gamma-aminobutyric acid receptor-

associated protein (GABARAP) family, which includes GABARAP, GABARAPL1 and 

GABARAPL2/Golgi-associated ATPase enhancer of 16 kDa (GATE-16), are also implicated 

in cargo targeting for selective autophagy [57].

Receptor-mediated mitophagy

Selective removal of mitochondria occurs during normal developmental differentiation of 

several cell types, including erythrocytes. This process is mediated by transmembrane 

receptors that are expressed on the outer mitochondrial membrane [32] (Figure 1a). Nix, also 

known as BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like (BNIP3L), is 

transcriptionally upregulated during reticulocyte maturation to erythrocytes. Nix/BNIP3L 

interacts directly with LC3B or GATE-16 via an LC3-interacting region (LIR), thereby 

mediating the sequestration of Nix-expressing mitochondria by the growing phagophore 

(autophagic isolation membrane) [57]. A growing number of other outer mitochondrial 

membrane proteins containing LIR domains have also been identified, including FKBP8 [5], 

with several implicated in mitophagy (Reviewed in [25].

Interestingly, hypoxia also induces expression of Nix/BNIP3L as well as a related BH3 

protein BNIP3 [45], implicating similar receptor-mediated mitophagy mechanisms in injury-

induced mitophagy. In addition, post-translational modifications play a key role allowing for 

more rapid responsiveness to hypoxic stress, as observed for the mitophagy receptor 

FUNDC1 [44, 46]. PINK1 and Parkin are not required for receptor-mediated mitophagy, and 

a recent study suggests that Nix is able to compensate for dysfunction of PINK1 or Parkin in 

fibroblasts from Parkinson’s disease patients [38].

Ubiquitin-mediated mitophagy

Mitochondrial depolarization, or other injuries sufficient to interrupt mitochondrial protein 

import, causes PINK1 protein to accumulate on the outer surface of mitochondria [35, 48, 

56]. PINK1 phosphorylates and recruits parkin to the mitochondrial surface [66] and 

phosphorylates ubiquitin. Phospho-ubiquitin activates the E3 ligase activity of parkin [31, 

36, 40], resulting in ubiquitination of mitochondrial surface proteins (Figure 1b). This leads 
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to proteasomal degradation of outer membrane proteins and/or to mitochondrial degradation 

by autophagy [8, 83]. Interestingly, Parkin itself may not be essential for ubiquitin-mediated 

mitophagy, as other ubiquitin ligases have also been implicated [74].

A group of bifunctional LIR domain-containing cytosolic proteins with ubiquitin binding 

domains serve to link the ubiquitinated mitochondrion to LC3 to promote selective cargo 

sequestration. These adapters play a role in selective clearance of ubiquitinated protein 

aggregates, in xenophagy of certain bacteria, and in mitophagy [28]. Optineurin and NDP52 

represent the most heavily studied mitophagy adapters, whereas the involvement of the 

selective autophagy adapter p62 is controversial in depolarization-mediated mitophagy [23, 

41, 49, 80]. Human post-mortem studies indicate increased staining for phospho-ubiquitin in 

degenerating substantia nigra neurons [21], with a similar staining pattern to structures 

previously defined ultrastructurally as mitochondria within autophagosomes 

(mitophagosomes) in PD/LBD patients [85]. Taken together, these studies indicate activation 

of ubiquitin-mediated mitophagy in PD and related dementias.

Cardiolipin-mediated mitophagy

A third mechanism of selective mitophagy was initially reported in cortical neurons and 

neuroblastoma cells in response to lower dose treatments with parkinsonian toxins rotenone 

and 6-hydroxydopamine [14]. This pathway involves the enzymatic translocation of the 

inner mitochondrial membrane phospholipid cardiolipin to the outer surface of 

mitochondria, where it can interact directly with LC3 to mediate mitophagy (Figure 1c). The 

cardiolipin translocation steps require phospholipid scramblase-3 [14] and the dual 

functional mitochondrial nucleoside diphosphate kinase-D [29]. Like receptor-mediated 

mitophagy, cardiolipin-mediated mitophagy does not require PINK1 accumulation or Parkin 

recruitment to the mitochondria [14], but can also be triggered by staurosporine and CCCP 

in parallel to the PINK1-Parkin pathway. Cardiolipin interacts with multiple Atg8 family 

members, but only LC3 translocates to mitochondria in rotenone treated glioma cells [2]. In 

addition to cardiolipin, ceramide has been implicated in targeting autophagosomes to 

mitochondria to elicit a form of cell death involving mitophagy [65].

The composition of the four fatty acyl chains on cardiolipin may be important in regulating 

mitophagy, as tafazzin deficiency in MEFs results in defective mitophagosome biogenesis 

[27]. Tafazzin, which is mutated in Barth syndrome, functions to remodel cardiolipin. Little 

is currently known about the effects of cardiolipin composition on mitophagy, except that 

species of cardiolipin with four fatty acyl chains bind LC3 with greater affinity than lyso-

cardiolipins [14]. The brain has a highly distinct cardiolipin fatty acyl profile compared to 

other tissues. Brain cardiolipin is composed of fewer unsaturated fatty acids, rendering it 

more resistant to peroxidation [6]. Given that cardiolipin lipid peroxidation is involved in 

apoptotic signaling [67], but not in mitophagy [14], tissue-specific differences in cardiolipin 

fatty acyl chain composition may regulate thresholds for mitophagy and apopotosis in 

different cell types.
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Mitophagy Marker Mice

While much has been learned about selective cargo targeting mechanisms for mitophagy in 

cultured cells and neurons, demonstrating activation of mitophagy in vivo has been more 

elusive. Mitochondrial proteins clearly undergo turnover in vivo. As indicated above, 

however, this could be due to localized degradation by mitochondrial peptidases, 

proteasomal degradation, mitochondria derived vesicles or mitophagy. While 

mitophagosomes [85], or surrogate markers of activation such as phospho-ubiquitin, are 

observed in human PD midbrain sections [21, 85], this could reflect either increased 

mitophagic flux or decreased completion of mitophagy. Furthermore, beyond chemical/toxin 

exposures or hypoxic injuries, the physiological or pathological triggers for mitophagy 

remain to be clearly defined in vivo.

Within the last few years, a new pair of transgenic mouse models have been developed, 

which could help resolve some of these questions. Both serve to monitor the delivery of 

mitochondria into acidic lysosomal compartments, and thus, can be used to estimate 

mitophagic flux. As discussed below, studies in both model systems indicate that differences 

in the regulation and requirement of different cell types for mitophagy, previously delineated 

in culture models, are even further augmented in vivo. Although easily transfectable tumor 

cells have formed the basis of many advances in mitophagy research, the next frontier in 

neurodegeneration research will likely only be reached by studies based in neurons, 

astrocytes, oligodendrocytes, microglia and vascular endothelium.

mt-Keima transgenic mice

Keima is a fluorescent protein that exhibits pH dependent excitation [34]. When fused to the 

mitochondrial targeting sequence of COX VIII, Keima can be directed to the mitochondrial 

matrix, which has a pH of approximately 7.8, at which it is excited predominantly by 458-

nm light. However, if the mitochondrion is present in a normally acidified lysosome (pH 

4.5–5), the excitation of mt-Keima switches to 561-nm. The ratio of 561-nm:458-nm excited 

fluorescence intensity is often quoted as an index of mitophagic flux. However, it is 

important to keep in mind that this ratio would be increased whenever mitophagic delivery 

to lysosomes exceeds their degradation or as a result of impaired synthesis/import of new 

mt-Keima. Alterations in protein synthesis or lysosomal acidification are likely to occur with 

aging or disease states, and can be experimentally addressed through other methods.

Studies using a transgenic mouse line in which the mt-Keima reporter was inserted into the 

Hipp11 locus reveal that different tissues and neuron types differed greatly in levels of basal 

mt-Keima signal, with high levels in the heart and neural stem cells [73]. The mitophagy 

signal of mt-Keima in tissue sections was calculated as the number of pixels showing high 

red fluorescence and low green fluorescence divided by the sum of background-subtracted 

mt-Keima pixels irregardless of excitation wavelength. Interestingly, mt-Keima signal were 

highest in select populations of neurons including the small granule neurons of the dentate 

gyrus and large Purkinje projection neurons, but not the granule neurons in the cerebellum 

[73]. Similar cell type specific differences in the cerebellar autophagic response have been 

previously reported [22]. In the mt-Keima mice, a degree of Atg5-independent mitophagy 
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was also observed in both dentate and Purkinje neuron populations. The dentate gyrus 

showed an aging related decline with marked differences observed in 21-month versus 3-

month old mice [73]. Mutant Huntington has been previously reported to result in empty 

autophagosomes, presumably by interfering with cargo specification [47]. This correlates 

with diminished mt-Keima delivery to lysosomes in the dentate gyrus of mice expressing 

mutant Huntingtin. Interestingly, regions of the brain relevant to PD and related dementias, 

the cortex, striatum, and substantia nigra, showed only modest levels of basal mitophagy 

[73]. Given that increased mitophagy has been observed in culture models of mutant LRRK2 

expression and PINK1 deficiency [9, 10, 77, 87], it would be interesting to further study how 

the mt-Keima mitophagy signal is altered with aging or PD-linked genetic mutations.

Outside of the brain, mt-Keima signals were augmented in the liver by high fat diet, hypoxia, 

expression of a proofreading-deficient form of the mitochondrial DNA polymerase POLG-γ, 

or by generalized cachexia [73]. This latter observation is important as these types of sensors 

are not designed to differentiate among the different pathways of mitophagy discussed 

above, or to distinguish selective mitophagy from increased mitochondrial degradation due 

to nonselective autophagy.

mito-QC transgenic mice

Shortly after description of the mt-Keima mouse, an alternative mouse model was reported 

that is based on the differential sensitivity of RFP or mCherry versus GFP to acidic 

environments. Called mito-QC, this mCherry-GFP-FIS1 sensor [1] is similar in principal to 

the commonly used RFP-GFP-LC3 tandem flux reporter [37]. Mitochondrial targeting is 

accomplished using the mitochondrial targeting sequence of the outer mitochondrial 

membrane protein FIS1. Mitochondria surrounded by neutral cytosol would emit both red 

and green signals, while mitochondria in the acidic lysosomal compartment would emit red 

only signals.

The mito-QC mouse also highlights striking tissue-specific differences in levels of basal 

mitophagy [52]. The highest mitophagy index was observed in the kidney and liver, with 

intermediate levels in the heart and skeletal muscle, and lower levels in the spleen. In the 

brain, red-only mitochondria, reflective of mitochondria in acidic environments, were 

observed in cerebellar Purkinje cells, but not cerebellar granule cells. Interestingly, the mito-

QC mouse revealed a regional upregulation of mitophagy in the embryonic heart that may be 

related to metabolic switching to fatty acid metabolism. High resolution images are assisted 

by the low spectral overlap exhibited by this reporter system, and reveal subcellular 

concentration of mitophagolysosomes in the central multinucleated region of the tongue 

muscle [52]. Another advantage of this system is that the tissues can be fixed, although the 

molecular basis for continued quenching of the intra-lysosomal GFP signal after fixation is 

unclear.

Future Studies

Proper turnover of mitochondria through coordinated activities of mitophagy and 

mitochondrial biogenesis undoubtedly plays a key role in neuron health and function. The 
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discovery that multiple genes implicated in familial neurodegenerative diseases play key 

roles in regulating ubiquitin-mediated mitophagy led to rapid research advances in 

understanding the molecular interactions responsible for mitochondrial cargo selection. At 

the same time, the existence of multiple, independent and potentially redundant pathways 

that serve to identify mitochondrial cargo for autophagic degradation raises additional 

questions. Are other mitophagy pathways able to compensate for deficits in one particular 

pathway? Are certain cell types or injury stimuli more dependent on one particular pathway? 

Does either insufficient or excessive mitophagy represent a causative, driving force behind 

neurodegeneration? The possibility that PINK1 and Parkin have alternative roles that are 

important for neurons should also be kept in mind.

Determining whether altered mitophagy plays a causative role in the pathogenesis of PD, 

DLB and other neurodegenerative diseases will require a more complete understanding of 

the level of mitophagy experienced by different populations of neurons and their support 

cells in the brain. Although chemicals and toxins used in culture models are likely to also 

trigger mitophagy in vivo, and some of these exposures are linked to human parkinsonism, 

for the most part in vivo triggers for brain mitophagy remain to be delineated. Both the mt-

Keima and mito-QC mouse models offer new opportunities to study these processes, 

whether during normal development, as adaptive responses to stress, or under disease states. 

Delineating whether or not mitophagic flux is increased or decreased represents a first step 

towards understanding the potential role of mitophagy in neurodegenerative disease models. 

These studies can then guide development of hypothesis-driven work to delineate the relative 

importance of specific mitophagy pathways, and whether their stimulation or inhibition 

leads to neuroprotection.
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Highlights

• PD-linked PINK1 and PARK2 encode proteins that regulate ubiquitin-

mediated mitophagy

• PINK1 and Parkin are not necessary for receptor- or cardiolipin-mediated 

mitophagy

• Whether mitophagy is increased, decreased or unchanged in PD neurons is 

unclear

• Mitophagy marker mice may be useful to study how mitophagy changes in 

neurons in vivo
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Figure 1. Three cargo targeting mechanisms for mitophagy
There are several cargo targeting mechanisms for selective mitophagy that have been 

described in mammalian cells. Each pathway involves a binding interaction with the 

autophagy protein LC3 (black circle), or its homologs, which brings mitochondria to the 

phagophore as it extends to form an autophagosome. (a) Transmembrane LIR-motif 

receptors (purple shape) expressed on the outer mitochondrial membrane are able to directly 

bind LC3 for receptor-mediated mitophagy. Mitophagy in this pathway is regulated by 

transcriptional or post-translational mechanisms. (b) In ubiquitin-mediated mitophagy, 

mitochondrial depolarization results in accumulation of PINK1 (pink diamond) on the 

mitochondrial surface. PINK1 recruits and activates Parkin (grey notched diamond), 

resulting in addition of ubiquitin (white hexagons). Bifunctional LIR-domain proteins 

(purple shape) capable of binding ubiquitin and LC3 function as cargo adapters. (c) The 

phospholipid cardiolipin (purple shape) is normally sequestered inside mitochondria. Upon 

mitochondrial injury, cardiolipin is enzymatically externalized, allowing it to bind LC3 

during cardiolipin-mediated mitophagy.

Chu Page 15

Neurosci Lett. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	A Brief History of Mitophagy in Parkinson’s Disease
	Unresolved Questions
	Alternative functions for PINK1 and Parkin
	PINK1- and Parkin-independent mitophagy
	Three Mechanisms of Cargo Recognition for Selective Mitophagy
	Receptor-mediated mitophagy
	Ubiquitin-mediated mitophagy
	Cardiolipin-mediated mitophagy
	Mitophagy Marker Mice
	mt-Keima transgenic mice
	mito-QC transgenic mice
	Future Studies
	References
	Figure 1

