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Mitochondria are small organelles that produce the majority of cellular energy as ATP. Mitochondrial dysfunction has been

implicated in the pathogenesis of Parkinson’s disease (PD), and rare familial forms of PD provide valuable insight into the

pathogenic mechanism underlying mitochondrial impairment, even though the majority of PD cases are sporadic. The regulation

of mitochondria is crucial for the maintenance of energy-demanding neuronal functions in the brain. Mitochondrial biogenesis and

mitophagic degradation are the major regulatory pathways that preserve optimal mitochondrial content, structure and function.

In this mini-review, we provide an overview of the mitochondrial quality control mechanisms, emphasizing regulatory molecules

in mitophagy and biogenesis that specifically interact with the protein products of three major recessive familial PD genes, PINK1,

Parkin and DJ-1.
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INTRODUCTION

In Parkinson’s disease (PD), mitochondrial impairment
contributes to the major pathological mechanisms underlying
the selective loss of dopaminergic neurons in the substantial
nigra (SN) [1]. Mitochondrial homeostasis is crucial for energy
production and neuronal survival under stress conditions and
is strictly regulated by mitochondrial biogenesis and mitophagy
(i.e. mitochondria-selective autophagy) [2]. Mitochondrial
impairments have been reported in various samples obtained from
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human patients with sporadic PD and a complex I deficit has been
observed in SN autopsies and the peripheral tissues of patients [3-
6]. In familial PD cases, recessive mutations in PINK1, parkin and
DJ-1 have been linked to mitochondrial abnormalities in patients
and PD models. For example, mitochondrial impairments are
observed in patients carrying PINK1 mutations [7] and PINK1-
null mice [8], PINK1-null fruit flies [9, 10] and a PINK1-null
dopaminergic neuron model [11]. Parkin-null mice and fruit flies
have decreased mitochondrial respiration in the striatum [12]
and defective mitochondrial morphology [13], respectively. The
accumulation of defective mitochondria is significantly higher
in both PINK1-null and DJ-1-null dopaminergic neuron cells
[11]; however no significant mitochondrial defects have been
previously identified in DJ-1-null mice [14, 15]. These major
recessive familial PD genes appear to play important regulatory
roles in mitochondrial biogenesis and mitophagy via the direct
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Table 1. Molecules of mitochondrial homeostasis regulated by recessive PD genes

Recessive PD genes Interacting molecules Function in mitochondrial homeostasis References
PINK1 Mfnl1/2 Parkin translocation/Mitophagy (17-19)
Miro Preventing mitochondrial movement (22-23)
Tom 20 Rescue of repolarized mitochondria (25)
Beclinl Enhancing autophagy (28)
Ubiquitin/Parkin Enhancement of Parkin activity (32-35)
PGC-1a Mitochondrial biogenesis (39)
NDUFA10 Complex I subunit (43)
LRPPRC/Hsp60 Complex IV assembly factor/chaperone (44)
Parkin VDACI1 Parkin recruitment (20-21)
Miro Preventing mitochondrial movement (22)
Tom 20,40,70 Mitochondrial protein import (24)
Ambral Mitophagy (not necessary for Parkin translocation) (26-27)
P62/SQSTM1 Autophagy adaptor (31)
TFAM Mitochondrial transcription factor (42)
PARIS Transcriptional repression of PGC-1a and NRF-1 (36)
DJ-1 PGC-1a Mitochondrial biogenesis (40)

interactions of their protein products with mitochondrial homeo-
stasis regulators (Table 1). Here we overview the regulatory
molecules in mitophagy and biogenesis that specifically interact
with the PINKI, Parkin and DJ-1 proteins. Therefore, further
insights into the pathogenic mechanism underlying mitochondrial
impairment mediated by recessive PD genes may potentially
identify neuroprotective drug target(s) to develop mitochondrial
therapeutics and alleviate mitochondrial deficits in familial PD.

MOLECULAR INTERACTIONS REGULATING MITOPHAGY

Damaged mitochondria accumulate with age and the
accumulation of impaired mitochondria has been implicated in
the pathogenesis of PD [1, 2]. Previously, recessive mutations in
parkin, an ubiquitin E3 ligase, were identified as a cause of early
onset familial PD. Furthermore, Parkin is selectively recruited
to damaged mitochondria with low membrane potential in
mammalian cells and following recruitment, Parkin mediates the
selective elimination of these impaired mitochondria [16]. This
tinding revealed a link between mitochondrial quality control and
the mutated proteins in familial PD, and suggests that a failure to

remove impaired mitochondria contributes to PD pathogenesis.

Mitofusinl and 2 (Mfnl and Mfn2)
The identity of a factor directing Parkin translocation to
damaged mitochondria during mitophagy remained unknown
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until a phosphorylated form of mitofusin2 (Mfn2) is identified
as the receptor for Parkin on damaged cardiac mitochondria
[17]. Specifically, Parkin binds to Mfn2, and PINK1 subsequently,
phosphorylates Mfn2, which promotes Parkin-mediated
ubiquitination. Accordingly, in Mfn2-null cardiac myocytes,
the mitochondrial translocation of Parkin and mitophagy are
suppressed and functionally impaired mitochondria accumulate
in Mfn2-null mouse embryonic fibroblasts (MEFs) and
cardiomyocytes [17]. However, previous work employing MEFs
from Mfn1/Mfn2 double knockout mice demonstrated normal
Parkin translocation to a proton uncoupler carbonyl cyanide
p-chlorophenylhydrazone (CCCP)-treated mitochondria [16],and
in Drosophila the loss of PINK1 or Parkin increases the level of
the profusion factor Mfn. Furthermore, in Drosophila, PINK1 and
Parkin mediate the ubiquitination of Mfn1/2 on the outer surface
of mitochondria [18, 19], suggesting that Mfn1/2 ubiquitination
and/or degradation may provide a mechanism to label terminally
damaged mitochondria for mitophagy. In addition, these findings
suggest that a tissue-specific mechanism mediates mitophagy.

VDACI

Voltage-dependent anion channel 1 (VDACI), a pore-forming
protein in the outer mitochondrial membrane, is a target protein
of Parkin-mediated Lys 27 poly-ubiquitylation and subsequent
mitophagy [20]. Proteomic analyses have shown that that
Parkin specifically interacts with VDAC 1, 2, and 3, and that this

http://dx.doi.org/10.5607/en.2014.23.4.345



en

Mitochondrial Dysfuction in Familial PD

interaction is disrupted by CCCP treatment [21]. In addition,
impaired Parkin translocation to defective mitochondria and
mitophagy occurs in the absence of all three VDACs and each
VDAC is sufficient to support Parkin recruitment and mitophagy,
suggesting that VDACs are functionally redundant [21]. These
tindings suggest that VDACs serve as mitochondrial docking sites
to recruit Parkin to defective mitochondria.

Miro

PINKI1 and Parkin regulate mitochondrial distribution and
clearance by arresting mitochondrial movement via Miro, a
component of the primary motor/adaptor complex that anchors
kinesin to the mitochondrial surface [22]. First, to arrest the
mitochondria, PINK1 phosphorylates Miro and phosphorylated
Miro activates the proteasomal degradation of Miro in a
Parkin-dependent manner. Also, the removal of Miro from the
mitochondrion detaches kinesin from its surface. Thus, prior to
mitochondrial clearance, PINK1 and Parkin may quarantine
damaged mitochondria by preventing mitochondrial movement
[22]. This observation was further confirmed by proteomics and
cellular approaches, demonstrating that upon Parkin translocation
to the mitochondria, the ubiquitin-proteasome system (UPS)
becomes activated to promote the widespread degradation of
outer membrane proteins including Miro 1 and 2 [23], suggesting
the importance of remodeling the mitochondrial outer membrane
proteome for mitophagy.

Translocase of the outer membrane (TOM) complex

Parkin mediates the proteasome-dependent degradation of
outer membrane proteins such as Tom20, Tom40 and Tom70 in
depolarized mitochondria [24]. In contrast, the inner membrane
and matrix proteins are primarily degraded via mitophagy. In
addition, Parkin induces the rupture of the outer membrane
of depolarized mitochondria, which is also dependent on
proteasomal degradation [24]. Mitophagy is unnecessary for
proteasome-dependent degradation of outer membrane proteins
as well as outer membrane rupture, suggesting the differential
regulatory role of Parkin in the degradation of outer and inner
mitochondrial membrane proteins through proteasome- and
mitophagy-dependent pathways, respectively [24]. Of interest,
PINKI forms a 700 kDa multimeric complex with the TOM
containing Tom?70, Tom22 and Tom20 and Tom40, on depolarized
mitochondria [25]. Especially, PINK1 directly interacts with
Tom?20, the main receptor for N-terminal presequences. Although
Parkin did not stably interact with the 700 kDa PINK1/TOM
complex, PINKI mediates recruitment of Parkin to induce
degradation of TOM complex. Furthermore, Parkin targeted to
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peroxisomes by PINKT is sufficient to drive pexophagy, but not on
lysosomes [25]. Thus, PINK1 binding to TOM complex may allow
rapid reimport of PINKI to rescue repolarized mitochondria by
down-regulation of mitophagy via the PINK1/Parkin pathway
[25].

Ambral

The activating molecule in Beclin 1-regulated autophagy
(Ambral), a Beclin 1-interacting protein, is widely expressed in
the adult mouse brain, including midbrain dopaminergic neurons.
Furthermore, the endogenous pool of Ambral has been shown
to be localized at the mitochondria [26]. Ambral is a Parkin-
interacting protein [27], and mitochondrial depolarization
significantly increases the interaction between Parkin and
Ambral; however, Ambral has not been found to be ubiquitinated
by Parkin. Ambral activates class III PI3K during its recruitment
to perinuclear clusters of depolarized mitochondria; however,
Ambral is not necessary for Parkin translocation to depolarized
mitochondria but is important for mitophagy [27].

Beclinl

Beclinl (ATG6), a proautophagic protein, interacts with
PINK1 [28]. Beclinl deficiency also promotes pathogenicity in
neurodegenerative diseases, which is supported by the reduced
Beclinl levels in the affected brain regions of patients with
Alzheimer's and Huntington's diseases [29, 30], Furthermore,
Beclinl deficiency in cellular and animal models of Alzheimer's
and Huntington's diseases promotes the disruption of autophagy,
the accumulation of amyloid-p and mutant hungtintin and
neuronal cell death [29, 30]. In PD models, PINK1-induced
autophagy is also significantly reduced by Beclinl gene knock
down. Specifically,a PINK1(W437X) mutant that has an impaired
interaction with Beclinl cannot enhance autophagy; however a
PINK1(G309D) mutant with defective kinase activity still interacts
with Beclin1 [28].

p62/SQSTMI

After Parkin translocation to depolarized mitochondria, Parkin
mediates ubiquitylation of mitochondria and their transport
along microtubules to cluster in the perinuclear region. During
Parkin-mediated mitochondrial ubiquitylation, the autophagic
adaptor p62/SQSTM1 is recruited to mitochondrial clusters,
which is necessary for mitochondrial degradation [20]. However,
other studies demonstrated the dispensable role of p62/SQSTM1
in mitophagy. For example, the deletion of p62/SQSTMI in
MEF cells results in the gross loss of mitochondrial perinuclear
clustering but does not inhibit mitochondrial clearance [31].
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Similarly, mitochondrial-anchored ubiquitin is sufficient to recruit
p62/SQSTM1 and promote mitochondrial clustering, but does not
promote mitophagy [16]. Thus, p62/SQSTM1 is required for the
ubiquitylation-dependent clustering of damaged mitochondria.

Ubiquitin and Parkin

Although the mechanism underlying PINK1-mediated
activation of Parkin has remained elusive, Parkin Ser 65
phosphorylation by PINK1 was proposed to be involved in its
activation of E3 ligase activity [32, 33]. However, PINKI still
recruits Parkin to mitochondria despite Ser65Ala mutation or
individual mutation of all other Ser residues of Parkin, which
suggests that another PINKI substrate might mediate Parkin
translocation and activation [34]. Subsequently, PINK1 is also
identified as a kinase to phosphorylate ubiquitin (Ub) at Ser65, a
Ser residue that is homologous with the Ser 65 on the Parkin UBL
domain [34, 35]. The phosphorylated Ub at Ser 65 acts as a novel
Parkin activator. Moreover, PINK1-dependent phosphorylation
of both Parkin and Ub is sufficient for full activation of Parkin E3
ligase activity [34, 35].

MOLECULAR INTERACTIONS REGULATING MITOCHONDRIAL
BIOGENESIS

Human mitochondrial DNA (mtDNA) encodes 13 proteins that
form electron transport chain (ETC) complexes, 22 tRNAs and
two rRNAs. The majority of mitochondrial proteins are encoded
by nuclear genes; therefore, mitochondrial biogenesis is a complex
and sophisticated process, involving both the mitochondrial
and nuclear regulation of gene expression. The regulation of
mitochondrial biogenesis is achieved by the activation of various
transcription factors, such as PGC-1a, TFAM, NRF1 and 2 and
ERR-q, B and y. Mitochondrial biogenesis is also regulated at the
posttranscriptional level, involving the TOM complex. Here, we
focus on these regulatory molecules of mitochondrial biogenesis,
specifically the interactions among PINK1, Parkin and DJ-1.

PARIS

PARIS (a zinc-finger protein ZNF746) is a Parkin-interacting
substrate, that accumulates in Parkin knockout models and in
human PD patient brains. PARIS mediates the transcriptional
repression of peroxisome proliferator-activated receptor gamma
(PPARY) coactivator-1la (PGC-1a) and the PGC-1a target gene,
NREF-1, by binding to insulin response sequences in the PGC-1a
promoter [36]. Moreover, a Parkin conditional knockout in adult
mice leads to the progressive loss of dopaminergic neurons due
to the accumulation of PARIS. Similarly, the overexpression of
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PARIS leads to the selective loss of dopaminergic neurons, which
is reversed by PGC-1a coexpression [36)].

PGC-1a

PGC-1a is characterized as the master regulator of mitochondrial
biogenesis by acting as a transcriptional co-activator, that forms
heteromeric complexes with transcription factors, such as NRF-
1, NRF-2, PPARa, PPARS, PPARy, and ERRa [37]. The formation
of these complexes results in the regulation of the expression
of many nuclear-encoded mitochondrial genes, including the
mitochondrial transcription factor A (TFAM) [38]. Of interest, a
PGC-1a isoform localizes to the mitochondrial inner membrane
and matrix, which colocalizes and interacts with VDAC and
PINKI in brain mitochondria [39]. Moreover, DJ-1 is reported
to inhibit the SUMOylation of a transcriptional repressor, PSE
which binds to PGC-1a and suppresses its transcriptional activity
[40]. Also, oxidative modification renders DJ-1 unable to inhibit
SUMOylation, resulting in attenuated transcriptional synergy
between DJ-1 and PGC-1a This attenuation leads to the gradual
dysregulation of the SUMO pathway and may cause abnormal
mitochondrial gene expression leading to the development of
sporadic PD [40].

TFAM

TFAM is a key activator of mitochondrial transcription and
is a participant in mitochondrial DNA replication [41]. Parkin
overexpression enhances transcription and replication of
mitochondrial DNA in proliferating cells, which is attenuated by
Parkin gene knock down [42]. In addition, Parkin is associated
with TFAM and enhances TFAM-mediated mitochondrial
transcription, indicating that Parkin is involved in the regulation
of mitochondrial transcription and replication in proliferating
cells [42].

MOLECULAR INTERACTIONS REGULATING ELECTRON
TRANSPORT CHAINS (ETCs)

Deficiencies in ETC enzymes are a common phenomenon
observed in PINKI1- and DJ-1-null cellular models. ETCs
comprises complex I, IT, IT, IV and ATP synthase, consisting of
approximately 85 subunits and requiring 41 assembly factors,
suggesting that these recessive familial PD genes may play
regulatory roles in ETC maintenance.

Mitochondrial complex I activity

PINK1-null cells and cells derived from patients with PINK1
mutations display a deficit of mitochondrial complex I activity.
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en

Mitochondrial Dysfuction in Familial PD

When analyzing the phosphoproteome of complex I in the livers
and brains of PINK1-null mice, the specific loss of phosphorylation
of serine-250 in the complex I subunit NdufA10 occurs [43].
Serine-250 phosphorylation of in NdufA10 is necessary
for ubiquinone reduction via complex I activity, therefore,
phosphomimetic NdufA10 reverses PINK1 deficits and rescues
mitochondrial depolarization in PINK1-null mutant Drosophila.
Similarly, complex I deficits are also rescued by phosphomimetic
NdufA10 in cells derived from patients with PINK1 mutation [43].

Mitochondrial complex IV activity

In PINKI-null cells, mitochondrial complex IV activity and
the levels of specific chaperones, including Hsp60, leucine-rich
pentatricopeptide repeat-containing (LRPPRC), and Hsp90, are
severely decreased [44]. Interestingly, Hsp60 knockdown results
in a decrease in complex IV activity, whereas the antagonistic
inhibition of Hsp90 decreases both Hsp60 and complex IV
activity. In contrast, the overexpression of the PINK1-interacting
factor, LRPPRC, augments complex IV activity by up-regulating
Hsp60. A similar recovery of complex IV activity is also induced
by the coexpression of Hsp90 and Hsp60, suggesting that PINK1
regulates complex IV activity via interactions with upstream
regulators of Hsp60, such as LRPPRC and Hsp90 [44].

Implications for PD

Mitochondrial impairment is considered to be a major
pathogenic mechanisms of PD; therefore, specific regulatory
molecules involved in mitochondrial homeostasis may be potential
drug target(s) for the therapeutic intervention of PD. However, no
effective therapy targeting mitochondrial homeostasis is available.
Promising drug targets include regulatory molecules that mediate
mitochondrial biogenesis and mitophagic degradation, during
mitochondrial turnover to protect mitochondrial content, healthy
mitochondrial structure and optimal ETC function. In particular,
the major recessive familial PD genes, such as PINK1, Parkin and
DJ-1, are known to take part in the regulation of mitochondrial
biogenesis, mitophagy, and ETC activity via interactions with
mitochondrial homeostasis key regulators. Therefore, further
insights into the molecular pathways underlying mitochondrial
homeostasis involving these three recessive PD genes may help
identify an effective drug target for mitochondrial therapeutics in
familial PD.
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