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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disease that causes a debilitating

movement disorder. While most cases of PD appear to be sporadic, rare Mendelian forms have

provided tremendous insight into disease pathogenesis. Accumulating evidence suggests that

impaired mitochondria underpin PD pathology. In support of this theory, data from multiple PD

models has linked PINK1 and parkin, two recessive PD genes, in a common pathway impacting

mitochondrial health, prompting a flurry of research to identify their mitochondrial targets. Recent

work has focused on the role of PINK1 and parkin in mediating mitochondrial autophagy

(mitophagy), however, emerging evidence casts parkin and PINK1 as key players in multiple

domains of mitochondrial health and quality control.

Parkinson’s Disease is a Mitochondrial Disease of Aging

Parkinson’s disease (PD) is a common neurodegenerative disease of complex etiology

marked by the insidious onset of a constellation of characteristic movement symptoms,
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including resting tremor, bradykinesia, rigidity and difficulty initiating movement. These

movement symptoms are attributed to the relatively selective loss of dopamine producing

neurons in the substantia nigra pars compacta (SNc). Over the past 30 years, basic and

clinical research points to mitochondrial compromise as a central or contributing factor in

PD pathogenesis [1–3].

While 90% of PD cases are considered sporadic, a handful of Mendelian forms of PD

discovered over the past 15 years are now thought to make up at least 10% of disease burden

[4, 5]. Mutations in genes coding for LRRK2 (Leucine rich repeat kinase 2), α-synuclein,

parkin, PINK1 (PTEN Induced Putative Kinase 1), and DJ-1 among others lead, with

varying penetrance, to the development of PD. Their discovery has brought substantial

genetic tools to bear on the problem of PD pathogenesis. Years of studying pathogenic

variants of these genes has yielded evidence tying each to mitochondrial health [2], but

perhaps none more so than the autosomal-recessive PD (AR-PD) linked PINK1 and parkin

[1–3, 6]. Here we review the evolving body of evidence characterizing PINK1 and parkin’s

role as key regulators of mitochondrial quality control.

PINK1 and Parkin in PD

Mutations in the parkin gene are the most common cause of autosomal recessive PD [4, 5,

7]. The gene codes for a 465 amino acid E3 ubiquitin ligase capable of mediating mono or

polyubiquitination using different ubiquitin linkages via lysine 29, 48 and 63 of ubiquitin.

To date, more than 100 pathogenic parkin mutations disrupt the protein’s E3 ligase activity,

either directly or by altering the solubility or stability of the protein, leading to dopaminergic

cell death [4, 5, 8]. Moreover, recent evidence from post-mortem PD brain samples and

mouse models suggest that parkin is inactivated by post-translational modifications. These

include oxidation, nitrosylation, addition of dopamine and phosphorylation by c-Abl, an

important stress-activated non-receptor tyrosine kinase that is activated in sporadic PD

brains and in animal models of PD (reviewed in [9, 10]). These findings imply that parkin

dysfunction may play a broader role in sporadic PD [9]. Parkin seems to mediate its effects

in multiple cellular compartments including the cytosol, synaptic terminals, mitochondria

and nucleus. Crystallization of parkin suggests that it exists in an auto-inhibited state with

the requirement that it undergoes structural changes to be fully active [11, 12]. How parkin

is activated is not known, but translocation to the mitochondria or association with its

substrate, E2 conjugating enzyme or CHIP are likely to be key activators [12, 13].

The PINK1 (or PARK6) gene was first connected to PD by linkage analysis of

consanguineous families with early-onset autosomal recessive PD [4, 14]. Loss of PINK1 is

the second most common cause of autosomal recessive PD. The gene encodes a

mitochondrial targeted serine/threonine kinase and loss of this kinase function is associated

with the development of PD. Recent studies show that mitochondrial localized PINK1 is

mainly situated in the outer mitochondrial membrane (OMM) with its C-terminal and kinase

domain facing the cytosol [15], suggesting that disease-relevant PINK1 substrates may be

found in the cytosol and/or on the OMM. However, alternatively processed forms may also

be found in the inner mitochondrial membrane (IMM) and in the cytosol [15–18]. While

there is ample evidence tying each of these genes to mitochondrial health recent studies
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suggest that parkin operates together with PINK1 in a common genetic pathway with the

loss of either leading to altered mitochondrial dynamics and impaired mitochondrial

function [19, 20].

Mitochondrial Quality Control

Mitochondrial quality control is a term used to describe the coordination of mitochondrial

dynamics, mitophagy and biogenesis so as to maintain a healthy pool of mitochondria.

Mitochondria are highly dynamic organelles that form complex networks. Their very

morphology is constantly being modified by fission and fusion events, all while they are

being shuttled throughout the cell, phenomena collectively known as mitochondrial

dynamics. Controlling mitochondrial dynamics is an efficient method for tailoring

mitochondria to meet the needs of different cellular compartments and for reorganizing

working pieces into well-functioning machines. However, worn out parts often need to be

removed altogether. This is accomplished through both proteasomal degradation and

mitophagy [21]. Complementary to these removal processes, mitochondrial biogenesis leads

to the synthesis of new mitochondrial proteins either to replenish depleted parts or to meet

increased cellular demands. The coordination of these two important quality control pillars

results in a balanced turnover of mitochondrial proteins. Adjusting the balance between

biogenesis and mitophagy allows the cell to adjust bioenergetic efficiency, meeting energy

demands while minimizing the accumulation of damaged mitochondrial proteins. Moreover,

the nature of the dynamic equilibrium maintained by these processes necessitates that

deficits in one pillar lead to alterations in another sometimes obscuring the primary insult

[2].

Deficits in PINK1 and Parkin Alter Mitochondrial Fission and Fusion

A number of genetic and biochemical studies link the PINK1/parkin pathway to

mitochondrial fission and fusion (Figure 1). Loss of parkin or PINK1 in Drosophila results

in swollen mitochondria in the indirect flight muscles and in dopaminergic neurons,

suggesting that the balance of fission to fusion is pushed towards fusion in these mutants

[19, 20, 22]. This is supported by the fact that decreasing fission or increasing fusion

exacerbates this phenotype, while increasing fission or decreasing fusion suppresses it [23–

25]. In contrast to what was shown in Drosophila, most studies in mammalian cells

demonstrate that the PINK1/parkin pathway is pro-fusion as overexpression of PINK1 leads

to elongated, interconnected mitochondria, whereas knockdown of PINK1 yields fragmented

mitochondria [26, 27]. However, not all studies are in agreement as to how PINK1 and

parkin affect fission and fusion in mammalian cells [28]. It is possible that parkin and

PINK1 may affect fission and fusion differently in diverse cell types, as distinct homologs or

splice variants of the GTPases involved in fission and fusion are differentially expressed in

different cell types [29], which may be related to cell-specific bioenergetic demands. In

addition, the effects of the loss of PINK1 and parkin on fission and fusion may not be direct,

but instead downstream of other mitochondrial defects. Indeed, the cell may compensate for

mitochondrial injury by modifying the balance of mitochondrial fission to fusion. At the

molecular level, one protein that may link PINK1 and parkin to fission and fusion is

mitofusin (Mfn), a GTPase important for mitochondrial fusion. Mfn has been shown to be a
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substrate for both PINK1 and parkin and its ubiquitination appears to accelerate its

proteasomal degradation [30].

Though the evidence points to the PINK1/parkin pathway affecting fission and fusion, it is

not known how this could cause dopaminergic neuron degeneration, nor even whether it

could do so. One hypothesis is that fission and fusion allow damaged mitochondria to

complement each other. For instance, mtDNA can routinely accumulate mutations amongst

other damage caused by exposure to oxidative stress. As this mtDNA encodes indispensable

components of the ETC, mutations can have devastating consequences on mitochondrial

function. The fusion of two damaged mitochondria that harbour mutations in different genes

can allow functional complementation to occur by the diffusion of RNA and protein

components across the newly formed mitochondria, rescuing mitochondrial function. This is

believed to be an important prosurvival process under stressful conditions such as nutritional

deprivation [31]. Therefore, the loss of this ability to rescue mitochondrial function by

complementation may render cells more vulnerable to mitochondrial deficits. Conversely,

mitochondrial fission allows mitochondria to break into smaller pieces, facilitating transport

as well as the autophagic degradation of damaged mitochondria. Interestingly, fission often

leads to the segregation of damaged components to one of the resulting mitochondria,

producing one highly functional mitochondrion and another damaged mitochondrion with

reduced membrane potential [32]. Therefore, impaired fission could reduce the ability of

cells to degrade dysfunctional mitochondria by mitophagy and even to transport them to and

from neurites, which is essential in long and energetically demanding cells such as neurons.

PINK1 and parkin regulate the transport of mitochondria

Impairment in the fission fusion balance is often accompanied by perinuclear clustering of

mitochondria. Fission and fusion can directly impact mitochondrial transport as small

mitochondria are preferentially trafficked (reviewed in [33]). Parkin and PINK1 may

directly affect transport by interacting with the transport machinery (Figure 2). The OMM

protein Miro participates directly in the axonal and dendritic trafficking of mitochondria

through its recruitment of milton, an adapter protein that facilitates binding of mitochondria

to kinesin-1 heavy chain. PINK1 phosphorylates Miro and parkin ubiquitinates Miro,

targeting this protein for proteasomal degradation and arresting mitochondrial motility [34,

35]. As PINK1 is selectively stabilized on unhealthy mitochondria, damaged mitochondria

could selectively be immobilized through this mechanism, potentially decreasing their

probability of fusing with health mitochondria until they can be degraded. Intriguingly, the

OMM GTPase mitofusin (Mfn) interacts with Miro and is required for mitochondrial

transport even independently of its role in fusion [36]. This suggests that PINK1 and parkin

may also modulate transport through their effects on steady state levels of Mfn.

The thought that the dysregulation of mitochondrial transport may be implicated in PD is

especially interesting because of the increased requirements of neurons for transport given

how far neurites extend from the cell soma. PINK1 and or parkin loss could eliminate this

sorting function allowing suboptimal mitochondria to be trafficked to axon terminals where

they could undermine local energy production
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PINK1 and parkin initiate the removal of mitochondrial proteins

Many recent studies peg initiation of mitophagy at damaged mitochondria as one of the

functions of PINK1-parkin cooperation (Figure 3). In mammalian cell line models [37] and

in human fibroblasts [38], over-expressed parkin or in some situations endogenous parkin is

recruited to mitochondria in a PINK1-dependant manner after widespread mitochondrial

depolarization using mitochondrial uncouplers such as carbonyl cyanide m-chlorophenyl

hydrazone (CCCP). Mitochondrial mass is subsequently reduced and mitochondrial proteins

co-localize with autophagosomal and lysosomal markers.

What accounts for the translocation of parkin from the cytosol to the mitochondria after

widespread mitochondrial depolarization is not known. Mitochondrial localized PINK1,

which is normally rapidly degraded is stabilized on the OMM when mitochondria are

depolarized [37]. Since PINK1 kinase activity is required for the translocation of parkin and

for mitophagy, this suggests that there is an as of yet unexplained kinase-dependent process/

cascade that is required for parkin translocation to the mitochondria and subsequent

mitophagy. Some studies suggest that the phosphorylation of substrates by PINK1 primes

them to interact with parkin, thus sequestering cytosolic parkin to the mitochondria or

alternatively are ubiquitinated by parkin [34]. One candidate substrate for this role is Mfn2.

PINK1 phosphorylates Mfn2, which results in Mfn2 acting as a receptor to dock parkin at

the mitochondria [39]. Alternatively voltage-dependent anion channels (VDACs) or Miro

may act as parkin receptors at the mitochondria. However, when PINK1 is overexpressed

and artificially targeted to peroxisomes or lysosomes, parkin can be recruited to these

organelles, suggesting that a direct interaction of PINK1 and parkin might mediate parkin

translocation [40]. Some evidence suggests that direct phosphorylation of parkin by PINK1

may also be required for parkin’s translocation or activation [41]. However, to date, the

evidence for this is debated. Other players may be required for parkin recruitment. Fbxo7, an

AR-PD linked protein encoded by PARK15, participates in mitochondrial maintenance

through a direct interaction with PINK1 and parkin. Fbxo7 harbours a mitochondrial

translocation sequence (MTS) and, after mitochondrial depolarization, Fbxo7 appears to

form complexes with parkin and either full-length or N-terminal cleaved PINK1 and is

found to be enriched in mitochondrial fractions [42]. Another recent study also indicates that

hexokinase activity is required for parkin mitochondrial recruitment [43]. In addition, in the

setting of parkin overexpression, a number of enhancers and suppressors of recruitment to

the mitochondria have been described [44].

Once recruited to mitochondria, overexpressed parkin ubiquitinates a number of OMM

proteins including Mfn 1 and 2, VDAC1 and Miro among others [45]. These proteins do not

seem to be required for mitochondrial degradation since fibroblasts from VDAC1/3 or

Mfn1/2 knockout mice still undergo mitophagy [2, 6]. What triggers the autophagy of

mitochondria is not known. While some of these proteins are targeted for proteasomal

degradation, parkin’s mediation of K63 and K27 linked monoubiquitylation of other

proteins, including VDAC1, suggests a possible signalling function. After mitochondrial

uncoupling with CCCP treatment, HDAC6 and p62/SQTM accumulate on OMMs. p62 and

HDAC6 interact with ubiquitin moieties as well as components of the autophagosome such

as Ambra1 (activating molecule in Beclin-regulated autophagy) and Beclin and could thus
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serve as linker proteins that recruit the autophagosome to mitochondria [46, 47]. HDAC6 is

necessary for CCCP mediated mitophagy whereas a recent study in p62 knockout mice

suggests that p62 may mediate perinuclear clustering, but not mitophagy [48]. The PINK1/

parkin-dependent mitophagy pathway uses, at least in part, the canonical autophagy

machinery as well as the ubiquitin-proteasome system [49].

While the parkin translocation phenotype is robust in multiple mammalian cell lines that

overexpress parkin, questions remain as to whether these observations are relevant in

neurons or in PD pathogenesis [49]. A major concern is that most of these observations are

in cells manipulated to overexpress parkin raising the concern that endogenous parkin may

not mediate mitophagy [50]. Furthermore, in neurons mitochondrial translocation of

overexpressed parkin is modest and sporadic and seems to only occur after prolonged CCCP

exposure or in the setting of co-administration of apoptosis inhibitors or lysosomal inhibitors

[51] or special culture conditions [49]. There are many differences between neurons and

transformed cell lines that may explain why they respond differently to CCCP treatment.

Probably most important is that most cell lines are glycolytic, whereas neurons depend

heavily on oxidative phosphorylation for ATP production. Some observations suggest that

forcing transformed cells to rely more heavily on oxidative phosphorylation substantially

mitigates CCCP induced mitophagy [52]. Thus, the bioenergetic crisis engendered by

uncouplers particularly may not elicit endogenous parkin translocation in neurons due to the

unique energy requirements of these cells.

Another important concern with this model is that CCCP treatment induces a rapid and

almost complete loss of mitochondrial membrane potential in all mitochondria, a harsh

insult that probably never occurs in PD. Using light activated generation of reactive oxygen

species, it was shown that parkin recruitment and mitophagy can be mediated in subsets of

the mitochondrial pool after mitochondrial depolarization stemming from overwhelming

oxidative damage [53]. However other mitochondrial stressors that may be more physiologic

fail to induce parkin translocation in vivo. For instance, mitoPARK mice, which harbour the

deletion of the mitochondrial transcription factor A (TFAM) selectively in DA neurons,

show the formation of large mitochondrial aggregates, but no evidence of parkin recruitment

even when parkin is overexpressed [54]. Knocking out parkin in these mice had no

observable effect on the accumulation of mitochondrial aggregates or mitophagy. Moreover,

cytosolic dynamin-like GTPase, Drp1, knockout neurons, which accumulate damaged

mitochondria, showed markers of mitophagy such as mitochondrial ubiquitination that were

present even when parkin was knocked out [55]. Whether the mitoPARK neurons or the

Drp1 knockout neurons have sufficient mitochondrial depolarization to stabilize PINK1 on

mitochondria and initiate parkin translocation is not known. Furthermore, the role of PINK1

and parkin in mitophagy has not been described in patients with mutations in these genes

and there is no accumulation of abnormal damaged mitochondria in PINK1 or parkin

knockout mice [56, 57]. Thus, it remains to be seen whether there are mechanisms that can

trigger PINK1/parkin-dependent mitophagy in neurons of higher organisms and what

compensatory mechanisms might be at play in vivo that can substitute for PINK1/parkin

mediated mitophagic pathways. Alternatively, Parkin and PINK1 may exert more subtle

control of mitochondrial turnover by responding to mild oxidative stress to generate
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mitochondrial-derived vesicles (MDV) that are transported to lysosomes for degradation,

thus favouring repair of mitochondria over replacement [58].

Parkin deficits impair mitochondrial biogenesis

While the recent expansion of knowledge regarding the role of PINK1 and parkin in

mitochondrial dynamics, transport and autophagy is potentially important, there have also

been advances in our understanding of the role of mitochondrial biogenesis in PD. Over the

years, a number of observations have suggested that impaired mitochondrial biogenesis may

contribute to PD. For instance, reduced levels of Complex I found in PD patients and in

models of PD may be attributed to defects in biogenesis. There is decreased Complex I

activity in patients with parkin mutations [59] and in parkin and PINK1 knockout mice [57,

60]. Notably, in PINK1 mutant flies, Complex I deficiency impairs ATP production, and

supplementation of the PINK1 deficient flies with Complex 1 or with electron carrier

Vitamin K2 or ubiquinone corrects deficits in ATP production and rescues flight muscle

[61]. Moreover, in both PINK1 and parkin null flies there is an overall defect with protein

turnover that is more pronounced in ETC proteins, consistent with the possibility that

PINK1 and parkin could regulate mitochondrial content via mechanisms independent from

mitophagy, such as by affecting biogenesis [62]. There is also evidence that parkin may

mediate some of its protective effects by maintaining the integrity of the mitochondrial

genome. Parkin overexpression appears to increase mitochondrial transcription and suppress

mitochondrial DNA damage through a poorly characterized interaction with TFAM in both

proliferating cells and differentiated SH-SY5Y cells [63, 64].

While parkin may have a hand in maintaining mtDNA integrity, new evidence suggests that

the degeneration of DA neurons that occurs upon the loss of parkin may result from the

dysregulation of 2 key proteins, AIMP2 (aminoacyl tRNA synthetase complex-interacting

multifunctional protein 2) and PARIS (parkin Interacting Substrate) that accumulate in the

absence of parkin’s E3 ligase activity [65, 66]. Adult conditional knockout of parkin

recapitulates key features of PD pathogenesis, most notably progressive degeneration of

SNc DA neurons. Both AIMP2 and PARIS accumulate in these mice, as well as in patients

with parkin mutations and sporadic PD [9]. PARIS is responsible for the degeneration of DA

neurons that occurs following the adult inactivation of parkin since knockdown of PARIS

attenuates this loss of DA neurons [66]. Interestingly, PARIS directly impacts the nuclear

transcription of mitochondrial proteins.

PARIS is a zinc-finger protein, first identified by a yeast two-hybrid screen, which mediates

neurodegeneration via transcriptional repression of peroxisome proliferator-activated

receptor gamma (PPARγ) coactivator-1α (PGC-1α), a master regulator of mitochondrial

biogenesis that is required to match mitochondrial output to energetic demands (Figure 5).

By serving as a transcriptional cofactor for numerous mitochondrial proteins, PGC-1α is

able to fine tune mitochondrial function to meet the needs of the cell and mediate protection

from oxidative injury (reviewed in [67]). Consistent with the notion that PGC-1α defects

play a role in PD are the observations that PGC-1α levels are decreased in the SNc of PD

patients [66] and mice lacking PGC-1α are more susceptible to MPTP, a neurotoxin

associated with PD [68]. PGC-1α overexpression prevents the loss of DA neurons when
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PARIS is overexpressed suggesting that it may be the key target linking PARIS to DA

degeneration. In addition, overexpression of PGC-1α protects against MPTP, rotenone,

oxidative stress and α-synuclein induced neurodegeneration [67]. PGC-1α polymorphisms

are associated with age of onset and risk of PD [69] and PGC-1α is dysfunctional in patients

with parkin-associated PD [70]. Moreover, reductions in PGC-1α levels may be an

important cause of PD pathogenesis since PGC-1α-responsive genes are downregulated in

micro-dissected dopaminergic neurons [71]. Thus accumulating evidence strongly supports

the notion that defects in PGC-1α signalling contribute to the pathogenesis of PD. PARIS

and its regulation by parkin via the ubiquitin proteasome system may provide the underlying

molecular mechanism linking PGC-1α to PD. Although exciting and potentially important,

the parkin, PARIS, PGC-1α pathway of neurodegeneration in PD still awaits further

independent validation. Interestingly, PPARγ activation also rescues mitochondrial function

due to loss of PINK1 through increased mitochondrial biogenesis suggesting that PINK1

may be part of PARIS and PGC-1α pathway [72]. Moreover, enhancing nucleotide

metabolism, which can promote mitochondrial biogenesis, protects against mitochondrial

dysfunction and neurodegeneration in PINK1 models of PD. This provides further evidence

that PINK1 may regulate biogenesis [73]. It will be important to determine what role if any

PINK1 plays in PARIS regulation and how it regulates mitochondrial biogenesis.

Further investigation is needed to characterize the nature and extent of mitochondrial

dysfunction downstream of adult parkin loss. Moreover, since parkin seems to have other

pathogenic substrates, such as AIMP2 [65], it will be important to determine how PARIS

and AIMP2 and potentially other substrates interact in the pathogenesis of PD due to parkin

inactivation. Do they intersect in a common pathway or are they part of separate pathways?

Since parkin inactivation impairs mitochondrial quality control at multiple levels, does the

accumulation of AIMP2 play a role in mitochondrial QC or does it contribute to DA

degeneration by affecting upstream or downstream pathways?

Concluding Remarks

There is evidence implicating parkin and PINK1 in each axis of mitochondrial quality

control including fission and fusion, mitophagy, transport and biogenesis (Figure 5).

However, it remains unclear whether insult to these different mitochondria control axis is

sufficient to cause PD. For instance, altering the balance of fission to fusion in PINK1 or

parkin mutant Drosophila significantly corrects the phenotype seen in these models, but

even this is not sufficient to establish that a defect in fission is responsible for this phenotype

rather than a downstream consequence of another mitochondrial insult. In support of the

latter, correction of mitochondrial dynamics does not correct Complex I dysfunction, hinting

that the bioenergetic compromise may be an upstream mediator of fission-fusion defects in

flies [61, 74]. Also, mutations in Mfn2 and OPA1 do lead to cell death of selective neuronal

populations as they can respectively cause Charcot Marie Tooth type 2a [75] and optic

atrophy [76, 77]. But the dopaminergic cell death that would be expected if an imbalance of

fission and fusion were at the heart of PD pathogenesis has not been reported in these

diseases. Although, the loss of PINK1 or of parkin affect the transport of damaged

mitochondria, it is unknown whether correcting this has any effect on PD pathogenesis in

any existing model. As for mitophagy, it is not clear whether PINK1 and parkin regulate
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mitophagy in neurons. One confounding observation is that, while the Drosophila genetic

studies show that parkin overexpression can rescue defects in PINK1 mutants,

overexpressed parkin cannot be recruited to mitochondria to initiate mitophagy in the

absence of PINK1. This suggests that the loss of parkin/PINK1 mediated mitophagy may

not be responsible for the degeneration seen in Drosophila and possibly not in PD patients

either. Finally, parkin plays a role in mitochondrial biogenesis by both safeguarding mtDNA

and by regulating PGC-1α-levels via its ubiquitination of PARIS. This is promising both

because of the compelling evidence tying injury to mtDNA to PD pathogenesis and the

emerging role of PGC-1α in PD. Under normal conditions, reductions in mitochondria via

the PINK1/parkin-dependent mitophagy pathway could be counter-balanced by the parkin/

PARIS mitochondrial biogenesis pathway as part of a homeostatic mechanism to maintain

mitochondrial mass to meet the energy demands of a cell. It will be of interest to determine

whether PINK1 also plays a role in mitochondrial biogenesis and also to determine whether

other genetic and chemical models of PD converge upon mitochondrial biogenesis

pathways. Additional questions regarding the role of parkin and PINK1 in mitochondrial

function and quality control remain (Box I). Determining whether defects in any of these

processes are sufficient to cause PD in multiple different models will be central to furthering

our understanding of PD pathogenesis.

BOX I

Remaining Questions

• What is the primary deficit caused by PINK1 or Parkin loss and how does it

drive mitochondrial compromise and dopaminergic cell death?

• Are impaired mitochondrial dynamics a cause or consequence of impaired

mitochondrial bioenergetics?

• If deficits in PINK1 dependant mitophagy underlie pink1 deficiency phenotypes,

how are these phenotypes rescued by Parkin overexpression?

• How does PINK1 play a role in mediating mitochondrial biogenesis and is it

linked to PARIS and parkin in PD pathogenesis?

• Why are DA neurons primarily affected if Parkin and PINK1 are expressed in

most neurons?
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Highlights

• Parkinson’s disease is a mitochondrial disease of aging

• PINK1 and parkin are key players in multiple domains of mitochondrial health

• PINK1 and parkin are key regulators of mitochondrial quality control
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Figure 1. Mitochondrial Fission and Fusion
PINK1 and Parkins’ role in regulating the balance of mitochondrial fission to fusion. (a)

PINK1 localized to healthy mitochondria is cleaved and exported from mitochondria to be

rapidly degraded by the proteasome. Drp1 accumulates on mitochondria targeted for fission

and allows mitochondria to divide. Conversely, in mitochondria destined to fuse, Mfn

molecules from separate mitochondria tether mitochondria together and allow fusion of the

OMM to occur. Subsequently, fusion of the IMM of the two mitochondria ensues via Opa1.

PINK1 localized on damaged mitochondria is stabilized on the OMM. PINK1
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phosphorylates Mfn, priming it for degradation by parkin. This results in a decreased rate of

mitochondrial fusion. It is unknown whether parkin or PINK1 directly affect any of the

proteins involved in mitochondrial fission. (b) In PD, the loss of PINK1 or parkin prevents

cells from responding to mitochondrial damage by altering the balance of fission to fusion.

Abbreviations: Ub, ubiquitin; Drp1, Dynamin related protein 1, Mfn, mitofusin; Opa1, optic

atrophy one; E2, ubiquitin conjugating enzyme
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Figure 2. Mitochondrial Transport
PINK1 and Parkin halt the transport of damaged mitochondria. (a) Mitochondria are

transported along microtubules throughout the cell by interacting with kinesin motor

proteins. The OMM protein Miro tethers mitochondria to kinesins via its interaction with

Milton. PINK1 localized to healthy mitochondria is cleaved and exported from mitochondria

to be rapidly degraded by the proteasome, allowing mitochondria to be transported

throughout the cell. Conversely, PINK1 localized to severely damaged mitochondria is

stabilized on the OMM where it can phosphorylate Miro. This phosphorylation primes Miro

for ubiquitination by Parkin and degradation by the 26S proteasome. As a result,

mitochondria dissociate from kinesins and their transport is halted. (b) In PD, the loss of
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PINK1 or parkin prevents cells from halting transport as a response to mitochondrial

damage. Abbreviations: Ub, ubiquitin; ROS, reactive oxygen species; RNS, reactive nitric

oxide species.
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Figure 3. Mitochondrial Autophagy
Parkin mediates removal of damaged mitochondria. After widespread mitochondrial

depolarization by CCCP, PINK1 is stabilized on the OMM, enabling parkin to translocate to

mitochondria and ubiquitinate OMM proteins including mitofusins and VDAC. Some of

these ubiquitin moieties may serve as signals to recruit autophagic machinery including

HDAC6, or p62. Mitochondria are engulfed by the autophagosome, which eventually fuses

with the lysosome, leading to the degradation of the dysfunctional organelles.

Abbreviations: Ub, ubiquitin; Mfn, mitofusin; VDAC, valtage dependent anion channel;

Fbxo7, F-box protein 7; p62/SQTM, p62 sequestome; CCCP, Carbonyl cyanide m-

chlorophenyl hydrazine; LC3, light chain 3
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Figure 4. Mitochondrial Biogenesis
Mitochondrial biogenesis involves the transcription, translation and assembly of new

mitochondrial proteins and the replication of mitochondrial DNA. A common link in the

coordination of cellular responses to metabolic demands and oxidative stress is the

Peroxisome proliferator-activator receptor gamma co-activator (PGC) family of proteins and

in particular PGC-1α. PGC-1α is often called the master regulator of mitochondrial

biogenesis. The gene for PGC-1α is inducible and responsive to many cellular events

leading to AMPK activation and CREB dependent transcription. PGC-1α increases

expression of nuclear respiratory factor 1 (NRF-1) and estrogen response receptor (ERR) α
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and also catalyzes the transcriptional activity of NRF-1/2, ERR and Peroxisome proliferator-

activated receptor (PPAR) families of transcription factors. Converging evidence from

sporadic PD and adult-onset parkin KO mice implicate transcriptional repression of PGC-1α

by PARIS as an important pathogenic mechanism in dopamine neuron degeneration

downstream of parkin loss [66]. Abbreviations: Tfam, Mitochondrial transcription factor A;

CREB, cAMP responsive element binding protein, mtDNA, mitochondrial DNA; Enz,

enzyme; ETC, electron transport subunits; β-Ox, β-oxidation; TCA Cyc, tricarboxylic acid

cycle; MnSOD, manganese superoxide dismutase; UCP, mitochondrial uncoupling proteins;

NADH, Nicotinamide adenine dinucleotide; FA-βO; fatty acid β-oxidation.
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Figure 5. Mitochondrial Quality Control
Parkin and PINK1 regulate mitochondrial quality control. PINK1 and parkin modulate

mitochondrial dynamics both by tipping the fission-fusion balance towards fission and by

stalling the transport of damaged mitochondria. PINK1 and parkin may regulate the turnover

of mitochondria by recruiting the autophagic machinery to damaged mitochondria and

allowing mitophagy to occur, while also playing an important role in the production of novel

mitochondrial components by biogenesis. Abbreviations: PGC-1α, Peroxisome proliferator-

activator receptor gamma co-activator 1α; ROS, reactive oxygen species; RNS, reactive

nitric oxide species; E2, ubiquitin conjugating enzyme; Ub, ubiquitin; OMM, outer

mitochondrial membrane.
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