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Abstract: Endoplasmic reticulum (ER)–mitochondria contact sites are critical structures for cellular
function. They are implicated in a plethora of cellular processes, including Ca2+ signalling and
mitophagy, the selective degradation of damaged mitochondria. Phosphatase and tensin homolog
(PTEN)-induced kinase (PINK) and Parkin proteins, whose mutations are associated with familial
forms of Parkinson’s disease, are two of the best characterized mitophagy players. They accumulate
at ER–mitochondria contact sites and modulate organelles crosstalk. Alterations in ER–mitochondria
tethering are a common hallmark of many neurodegenerative diseases including Parkinson’s disease.
Here, we summarize the current knowledge on the involvement of PINK1 and Parkin at the
ER–mitochondria contact sites and their role in the modulation of Ca2+ signalling and mitophagy.
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1. Introduction

Parkinson’s disease (PD) is an incurable chronic progressive neurodegenerative disease affecting
nearly 2% of the “over 50” population, with an approximate estimate of more than 6 million cases
worldwide [1]. It is characterized by the preferential loss of dopaminergic neurons in the substantia
nigra pars compacta, which results in progressive motor system malfunction, accompanied with the
accumulation of proteinaceous aggregates, referred to as Lewy bodies (LB), in the remaining neurons
of affected individuals [2]. Although the aetiology of PD remains unknown, increasing evidence
supports the involvement of both genetic and environmental factors, aging being one of the major
risk factors. Among the total Parkinson′s patients, only 5%–10% are familial—they carry heritable,
disease-associated monogenic mutations in genes referred to as the PARK genes [3]. Genome-wide
association studies have established 26 PD risk loci to date and, among the different PARK genes,
those which encode α-synuclein (PARK1/4), Parkin (PARK2), PINK1 (phosphatase and tensin homolog
(PTEN)-induced kinase 1—PARK6), DJ-1 (PARK7), LRRK2 (PARK8), and ATP13A2 (PARK9) have
been deeply investigated. Mutations in both LRRK2 and α-synuclein result in autosomal dominant
inherited disease, whilst mutations in DJ-1, Parkin, PINK1, and ATP13A2 proteins give rise to autosomal
recessive forms. Many of these proteins are known to participate in the maintenance of mitochondrial or
lysosomal functions. Indeed, familial PD patients usually show mitochondrial defects and impairment
of the autophagic pathway [4,5], indicating that these two aspects are critical components of PD
pathogenesis. In particular, mice defective in autophagy/mitophagy have been shown to recapitulate a
series of phenotypes resembling some PD features such as behavioural defects, reduction in coordinated
movement, neuronal loss in the cerebral and cerebellar cortices, and accumulation of polyubiquitinated
proteins as inclusion bodies [6,7]. To this day, among the best characterized PD proteins are Parkin
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(an E3 ubiquitin ligase) and PINK1 (a serine/threonine kinase with a mitochondrial targeting sequence),
whose mutations are the most common cause of recessive PD. Many studies have highlighted their role
in mitochondria clearance via autophagy—a process known as mitophagy [8,9]. More recently, Parkin
and PINK1 have been shown to localize at the endoplasmic reticulum (ER)–mitochondria contact
sites and to modulate the crosstalk between the two organelles [10]. ER–mitochondria contact sites
are crucial structures for cellular function, being involved in a plethora of cellular processes, among
which there are Ca2+ homeostasis, lipid transfer, mitochondrial metabolism and dynamics, apoptosis,
and mitophagy [11]. It is not striking, though, that this interorganellar tethering is found altered in
PD, as well as in other neurodegenerative diseases [12], but also in cancer and in metabolic diseases.
In light of this, the aim of this review is to summarize the literature concerning the PINK1 and Parkin
role as multifunctional players in mitophagy and in ER–mitochondria tethering.

2. The PINK1/Parkin Pathway

Macroautophagy (referred hereafter as autophagy) is a genetically programmed process that
removes unnecessary or dysfunctional cellular components and recycles them [13]. In this process,
firstly, a double-membrane structure, known as the autophagosome, is created to engulf targeted
cellular elements and later fuses with lysosomes to form autolysosome, where the enveloped contents
are degraded. More than 30 autophagy-related genes (Atg) have been identified in yeast, and most of
them have mammalian homologues [14]. Initially, autophagy was defined as a non-selective pathway,
but it is now widely recognized that there are two different types of autophagy—non-selective and
selective. Under nutrient deprivation and during development, the non-selective pathway is mainly
activated in order to provide nourishment for cell survival. The selective pathway, instead, is active
even in nutrient-rich conditions and plays an important housekeeping function, as it is activated
to eliminate dysfunctional organelles, protein aggregates, or intracellular pathogens [15]. Selective
autophagy requires specific receptors able to recognize targeted ubiquitinated cargos and to recruit the
autophagosome machinery [16]. The most characterized type of selective autophagy is mitophagy,
which specifically targets damaged mitochondria to degradation [17]. It is a key cellular process,
particularly important in post-mitotic and slow-dividing cells (such as neurons), as it promotes the
turnover of mitochondria preventing accumulation of dysfunctional organelles.

Though the crucial role of defective autophagy in neurodegeneration is well established [18],
its implication in PD has been particularly investigated. In this respect, Narendra et al. [19–22] firstly
linked PINK1 and Parkin to mitophagy, shedding light into the PINK1/Parkin mitochondrial quality
control pathway.

PINK1 is 581 amino acids long and contains an N-terminal mitochondrial targeting sequence
(MTS), a transmembrane domain (TM), a highly conserved serine/threonine kinase domain, and a
C-terminal auto-regulatory domain [23]. Under physiological condition, PINK1 levels are quite
low because it is rapidly degraded. As a mitochondrial targeted protein, PINK1 is imported into
mitochondria through the outer mitochondrial membrane (OMM)-localized TOM (translocase of the
outer membrane) complex and the inner mitochondrial membrane (IMM)-localized Tim (translocase
of the inner membrane) 23 complex [24]. Translocation of the positively charged MTS through the
Tim23 complex is energetically driven by the electrical membrane potential (∆Ψm) across the IMM.
After passing through the Tim23 translocase, the N-terminal MTS domain reaches the matrix, where
it is cleaved off by the mitochondrial processing peptidase, MPPα/β. This pathway is called the
“pre-sequence pathway” (Figure 1). Presenilin-associated rhomboid-like (PARL) is an IMM-resident
protease that subsequently cleaves PINK1 in the TM domain between Ala103 and Phe104 [25],
producing a truncated 52 kDa protein (the full-length protein is 64 kDa) that is retro-translocated
to the cytoplasm and degraded via the N-end rule proteasomal pathway [25]. There are still some
controversial data on the precise PINK1 mitochondrial sub-localization—some evidence indicates
that PARL may cleave PINK1 at the IMM while the PINK1 catalytic C-terminal domain remains in
the cytosol. However, PINK1 has been implicated in the phosphorylation, not always clearly if in a
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direct or indirect manner, of different proteins that are resident inside mitochondria. Among them
there are the High Temperature Requirement Protein A2, also known as HTRA2/Omi protease [26],
the chaperone tumor necrosis factor receptor associated protein 1 (TRAP1) [27] in the IMS, and the
complex I subunit NDUFA10 (NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10)
located in the IMM [28].
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Figure 1. The canonical phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1)/Parkin
pathway. (A) In healthy mitochondria, PINK1 is constitutively imported via translocase of the outer
membrane (TOM)/translocase of the inner membrane (TIM)23 complexes to the inner membrane
(IMM), cleaved by two proteases (mitochondrial processing peptidase (MPP) and presenilin-associated
rhomboid-like (PARL)) and retro-translocated to the cytosol, where it is degraded. (B) When ∆ΨM is
dissipated, Adenine nucleotide translocator ANT inhibits TIM23-mediated import of PINK1, which
is not processed and accumulates on the outer membrane (OMM). Here, a supercomplex is formed,
composed by TOM complex subunits and PINK1 homodimers, facilitating PINK1 autophosphorylation
and activation. Once activated, PINK1 phosphorylates ubiquitinated substrates on the OMM and thus
recruits and phosphorylates Parkin. Phosphorylated Parkin starts to ubiquitylate several proteins
on the OMM, which are new substrates of PINK1 phosphorylation—a positive feedback loop is
initiated, leading to the coating of damaged mitochondria with phospho-ubiquitin chain, red arrows.
The MITOL mitochondrial E3 ubiquitin ligase, seems to be fundamental for the introduction of the
initial ubiquitination. Phospho-ubiquitin chains are bound by two mitophagy adaptors, Nuclear
domain 10 protein 52 (NDP52) and Optineurin, blue arrows. The two adaptors recruit autophagosomes
via Microtubule-associated protein 1A/1B-light chain 3 (LC3) binding, allowing the engulfment of
dysfunctional mitochondria. In parallel, PINK1 interacts with Beclin-1 and Parkin with Ambra1, further
stimulating autophagosome formation, blue arrows.

As mentioned before, mitochondrial import requires an electrochemical gradient across
mitochondrial membrane, negative on the matrix side, and is inhibited by mitochondrial depolarized
agents (e.g., Carbonylcyanure m-chlorophénylhydrazone, CCCP). When translocation within the
Tim23 complex halts due to ∆Ψm loss, full-length PINK1 is retained in the OMM, with the C-terminal
facing the cytosol. Here, PINK1 forms a super-molecular complex (ca 700 kDa) composed of TOM
complex subunits and dimeric PINK1 that facilitates its autophosphorylation on Ser228 and Ser402
residues in the kinase domain [29]. Recently, it has been suggested that the ADP/ATP translocase
(ANT), which acts as proton gradient-dependent carrier in the IMM, acts as a bioenergetic sensor
and is critically required for mitophagy [30]. Indeed, it seems essential for the suppression of
TIM23-mediated protein translocation and subsequent stabilization of PINK1 upon mitochondrial
depolarization, independently from its ADP/ATP exchange activity. Moreover, PINK1 has been the first
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identified mono- and poly-ubiquitin kinase [31,32] able to phosphorylate Ub at the conserved Ser65.
Ubiquitination is a post-translational modification that typically marks proteins for degradation via
proteasomal pathway [33]. However, it can also act as a signal for autophagy [34] and alters substrate
activity and localization [35]. Ubiquitination, which is obtained through the covalent bond of ubiquitin
to lysine residues or to the N-terminal of the amino group of substrate proteins, is carried out by the
sequential action of three enzymes: E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes,
and E3 ubiquitin ligases. A substrate of the ubiquitination process can be also the ubiquitin (Ub)
protein itself, as it contains seven lysine residues and an N-terminal, useful to build up polyubiquitin
chain. The most common chain types are K48 and K63 chains, in which multiple ubiquitin molecules
are linked in a linear arrangement with the C terminus of one molecule attached to lysine 48 (or 63)
of the next. Parkin is a 465 amino acid protein of the RING-between-RING (RBR) family of E3
ubiquitin ligases, so-called because of the presence ring finger-type, or ‘ring’, domains separated by
loops responsible for protein-protein interaction, [36,37] with lax substrate specificity [38,39]. It forms
multiple types of ubiquitin chains, most frequently K63, K48, K11, and K6 linkages [40]. It is composed
of a ubiquitin-like domain (Ubl) at the N-terminus, followed by four zinc-coordinating RING-like
domains: RING0, RING1, IBR (in-between-RING fingers), and RING2 [32]. RING domains bind E2
enzymes, though do not participate directly in the catalysis, functioning instead as a scaffold for the
transfer of ubiquitin. Structural analysis showed that Parkin RING1 is the only domain similar to a
classical RING finger motif, whereas the other three have a completely different structure, suggesting
that RING1 is the E2 binding site on Parkin [41,42]. Differently, RING2 contains an active site cysteine
(Cys431) that accepts ubiquitin via a thioester bond and then transfers it via an acyl-transfer to the
substrate [20,43]. Parkin also contains two flexible linkers, one after the Ubl domain and the other
between the IBR and the RING2 domains. The latter is the repressor element of Parkin (REP), named
for its role in the regulation of Parkin activity. In normal conditions, Parkin is a cytosolic protein
due to its structural auto-inhibitory mechanisms; indeed, the access to the catalytic RING2 domain
is blocked by RING0 and, at the same time, the E2 binding site on RING1 is occupied by the Ubl
domain and REP linker [44,45]. In addition to the regulation of cellular Parkin levels and activity,
the Ubl domain is involved in substrate recognition, binding SH3 and ubiquitin interacting motif
(UIM) domains, and associating with proteasomes [46–50]. Parkin itself becomes ubiquitinated by
the attachment of K6 ubiquitin chains, which may play a role in its own degradation [40]. Ubiquitin
Specific Peptidase 8 (USP8), a deubiquitinating enzyme (DUB), seems to be crucial for Parkin-mediated
mitophagy—it preferentially cleaves K6-linked Ub chains from Parkin, a process required for the
efficient recruitment of Parkin to depolarized mitochondria. As different studies have identify a role
for other DUBs in Parkin-mediated mitophagy, it is becoming clear that, in addition to ubiquitination
and phosphorylation, deubiquitination also plays a crucial role in this process [51].

PINK1 acts upstream of Parkin and is required for Parkin activation and recruitment to
depolarized mitochondria [21]. In fact, it can phosphorylate Parkin Ubl domain at Ser65 [52],
inducing the loss of its auto-inhibitory conformation and the opening of its conformation. The binding
of PINK1-phosphorylated Ub to the RING1 domain of Parkin facilitates Parkin phosphorylation
by PINK1 [53,54], inducing the further structural rearrangements and the activation of Parkin.
Both phospho-Ub and phosphorylation of Ubl domain are required for Parkin full activation, with
phospho-Ub serving also as a receptor for Parkin recruitment to mitochondria [55]. Taking into account
all of these considerations, a positive feedback loop has been conceived to explain the PINK1/Parkin
pathway in mitophagy [8]. The accumulation of PINK1 at the OMM leads to the phosphorylation of
low basal levels of both ubiquitin and Parkin present on mitochondria, causing a positive effect on
Parkin activity. Activated Parkin attaches Ub protein to OMM proteins, providing also more substrates
to PINK1 phosphorylation, amplifying Parkin recruitment and activation. As result of this mechanism,
dysfunctional mitochondria can be coated with phospho-ub chains. This amplifying positive feedback
explains how high levels of Parkin can be recruited from the cytoplasm to the mitochondria membrane
by low endogenous level of PINK1. Recent data also show the implication of the mitochondrial
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ubiquitin ligase MITOL/MARCH5, which belongs to the membrane-associated RING-CH E3 ubiquitin
ligase (MARCH) family (also called MARCH5), one of the three mitochondria-localized ubiquitin ligases
(E3s) identified thus far, in providing initial substrates to PINK1 [56]. It seems to act by controlling
mitochondrial dynamics through the regulation of the mitochondrial fission/fusion factors such as
Dynamin-1-like protein is a GTPase (Drp1) or Mitochondrial fission 1 protein (Fis1) and mitofusin
2 (Mfn2), respectively. In addition, it has been recently observed that a reduction of MITOL levels
delays Parkin recruitment to depolarized mitochondria and decreases the efficiency of Parkin-mediated
mitochondrial ubiquitination; conversely, its overexpression results in the opposite effect, suggesting
that MITOL may introduce the initial “seed” for ubiquitination, promoting rapid Parkin recruitment at
the onset of mitophagy (Figure 1).

The mechanism underlying the further degradation of Ub-primed mitochondria is still unclear,
but it has been demonstrated that the PINK1/Parkin pathway is implicated also in the phase of the
autophagy clearance of damaged mitochondria in several ways. Indeed, it promotes the fragmentation
of mitochondrial network, allowing mitochondria to be taken up by autophagosome; it modulates
the mitochondrial motility, in order to stop their movement; and it directly recruits the autophagic
machinery to dysfunctional mitochondria [57]. PINK1 and Parkin, in fact, modify a wide range of
substrate proteins in the OMM, mediating their clearance.

Interestingly, 36 OMM substrates of Parkin have been identified with high confidence [39],
suggesting that no specific substrate is required for ubiquitin signalling of mitophagy. However,
the best characterized targets are mitofusins 1 and 2 (Mfns 1/2) [58] and voltage-dependent-activated
channel 1 (VDAC1) [22]. Mfns are involved in mitochondrial fusion and both Mfn2 and VDAC1
are involved in ER–mitochondrial tethering. As for Mfn2, the pool located on the ER membranes
can form hetero- or homo-dimers in trans with mitochondrial mitofusins (i.e., Mfn1 or Mfn2) to
fine tune the mitochondria-associated membrane (MAM)-dependent functions [59]. Although it is
widely accepted that this protein is a major regulator of the mitochondria–ER interface, the exact role
played at the mitochondria–ER contacts is still unclear. In fact, Mfn2 has been shown to have opposite
effects in this interorganellar crosstalk [60,61], a fact that could be due to different distance ranges of
contacts occurring at the ER–mitochondria interface [62]. As for VDAC1, it interacts with the ER Ca2+

channel inositol 1,4,5-trisphosphate receptor (IP3R) via the mitochondrial chaperone glucose-regulated
protein 75 (Grp75) [63]. This complex seems to be essential for coupling Ca2+ transfer between ER
and mitochondria [64]. Interestingly, very recently DJ-1 protein has been shown to take part of the
VDAC1-IP3R_Grp75 complex and be essential for ER-mitochondria tethering [65].

The ubiquitination of both Mfns and VDAC1 and their subsequent proteasomal degradation
facilitates the fragmentation of the mitochondrial network, and thus mitochondrial engulfment
by autophagosomes. In addition, p97, an AAA+ ATPase, accumulates on mitochondria in a
Parkin-dependent manner and promotes the degradation of OMM ubiquitylated proteins [66], leading
to the rupture of OMM [67]. A recent study by McLelland and colleagues suggests that Parkin/PINK1
activation catalyses a rapid burst of Mfn2 phosphoubiquitination to trigger p97-dependent disassembly
of Mfn2 complexes from the outer mitochondrial membrane, dissociating mitochondria from the
ER. This promotes the availability of other Parkin substrates such as VDAC1, thus facilitating
mitophagy [68]. Other substrates of the PINK1/Parkin pathway are Miro proteins (1/2), which are
components of the primary motor/adaptor complex that anchor kinesin to the mitochondrial surface.
Their degradation leads to the blockage of mitochondrial movement, promoting the segregation
of dysfunctional mitochondria [69]. In addition, a recent paper by Safiulina et al. [70] suggested
a role for Miro1 in Parkin recruitment to damaged mitochondria. In fact, in rat primary cortical
neurons, Miro1 seems to be able to interact with Parkin also in the absence of PINK1 accumulation
at the OMM and in basal conditions, suggesting a role for Miro1 as a mitochondrial docking site
for the recruitment of Parkin from the cytosol. As mentioned above, other proteins have been
identified as PINK1/Parkin substrates, but whether their ubiquitination could have a regulatory
function rather than a degradative role remains unclear. Interestingly, recent studies have reported
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proteasome-independent-mediated ubiquitination by Parkin, which does not result in degradative
ubiquitination but in fine tuning protein–protein association [71]. The PINK1/Parkin pathway not
only primes damaged mitochondria by ubiquitination, but also promotes the induction of mitophagy.
Two autophagy adaptors, namely, NDP52 and Optineurin [72,73], are recruited by phospho-Ub to
dysfunctional mitochondria, where in turn they recruit components of the autophagic pathway to initiate
mitophagy. Moreover, Parkin interacts with Ambra1 [74], a positive regulator of Beclin-1-dependent
autophagy. Indeed, Ambra1 locally stimulates the activity of the class III Phosphoinositide 3-kinase
(PI3K) complex, essential for the formation of new phagophores. PINK1 was also found to directly bind
Beclin1 and to be required for the nucleation of the phagophores and the omegasome (the precursor
of autophagosomes) generation [75]. The relative importance of mono- or polyubiquitinated chains
on OMM substrates is still unknown, but monoubiquitin targeted to mitochondria is not sufficient to
recruit Parkin, thus suggesting a possible specific role for polyubiquitin chains [76]. One last point
to be mentioned is the role of phosphatase and tensin homolog (PTEN) itself, which seems to be
directly involved in the modulation of mitophagy-related functions. Indeed a direct regulation of
mitophagy through the promotion of Parkin recruitment to damaged mitochondria has been recently
proposed for the first PTEN isoform identified so far, i.e., PTENα [77], whereas, interestingly, a newly
identified long isoform of PTEN (PTEN-L) has been shown to act as a negative regulator of mitophagy
by preventing Parkin mitochondrial translocation and inhibiting its E3 ligase activity [78]. Noteworthy,
a fraction of PTEN has also been found to localize at the ER membrane and the MAMs and to regulate
ER/mitochondria Ca2+ transfer [79].

3. PINK1, Parkin, and Ca2+

PINK1 and Parkin, in addition to their role in the execution of mitophagy, have been
shown to regulate a number of different mitochondria-related activities, such as biogenesis [80,81],
integrity [82–84], respiration [85,86], and Ca2+ homeostasis [87,88]. Ca2+ homeostasis dysregulation
is a key hallmark in many neurodegenerative diseases; in this respect, the role of PINK1 and Parkin
in modulating this process has started to be investigated. The first evidence on their involvement
in Ca2+ handling arose from the finding that the expression of mutant, but not of wild-type, PINK1
exacerbated the mitochondrial defects observed in a cellular model of PD expressing mutated A53T
α-syn [87]. The defects, comprising the loss of ∆Ψm, the increase of mitochondrial size with loss of
cristae, and the reduction of ATP levels, were partially recovered by treatment with cyclosporine A, a
drug that desensitize the mitochondrial permeability transition pore opening, and fully rescued by
the inhibitor of the mitochondrial Ca2+ uniporter (MCU) ruthenium red. These findings suggested
a role for excessive mitochondrial Ca2+ uptake in the mechanism of mitochondrial dysfunction in
PD. It should be mentioned, however, that PINK1 overexpression might induce its mitochondrial
accumulation and activation of mitophagy in the absence of other exogenous insults, thus potentially
influencing the interpretation of some results [89]. Nonetheless, data obtained by subsequent works
are controversial. On one hand, Ghandi et al. [90] suggested that PINK1 regulated Ca2+ efflux from the
mitochondria via the mitochondrial Na+/Ca2+ exchanger. As a consequence, PINK1 deficiency caused
mitochondrial accumulation of Ca2+, resulting in mitochondrial Ca2+ overload. On the other hand,
Heeman et al. [91] reported that PINK1 depletion impaired mitochondrial Ca2+ uptake, as it impacted
on ∆Ψm, and consequently ATP production. Recently, PINK1 was found to directly phosphorylate
the leucine zipper-EF-hand-containing transmembrane protein 1 (LETM1), a mitochondrial inner
membrane protein, proposed as mediating mitochondrial proton-dependent Ca2+ exchange [92–95].
Knockdown of LETM1 compromised the rate of mitochondrial Ca2+ uptake and extrusion, leading to
defects in mitochondrial bioenergetics, metabolic signalling, and sensitization to cell death, especially in
neurons. PINK1-mediated phosphorylation of LETM1 appeared crucial for its activity on mitochondrial
Ca2+ regulation and for neuronal survival. Interestingly, Akundi et al. [88] suggested that PINK1
ablation enhanced the sensitivity to Ca2+-induced mitochondrial permeability transition, which was
responsible for increased cell death susceptibility and consequently to a reduction of dopamine levels
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due to dopaminergic neurons loss. Recently, it has been shown that the degeneration of dopaminergic
neurons observed in a model of PINK1−/− zebrafish can be rescued by the selective inhibition of
MCU [96], strongly reinforcing the hypothesis that the mitochondrial Ca2+ uptake pathway could be
directly involved in the neuronal degeneration process. Further studies are required to clarify the
molecular targets of PINK1 action.

As for Parkin, it has been shown that its overexpression in HeLa or neuroblastoma SY-SY5Y cells
enhances mitochondrial Ca2+ transients generated upon stimulation with a Ca2+ mobilizing agent and
sustains ATP production [97]. Interestingly, the Parkin Ubl domain is essential for this action, as the
overexpression of a ∆Ubl Parkin mutant failed to produce the same effects. The importance of Parkin
ubiquitin-like domain was also highlighted in a study where the role of Parkin in the regulation of the
turnover of the different components of the MCU complex was investigated (Figure 2).
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by inhibiting MCU activity at low [Ca2+], counteracts the excessive Ca2+ accumulation under 
conditions of increased driving force, thus protecting from the processes of Ca2+ cycling and matrix 
overload. In basal conditions, Parkin was found to ubiquitylate MICU1, which is rapidly degraded 
via the proteasome system. In this way, Parkin indirectly also controls MICU2 levels, as MICU2 

Figure 2. PINK1, Parkin, and Ca2+. (A) PINK1 is involved in mitochondrial Ca2+ handling.
In fact, its depletion leads to mitochondrial Ca2+ overload. The mechanisms underlying this PINK1
function are not clear, but it has been suggested as being a possible, controversial PINK1-dependent
regulation of mitochondrial Ca2+ influx via the modulation of Ca2+ uptake or efflux via the
modulation of the mitochondrial Na+/Ca2+ exchanger (NCLX). PINK1 also phosphorylates the leucine
zipper-EF-hand-containing transmembrane protein 1 (LETM1) by increasing its activity. (B) Parkin
involvement in Ca2+ homeostasis is more characterized. It regulates mitochondrial Ca2+ uptake
protein 1 MICU1 turnover, and indirectly also that of mitochondrial Ca2+ uptake protein 2 (MICU2),
whose stability depends on MICU1. MICU1 and 2 are the positive and negative regulators of the
mitochondrial uniporter pore subunit (MCU), respectively. By decreasing MICU levels, Parkin is able
to regulate mitochondrial Ca2+ handling. Parkin also interacts with and ubiquitylate phospholipase
Cγ1 (PLCγ1), responsible for the generation of the second messenger inositol 1,4,5 trisphosphate (IP3)
and diacylglycerol (DAG). Parkin deficiency leads to a PLC-dependent increase of intracellular Ca2+

levels, possibly due to excessive activation of PLCγ1. Two additional Parkin substrates have been
recently identified: the ATPase Na+/K+ transporting subunit alpha 2 (ATP1A2), possibly involved in
modulating Ca2+ dynamics, and Hippocalcin, a Ca2+ sensor that can also regulate voltage-dependent
Ca2+ channels.

MCU is a Ca2+-selective channel of the inner mitochondrial membrane (IMM) composed by
pore-forming and regulatory subunits [98]. The pore-forming subunits are MCU, its dominant-negative
paralog MCUb, and the Essential MCU REgulator EMRE, whereas the regulatory subunits are
mitochondrial Ca2+ uptake protein 1 (MICU1), a positive regulator, and mitochondrial Ca2+ uptake
protein 2 (MICU2), a negative regulator. An additional positive regulator, MICU3, is highly expressed
in neuronal cells. MICU1 and 2 work as a dimer and are located in the mitochondrial intermembranes
space; they both possess two EF-hand domains, which account for the regulation of MCU opening in a
Ca2+-dependent way [99–101]. Indeed, MICU1 stimulates MCU at high [Ca2+], allowing the rapid Ca2+

transport in the mitochondrial matrix when required. Conversely, MICU2, by inhibiting MCU activity
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at low [Ca2+], counteracts the excessive Ca2+ accumulation under conditions of increased driving force,
thus protecting from the processes of Ca2+ cycling and matrix overload. In basal conditions, Parkin
was found to ubiquitylate MICU1, which is rapidly degraded via the proteasome system. In this way,
Parkin indirectly also controls MICU2 levels, as MICU2 stability depends on MICU1 [102]. Even in
this case, the Parkin Ubl domain is important for this action because the expression of a ∆Ubl Parkin
mutant has no effect on MICU1 turnover.

Interestingly, Parkin was found to also participate in the regulation of intracellular Ca2+

concentration ([Ca2+]i) by interacting with and ubiquitylating phospholipase Cγ1 (PLCγ1) [103]. PLC
signalling not only regulates the release of ER Ca2+, but also drives to the formation of diacylglycerol
(DAG), which results in the activation of protein kinase C (PKC). Parkin deficiency leads to an increase
of [Ca2+]i levels due to enhanced PLC activity and, as a consequence, makes the cells more vulnerable to
neurotoxins. Interestingly, the ATPase Na+/K+ transporting subunit alpha 2 (ATP1A2) and Hippocalcin,
among others, have been recently identified as novel Parkin substrates in a ubiquitylome survey from
the brains of aged Parkin-knockout (KO) mice [104]. Little is known on ATP1A2, though its deficiency
leads to impaired neuronal activity in neurons [105] and can affect Ca2+ homeostasis by modulating
Ca2+ transients and sarcoplasmic reticulum Ca2+ release [106,107]. As for Hippocalcin, it is a Ca2+

sensor that modulates G-protein-coupled receptor signals and second messenger cascades, and it has
also been reported that it can regulate voltage-dependent Ca2+ channels [108].

Altogether, these findings indicate the possibility that the absence of Parkin could impact on the
Ca2+ -dependent excitability of neuronal cells.

4. PINK1, Parkin, and ER–Mitochondria Cross-Talk

In the last decades, inter-organelle communication has received a great deal of attention by
the scientific community, as their dynamic nature appears to influence cell physiology and viability.
In particular, the contact sites that the endoplasmic reticulum (ER) forms with mitochondria, and that
occur at the so-called mitochondria-associated membranes (MAMs), have emerged as a complex hub
that is fundamental for a variety of cellular processes, among which include Ca2+ homeostasis, lipid
transfer, mitochondrial metabolism and dynamics, apoptosis, and autophagy [11]. In light of this, it is
not striking that ER–mitochondria communication is found altered under pathological conditions such
as cancer, and metabolic and neurodegenerative disease [12,109,110]. The maintenance of a correct
tethering between the ER and mitochondria is achieved through the physical interaction of several
cytosolic and integral membrane proteins, whose modulation influences the communication between
the two organelles. Although several of the MAMs’ tether and modulator functions have been already
established, a growing number of new players have been found at ER–mitochondria contact sites,
but their involvement in this communication is still unclear. Interestingly for this review, several
proteins whose alterations are linked to the onset of familiar cases of Parkinson’s disease have been
localized at the MAMs, consistently with the fact that altered ER–mitochondria communication is
a common hallmark of PD. In particular, DJ-1 [111], α-synuclein [112,113], PINK1, and Parkin have
been demonstrated to be present at the ER–mitochondria interface [10]. Moreover, PINK1 and Parkin
interact with several proteins associated with the MAMs, such as VDACs and Mfn2, strengthening the
hypothesis for their potential role as modulators of the ER–mitochondria communication. The role of
PINK1 and Parkin on ER–mitochondrial contact sites has been investigated in very few papers, which
we attempt to summarize hereafter (Figure 3).

PINK1 has been found to be present at the MAMs in basal conditions and the cell treatment,
with CCCP further increasing its localization at this subcellular fraction where it promotes mitophagy.
Upon CCCP incubation, PINK1 could also enhance ER–mitochondria tethering, acting together with
Beclin-1 that is re-localized at the MAMs in a PINK1-dependent manner [10]. Beclin-1 directly
interacts with PINK1, although it is not phosphorylated by it, and is involved in the final step of
mitophagy, allowing the nucleation of phagophore and the generation of omegasomes, i.e., precursors
of autophagosomes, but could also participate in the modulation of ER–mitochondria tethering. Both
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PINK1 and Beclin1 silencing has been shown to impair the formation of omegasomes, a process that has
been suggested to occur at ER–mitochondrial contact sites. The PINK1 influence on ER–mitochondria
tethering could suggest a novel intriguing role for PINK1 in promoting mitophagy.
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Figure 3. PINK1, Parkin, and endoplasmic reticulum (ER)–mitochondria tethering. PINK1 and
Parkin are found enriched at ER–mitochondria contact sites. Upon treatment with CCCP, PINK1
localization is markedly increased in the ER–mitochondria interface, where it recruits Beclin-1,
a pro-autophagic protein. ER–mitochondria juxtaposition and omegasome formation (a process
that occurs at ER–mitochondrial contact sites) are enhanced upon PINK1-mediated Beclin-1 recruitment,
red arrows. Miro1 protein, an OMM Rho GTPase 1, which tethers mitochondria to microtubules and
regulates their movement, is a PINK1 substrate, red arrow.

Interestingly, the silencing of PINK1 in M17 dopaminergic cells caused a reduction in the number
of ER–mitochondria contact sites and an increase in their distance [114].

The OMM Rho GTPase 1 (Miro1), as mentioned above, is a target of both PINK1 and Parkin.
It tethers mitochondria to microtubules via the binding to Milton protein and regulates their trafficking
to defined subcellular localizations. Miro1 possesses two EF-hands motifs, through which it regulates
mitochondrial movements in a Ca2+-dependent manner. Activation of the PINK1/Parkin mitophagy
pathway dramatically reduces Miro1 level, leading to mitochondrial motility dysfunction. A recent
study reports that Miro1 silencing in MEF cells reduces the ER–mitochondria tethering, thus suggesting
its possible role in the regulation of the apposition of these two organelles. Under stress conditions,
PINK1, by targeting Miro1 to degradation through its phosphorylation, could indirectly influence
ER–mitochondria tethering, although these data seem not to be in line with the previous findings [69,115].
It is important to mention that Grossman and colleagues have recently described for the first time two
heterozygous mutations in the Miro1 encoding gene RHOT1 in two PD patients. In patient-derived
fibroblast harbouring both the discovered mutations a decrease in ER–mitochondria tethering was
observed, which consequently caused impaired cellular Ca2+ homeostasis and increased Ca2+-induced
mitochondrial fragmentation, ultimately inducing mitophagy [116].

Differently to PINK1, Parkin involvement on ER–mitochondria tethering has been more thoroughly
characterized. As PINK1, Parkin has been shown to accumulate at the MAMs [117], both upon treatment
of the cells with CCCP, i.e., upon mitophagy stimuli, and in neurons following glutamate-induced
excitotoxicity, supporting a role for Parkin in ER–mitochondria crosstalk not only during mitophagy.
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In agreement with this possibility, Parkin overexpression in HeLa cells significantly increased the
ER–mitochondria contact sites and resulted in the enhancement of ER–mitochondrial Ca2+ transfer and
ATP production [97]. Although Parkin overexpression has been found to increase ER–mitochondria
tethering and its silencing to have the opposite effect in HeLa and dopaminergic SHSY5Y cells,
contrasting data were reported in primary cells from patients with PARK2 mutations and from PARK2
KO mice [117–119]. The loss of Parkin in these models resulted either in a greater proximity between the
ER and mitochondria [118], also observed in Drosophila models [120], or a decreased ER–mitochondria
association [119]. Regarding the possible mechanism of Parkin effects on ER–mitochondrial tethering,
it has been shown that it is dependent on Parkin-mediated Mfn2 ubiquitination, as non-ubiquitinatable
Mfn2 mutant fails to restore ER–mitochondria physical and functional interaction [119]. In support of
this idea, Mfn2 downregulation has been shown to restore Ca2+ transients in cells with loss of Parkin
due to PARK2 mutations [118].

Parkin acts on Mfn2 also via MITOL. Indeed, a recent study has reported that Parkin-dependent
ubiquitination of MITOL is responsible for its peroxisomal translocation upon mitophagy
induction [121]. Considering that that MITOL has been demonstrated to regulate ER tethering to
mitochondria by activating Mfn2 via K192 ubiquitination [122], Parkin action on MITOL redistribution
could be an indirect way to modulate ER–mitochondria cross-talk.

5. Conclusions

It is well recognized that mitochondrial dysfunction and Ca2+ homeostasis dysregulation are both
involved in PD pathogenesis, although the exact mechanisms leading to the disease onset are still
unclear. It is also very clear that the PD-related proteins PINK1 and Parkin are not only multiplayer
actors in the process of mitochondria quality control, but also in the regulation of mitochondria-related
processes, even in the absence of mitochondrial damage. As a consequence, the deep understanding
of their multitasking roles is essential. In particular, the characterization of the molecular details
at the basis of their action in the modulation of ER–mitochondria tethering is important, not only
to understand the link between mitochondrial dysfunction and Ca2+ dys-homeostasis, but also to
discover novel functions of these two proteins, as ER-mitochondria communication is involved in a
great plethora of cellular processes.

Author Contributions: Conceptualization, T.C. and M.B.; writing—original draft preparation, L.B. and F.G.;
writing—review and editing, L.B., F.G., T.C., and M.B. All authors have read and agreed to the published version
of the manuscript.

Funding: The original work by the authors was supported by grants from the Ministry of University and Research
(Bando SIR 2014 no. RBSI14C65Z and PRIN2017 to T.C.) and from the Università degli Studi di Padova (Progetto
Giovani 2012 no. GRIC128SP0 to T.C., Progetto di Ateneo 2016 no. CALI_SID16_01 to T.C., STARS Consolidator
Grant 2019 to T.C., and Progetto di Ateneo 2015 no. CPDA153402 to M.B.).

Acknowledgments: The original work by the authors was supported by grants from the Ministry of University
and Research (Bando SIR 2014 no. RBSI14C65Z and PRIN2017 to T.C.) and from the Università degli Studi di
Padova (Progetto Giovani 2012 no. GRIC128SP0 to T.C., Progetto di Ateneo 2016 no. CALI_SID16_01 to T.C.,
STARS Consolidator Grant 2019 to T.C., and Progetto di Ateneo 2015 no. CPDA153402 to M.B.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Del Rey, N.L.; Quiroga-Varela, A.; Garbayo, E.; Carballo-Carbajal, I.; Fernandez-Santiago, R.; Monje, M.H.G.;
Trigo-Damas, I.; Blanco-Prieto, M.J.; Blesa, J. Advances in Parkinson’s disease: 200 years later. Front.
Neuroanat. 2018, 12, 113. [CrossRef]

2. Postuma, R.B.; Berg, D.; Stern, M.; Poewe, W.; Olanow, C.W.; Oertel, W.; Obeso, J.; Marek, K.; Litvan, I.;
Lang, A.E.; et al. MDS clinical diagnostic criteria for Parkinson’s disease. Mov. Disord. 2015, 30, 1591–1601.
[CrossRef] [PubMed]

3. De Lau, L.M.; Breteler, M.M. Epidemiology of Parkinson’s disease. Lancet Neurol. 2006, 5, 525–535. [CrossRef]

http://dx.doi.org/10.3389/fnana.2018.00113
http://dx.doi.org/10.1002/mds.26424
http://www.ncbi.nlm.nih.gov/pubmed/26474316
http://dx.doi.org/10.1016/S1474-4422(06)70471-9


Int. J. Mol. Sci. 2020, 21, 1772 11 of 17

4. Park, J.S.; Davis, R.L.; Sue, C.M. Mitochondrial dysfunction in Parkinson’s Disease: New mechanistic insights
and therapeutic perspectives. Curr. Neurol. Neurosci. Rep. 2018, 18, 21. [CrossRef]

5. Karabiyik, C.; Lee, M.J.; Rubinsztein, D.C. Autophagy impairment in Parkinson’s disease. Essays Biochem.
2017, 61, 711–720. [PubMed]

6. Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, I.; Ueno, T.; Koike, M.; Uchiyama, Y.;
Kominami, E.; et al. Loss of autophagy in the central nervous system causes neurodegeneration in mice.
Nature 2006, 441, 880–884. [CrossRef] [PubMed]

7. Hara, T.; Nakamura, K.; Matsui, M.; Yamamoto, A.; Nakahara, Y.; Suzuki-Migishima, R.; Yokoyama, M.;
Mishima, K.; Saito, I.; Okano, H.; et al. Suppression of basal autophagy in neural cells causes
neurodegenerative disease in mice. Nature 2006, 441, 885–889. [CrossRef]

8. Truban, D.; Hou, X.; Caulfield, T.R.; Fiesel, F.C.; Springer, W. PINK1, Parkin, and Mitochondrial quality
control: What can we Learn about Parkinson’s disease pathobiology? J. Parkinsons Dis. 2017, 7, 13–29.
[CrossRef]

9. Ding, W.X.; Yin, X.M. Mitophagy: Mechanisms, pathophysiological roles, and analysis. Biol. Chem. 2012, 393,
547–564. [CrossRef]

10. Gelmetti, V.; De Rosa, P.; Torosantucci, L.; Sara Marini, E.; Romagnoli, A.; Di Rienzo, M.; Arena, G.;
Vignone, D.; Fimia, G.M.; Valente, E.M. PINK1 and BECN1 relocalize at mitochondria associated membranes
during mitophagy and promote ER mitochondria tethering and autophagosome formation. Autophagy 2017,
13, 1–16. [CrossRef]

11. Csordas, G.; Weaver, D.; Hajnoczky, G. Endoplasmic reticulum-mitochondrial contactology: Structure and
signaling functions. Trends Cell Biol. 2018, 28, 523–540. [CrossRef]

12. Paillusson, S.; Stoica, R.; Gomez-Suaga, P.; Lau, D.H.; Mueller, S.; Miller, T.; Miller, C.C. There’s something
wrong with my MAM; the ER-mitochondria axis and neurodegenerative diseases. Trends Neurosci. 2016, 39,
146–157. [CrossRef]

13. Yang, Z.; Klionsky, D.J. Eaten alive: A history of macroautophagy. Nat. Cell Biol. 2010, 12, 814–822. [CrossRef]
[PubMed]

14. Mizushima, N. Autophagy: Process and function. Genes Dev. 2007, 21, 2861–2873. [CrossRef] [PubMed]
15. Zaffagnini, G.; Martens, S. Mechanisms of selective autophagy. J. Mol. Biol. 2016, 428 Pt A, 1714–1724.

[CrossRef]
16. Gatica, D.; Lahiri, V.; Klionsky, D.J. Cargo recognition and degradation by selective autophagy. Nat. Cell Biol.

2018, 20, 233–242. [CrossRef]
17. Palikaras, K.; Lionaki, E.; Tavernarakis, N. Mechanisms of mitophagy in cellular homeostasis, physiology

and pathology. Nat. Cell Biol. 2018, 20, 1013–1022. [CrossRef]
18. Fujikake, N.; Shin, M.; Shimizu, S. Association between autophagy and neurodegenerative diseases. Front.

Neurosci. 2018, 12, 255. [CrossRef] [PubMed]
19. Narendra, D.; Tanaka, A.; Suen, D.F.; Youle, R.J. Parkin is recruited selectively to impaired mitochondria and

promotes their autophagy. J. Cell Biol. 2008, 183, 795–803. [CrossRef] [PubMed]
20. Matsuda, N.; Sato, S.; Shiba, K.; Okatsu, K.; Saisho, K.; Gautier, C.A.; Sou, Y.S.; Saiki, S.; Kawajiri, S.; Sato, F.;

et al. PINK1 stabilized by mitochondrial depolarization recruits Parkin to damaged mitochondria and
activates latent Parkin for mitophagy. J. Cell Biol. 2010, 189, 211–221. [CrossRef] [PubMed]

21. Narendra, D.P.; Jin, S.M.; Tanaka, A.; Suen, D.F.; Gautier, C.A.; Shen, J.; Cookson, M.R.; Youle, R.J. PINK1 is
selectively stabilized on impaired mitochondria to activate Parkin. PLoS Biol. 2010, 8, e1000298. [CrossRef]
[PubMed]

22. Geisler, S.; Holmstrom, K.M.; Skujat, D.; Fiesel, F.C.; Rothfuss, O.C.; Kahle, P.J.; Springer, W.
PINK1/Parkin-Mediated mitophagy is dependent on VDAC1 and p62/SQSTM1. Nat. Cell Biol. 2010,
12, 119–131. [CrossRef] [PubMed]

23. Kumar, A.; Tamjar, J.; Waddell, A.D.; Woodroof, H.I.; Raimi, O.G.; Shaw, A.M.; Peggie, M.; Muqit, M.M.; van
Aalten, D.M. Structure of PINK1 and mechanisms of Parkinson’s disease-associated mutations. eLife 2017, 6,
e29985. [CrossRef] [PubMed]

24. Sekine, S.; Youle, R.J. PINK1 import regulation; a fine system to convey mitochondrial stress to the cytosol.
BMC Biol. 2018, 16, 2. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11910-018-0829-3
http://www.ncbi.nlm.nih.gov/pubmed/29233880
http://dx.doi.org/10.1038/nature04723
http://www.ncbi.nlm.nih.gov/pubmed/16625205
http://dx.doi.org/10.1038/nature04724
http://dx.doi.org/10.3233/JPD-160989
http://dx.doi.org/10.1515/hsz-2012-0119
http://dx.doi.org/10.1080/15548627.2016.1277309
http://dx.doi.org/10.1016/j.tcb.2018.02.009
http://dx.doi.org/10.1016/j.tins.2016.01.008
http://dx.doi.org/10.1038/ncb0910-814
http://www.ncbi.nlm.nih.gov/pubmed/20811353
http://dx.doi.org/10.1101/gad.1599207
http://www.ncbi.nlm.nih.gov/pubmed/18006683
http://dx.doi.org/10.1016/j.jmb.2016.02.004
http://dx.doi.org/10.1038/s41556-018-0037-z
http://dx.doi.org/10.1038/s41556-018-0176-2
http://dx.doi.org/10.3389/fnins.2018.00255
http://www.ncbi.nlm.nih.gov/pubmed/29872373
http://dx.doi.org/10.1083/jcb.200809125
http://www.ncbi.nlm.nih.gov/pubmed/19029340
http://dx.doi.org/10.1083/jcb.200910140
http://www.ncbi.nlm.nih.gov/pubmed/20404107
http://dx.doi.org/10.1371/journal.pbio.1000298
http://www.ncbi.nlm.nih.gov/pubmed/20126261
http://dx.doi.org/10.1038/ncb2012
http://www.ncbi.nlm.nih.gov/pubmed/20098416
http://dx.doi.org/10.7554/eLife.29985
http://www.ncbi.nlm.nih.gov/pubmed/28980524
http://dx.doi.org/10.1186/s12915-017-0470-7
http://www.ncbi.nlm.nih.gov/pubmed/29325568


Int. J. Mol. Sci. 2020, 21, 1772 12 of 17

25. Greene, A.W.; Grenier, K.; Aguileta, M.A.; Muise, S.; Farazifard, R.; Haque, M.E.; McBride, H.M.; Park, D.S.;
Fon, E.A. Mitochondrial processing peptidase regulates PINK1 processing, import and Parkin recruitment.
EMBO Rep. 2012, 13, 378–385. [CrossRef] [PubMed]

26. Plun-Favreau, H.; Klupsch, K.; Moisoi, N.; Gandhi, S.; Kjaer, S.; Frith, D.; Harvey, K.; Deas, E.; Harvey, R.J.;
McDonald, N.; et al. The mitochondrial protease HtrA2 is regulated by Parkinson’s disease-associated kinase
PINK1. Nat. Cell Biol. 2007, 9, 1243–1252. [CrossRef]

27. Pridgeon, J.W.; Olzmann, J.A.; Chin, L.S.; Li, L. PINK1 protects against oxidative stress by phosphorylating
mitochondrial chaperone TRAP1. PLoS Biol. 2007, 5, e172. [CrossRef]

28. Morais, V.A.; Verstreken, P.; Roethig, A.; Smet, J.; Snellinx, A.; Vanbrabant, M.; Haddad, D.; Frezza, C.;
Mandemakers, W.; Vogt-Weisenhorn, D.; et al. Parkinson’s disease mutations in PINK1 result in decreased
Complex I activity and deficient synaptic function. EMBO Mol. Med. 2009, 1, 99–111. [CrossRef]

29. Lazarou, M.; Jin, S.M.; Kane, L.A.; Youle, R.J. Role of PINK1 binding to the TOM complex and alternate
intracellular membranes in recruitment and activation of the E3 ligase Parkin. Dev. Cell 2012, 22, 320–333.
[CrossRef]

30. Hoshino, A.; Wang, W.J.; Wada, S.; McDermott-Roe, C.; Evans, C.S.; Gosis, B.; Morley, M.P.; Rathi, K.S.; Li, J.;
Li, K.; et al. The ADP/ATP translocase drives mitophagy independent of nucleotide exchange. Nature 2019,
575, 375–379. [CrossRef]

31. Kane, L.A.; Lazarou, M.; Fogel, A.I.; Li, Y.; Yamano, K.; Sarraf, S.A.; Banerjee, S.; Youle, R.J. PINK1
phosphorylates ubiquitin to activate Parkin E3 ubiquitin ligase activity. J. Cell Biol. 2014, 205, 143–153.
[CrossRef] [PubMed]

32. Koyano, F.; Okatsu, K.; Kosako, H.; Tamura, Y.; Go, E.; Kimura, M.; Kimura, Y.; Tsuchiya, H.; Yoshihara, H.;
Hirokawa, T.; et al. Ubiquitin is phosphorylated by PINK1 to activate parkin. Nature 2014, 510, 162–166.
[CrossRef] [PubMed]

33. Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef]
34. Randow, F.; Youle, R.J. Self and nonself: How autophagy targets mitochondria and bacteria. Cell Host Microbe

2014, 15, 403–411. [CrossRef] [PubMed]
35. Komander, D.; Rape, M. The ubiquitin code. Annu. Rev. Biochem. 2012, 81, 203–229. [CrossRef]
36. Lazarou, M.; Narendra, D.P.; Jin, S.M.; Tekle, E.; Banerjee, S.; Youle, R.J. PINK1 drives Parkin self-association

and HECT-like E3 activity upstream of mitochondrial binding. J. Cell Biol. 2013, 200, 163–172. [CrossRef]
37. Wenzel, D.M.; Lissounov, A.; Brzovic, P.S.; Klevit, R.E. UBCH7 reactivity profile reveals parkin and HHARI

to be RING/HECT hybrids. Nature 2011, 474, 105–108. [CrossRef]
38. Chan, N.C.; Salazar, A.M.; Pham, A.H.; Sweredoski, M.J.; Kolawa, N.J.; Graham, R.L.; Hess, S.; Chan, D.C.

Broad activation of the ubiquitin-proteasome system by Parkin is critical for mitophagy. Hum. Mol. Genet.
2011, 20, 1726–1737. [CrossRef]

39. Sarraf, S.A.; Raman, M.; Guarani-Pereira, V.; Sowa, M.E.; Huttlin, E.L.; Gygi, S.P.; Harper, J.W. Landscape
of the PARKIN-dependent ubiquitylome in response to mitochondrial depolarization. Nature 2013, 496,
372–376. [CrossRef]

40. Ordureau, A.; Sarraf, S.A.; Duda, D.M.; Heo, J.M.; Jedrychowski, M.P.; Sviderskiy, V.O.; Olszewski, J.L.;
Koerber, J.T.; Xie, T.; Beausoleil, S.A.; et al. Quantitative proteomics reveal a feedforward mechanism for
mitochondrial PARKIN translocation and ubiquitin chain synthesis. Mol. Cell 2014, 56, 360–375. [CrossRef]

41. Riley, B.E.; Lougheed, J.C.; Callaway, K.; Velasquez, M.; Brecht, E.; Nguyen, L.; Shaler, T.; Walker, D.; Yang, Y.;
Regnstrom, K.; et al. Structure and function of Parkin E3 ubiquitin ligase reveals aspects of RING and HECT
ligases. Nat. Commun. 2013, 4, 1982. [CrossRef] [PubMed]

42. Spratt, D.E.; Walden, H.; Shaw, G.S. RBR E3 ubiquitin ligases: New structures, new insights, new questions.
Biochem. J. 2014, 458, 421–437. [CrossRef] [PubMed]

43. Seirafi, M.; Kozlov, G.; Gehring, K. Parkin structure and function. FEBS J. 2015, 282, 2076–2088. [CrossRef]
[PubMed]

44. Duda, D.M.; Olszewski, J.L.; Schuermann, J.P.; Kurinov, I.; Miller, D.J.; Nourse, A.; Alpi, A.F.; Schulman, B.A.
Structure of HHARI, a RING-IBR-RING ubiquitin ligase: Autoinhibition of an Ariadne-family E3 and
insights into ligation mechanism. Structure 2013, 21, 1030–1041. [CrossRef]

45. Wauer, T.; Komander, D. Structure of the human Parkin ligase domain in an autoinhibited state. EMBO J.
2013, 32, 2099–2112. [CrossRef]

http://dx.doi.org/10.1038/embor.2012.14
http://www.ncbi.nlm.nih.gov/pubmed/22354088
http://dx.doi.org/10.1038/ncb1644
http://dx.doi.org/10.1371/journal.pbio.0050172
http://dx.doi.org/10.1002/emmm.200900006
http://dx.doi.org/10.1016/j.devcel.2011.12.014
http://dx.doi.org/10.1038/s41586-019-1667-4
http://dx.doi.org/10.1083/jcb.201402104
http://www.ncbi.nlm.nih.gov/pubmed/24751536
http://dx.doi.org/10.1038/nature13392
http://www.ncbi.nlm.nih.gov/pubmed/24784582
http://dx.doi.org/10.1146/annurev.biochem.67.1.425
http://dx.doi.org/10.1016/j.chom.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24721569
http://dx.doi.org/10.1146/annurev-biochem-060310-170328
http://dx.doi.org/10.1083/jcb.201210111
http://dx.doi.org/10.1038/nature09966
http://dx.doi.org/10.1093/hmg/ddr048
http://dx.doi.org/10.1038/nature12043
http://dx.doi.org/10.1016/j.molcel.2014.09.007
http://dx.doi.org/10.1038/ncomms2982
http://www.ncbi.nlm.nih.gov/pubmed/23770887
http://dx.doi.org/10.1042/BJ20140006
http://www.ncbi.nlm.nih.gov/pubmed/24576094
http://dx.doi.org/10.1111/febs.13249
http://www.ncbi.nlm.nih.gov/pubmed/25712550
http://dx.doi.org/10.1016/j.str.2013.04.019
http://dx.doi.org/10.1038/emboj.2013.125


Int. J. Mol. Sci. 2020, 21, 1772 13 of 17

46. Chaugule, V.K.; Burchell, L.; Barber, K.R.; Sidhu, A.; Leslie, S.J.; Shaw, G.S.; Walden, H. Autoregulation of
Parkin activity through its ubiquitin-like domain. EMBO J. 2011, 30, 2853–2867. [CrossRef]

47. Sakata, E.; Yamaguchi, Y.; Kurimoto, E.; Kikuchi, J.; Yokoyama, S.; Yamada, S.; Kawahara, H.; Yokosawa, H.;
Hattori, N.; Mizuno, Y.; et al. Parkin binds the Rpn10 subunit of 26S proteasomes through its ubiquitin-like
domain. EMBO Rep. 2003, 4, 301–306. [CrossRef]

48. Trempe, J.F.; Chen, C.X.; Grenier, K.; Camacho, E.M.; Kozlov, G.; McPherson, P.S.; Gehring, K.; Fon, E.A.
SH3 domains from a subset of BAR proteins define a Ubl-binding domain and implicate parkin in synaptic
ubiquitination. Mol. Cell 2009, 36, 1034–1047. [CrossRef]

49. Bai, J.J.; Safadi, S.S.; Mercier, P.; Barber, K.R.; Shaw, G.S. Ataxin-3 is a multivalent ligand for the parkin Ubl
domain. Biochemistry 2013, 52, 7369–7376. [CrossRef]

50. Iguchi, M.; Kujuro, Y.; Okatsu, K.; Koyano, F.; Kosako, H.; Kimura, M.; Suzuki, N.; Uchiyama, S.; Tanaka, K.;
Matsuda, N. Parkin-Catalyzed ubiquitin-ester transfer is triggered by PINK1-dependent phosphorylation.
J. Biol. Chem. 2013, 288, 22019–22032. [CrossRef]

51. Durcan, T.M.; Tang, M.Y.; Perusse, J.R.; Dashti, E.A.; Aguileta, M.A.; McLelland, G.L.; Gros, P.; Shaler, T.A.;
Faubert, D.; Coulombe, B.; et al. USP8 regulates mitophagy by removing K6-linked ubiquitin conjugates
from parkin. EMBO J. 2014, 33, 2473–2491. [CrossRef]

52. Kondapalli, C.; Kazlauskaite, A.; Zhang, N.; Woodroof, H.I.; Campbell, D.G.; Gourlay, R.; Burchell, L.;
Walden, H.; Macartney, T.J.; Deak, M.; et al. PINK1 is activated by mitochondrial membrane potential
depolarization and stimulates Parkin E3 ligase activity by phosphorylating Serine 65. Open Biol. 2012, 2,
120080. [CrossRef] [PubMed]

53. Kazlauskaite, A.; Kondapalli, C.; Gourlay, R.; Campbell, D.G.; Ritorto, M.S.; Hofmann, K.; Alessi, D.R.;
Knebel, A.; Trost, M.; Muqit, M.M. Parkin is activated by PINK1-dependent phosphorylation of ubiquitin at
Ser65. Biochem. J. 2014, 460, 127–139. [CrossRef] [PubMed]

54. Kazlauskaite, A.; Martinez-Torres, R.J.; Wilkie, S.; Kumar, A.; Peltier, J.; Gonzalez, A.; Johnson, C.; Zhang, J.;
Hope, A.G.; Peggie, M.; et al. Binding to serine 65-phosphorylated ubiquitin primes Parkin for optimal
PINK1-dependent phosphorylation and activation. EMBO Rep. 2015, 16, 939–954. [CrossRef] [PubMed]

55. Okatsu, K.; Koyano, F.; Kimura, M.; Kosako, H.; Saeki, Y.; Tanaka, K.; Matsuda, N. Phosphorylated ubiquitin
chain is the genuine Parkin receptor. J. Cell Biol. 2015, 209, 111–128. [CrossRef] [PubMed]

56. Koyano, F.; Yamano, K.; Kosako, H.; Tanaka, K.; Matsuda, N. Parkin recruitment to impaired mitochondria
for nonselective ubiquitylation is facilitated by MITOL. J. Biol. Chem. 2019, 294, 10300–10314. [CrossRef]

57. Amadoro, G.; Corsetti, V.; Florenzano, F.; Atlante, A.; Bobba, A.; Nicolin, V.; Nori, S.L.; Calissano, P.
Morphological and bioenergetic demands underlying the mitophagy in post-mitotic neurons: The pink-parkin
pathway. Front. Aging Neurosci. 2014, 6, 18. [CrossRef]

58. Ziviani, E.; Tao, R.N.; Whitworth, A.J. Drosophila parkin requires PINK1 for mitochondrial translocation
and ubiquitinates mitofusin. Proc. Natl. Acad. Sci. USA 2010, 107, 5018–5023. [CrossRef]

59. Filadi, R.; Pendin, D.; Pizzo, P. Mitofusin 2: From functions to disease. Cell Death Dis. 2018, 9, 330. [CrossRef]
60. de Brito, O.M.; Scorrano, L. Mitofusin 2 tethers endoplasmic reticulum to mitochondria. Nature 2008, 456,

605–610. [CrossRef]
61. Filadi, R.; Greotti, E.; Turacchio, G.; Luini, A.; Pozzan, T.; Pizzo, P. Mitofusin 2 ablation increases endoplasmic

reticulum-mitochondria coupling. Proc. Natl. Acad. Sci. USA 2015, 112, E2174–E2181. [CrossRef] [PubMed]
62. Cieri, D.; Vicario, M.; Giacomello, M.; Vallese, F.; Filadi, R.; Wagner, T.; Pozzan, T.; Pizzo, P.; Scorrano, L.;

Brini, M.; et al. SPLICS: A split green fluorescent protein-based contact site sensor for narrow and wide
heterotypic organelle juxtaposition. Cell Death Differ. 2017, 25, 1131–1145. [CrossRef] [PubMed]

63. Szabadkai, G.; Bianchi, K.; Varnai, P.; De Stefani, D.; Wieckowski, M.R.; Cavagna, D.; Nagy, A.I.; Balla, T.;
Rizzuto, R. Chaperone-Mediated coupling of endoplasmic reticulum and mitochondrial Ca2+ channels. J.
Cell Biol. 2006, 175, 901–911. [CrossRef]

64. De Stefani, D.; Bononi, A.; Romagnoli, A.; Messina, A.; De Pinto, V.; Pinton, P.; Rizzuto, R. VDAC1 selectively
transfers apoptotic Ca2+ signals to mitochondria. Cell Death Differ. 2012, 19, 267–273. [CrossRef] [PubMed]

65. Liu, Y.; Ma, X.; Fujioka, H.; Liu, J.; Chen, S.; Zhu, X. DJ-1 regulates the integrity and function of
ER-mitochondria association through interaction with IP3R3-Grp75-VDAC1. Proc. Natl. Acad. Sci.
USA 2019, 116, 25322–25328. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/emboj.2011.204
http://dx.doi.org/10.1038/sj.embor.embor764
http://dx.doi.org/10.1016/j.molcel.2009.11.021
http://dx.doi.org/10.1021/bi400780v
http://dx.doi.org/10.1074/jbc.M113.467530
http://dx.doi.org/10.15252/embj.201489729
http://dx.doi.org/10.1098/rsob.120080
http://www.ncbi.nlm.nih.gov/pubmed/22724072
http://dx.doi.org/10.1042/BJ20140334
http://www.ncbi.nlm.nih.gov/pubmed/24660806
http://dx.doi.org/10.15252/embr.201540352
http://www.ncbi.nlm.nih.gov/pubmed/26116755
http://dx.doi.org/10.1083/jcb.201410050
http://www.ncbi.nlm.nih.gov/pubmed/25847540
http://dx.doi.org/10.1074/jbc.RA118.006302
http://dx.doi.org/10.3389/fnagi.2014.00018
http://dx.doi.org/10.1073/pnas.0913485107
http://dx.doi.org/10.1038/s41419-017-0023-6
http://dx.doi.org/10.1038/nature07534
http://dx.doi.org/10.1073/pnas.1504880112
http://www.ncbi.nlm.nih.gov/pubmed/25870285
http://dx.doi.org/10.1038/s41418-017-0033-z
http://www.ncbi.nlm.nih.gov/pubmed/29229997
http://dx.doi.org/10.1083/jcb.200608073
http://dx.doi.org/10.1038/cdd.2011.92
http://www.ncbi.nlm.nih.gov/pubmed/21720385
http://dx.doi.org/10.1073/pnas.1906565116
http://www.ncbi.nlm.nih.gov/pubmed/31767755


Int. J. Mol. Sci. 2020, 21, 1772 14 of 17

66. Tanaka, A.; Cleland, M.M.; Xu, S.; Narendra, D.P.; Suen, D.F.; Karbowski, M.; Youle, R.J. Proteasome and
p97 mediate mitophagy and degradation of mitofusins induced by Parkin. J. Cell Biol. 2010, 191, 1367–1380.
[CrossRef] [PubMed]

67. Yoshii, S.R.; Kishi, C.; Ishihara, N.; Mizushima, N. Parkin mediates proteasome-dependent protein
degradation and rupture of the outer mitochondrial membrane. J. Biol. Chem. 2011, 286, 19630–19640.
[CrossRef]

68. McLelland, G.L.; Goiran, T.; Yi, W.; Dorval, G.; Chen, C.X.; Lauinger, N.D.; Krahn, A.I.; Valimehr, S.;
Rakovic, A.; Rouiller, I.; et al. Mfn2 ubiquitination by PINK1/parkin gates the p97-dependent release of ER
from mitochondria to drive mitophagy. eLife 2018, 7, e32866. [CrossRef]

69. Wang, X.; Winter, D.; Ashrafi, G.; Schlehe, J.; Wong, Y.L.; Selkoe, D.; Rice, S.; Steen, J.; LaVoie, M.J.;
Schwarz, T.L. PINK1 and Parkin target Miro for phosphorylation and degradation to arrest mitochondrial
motility. Cell 2011, 147, 893–906. [CrossRef]

70. Safiulina, D.; Kuum, M.; Choubey, V.; Gogichaishvili, N.; Liiv, J.; Hickey, M.A.; Cagalinec, M.; Mandel, M.;
Zeb, A.; Liiv, M.; et al. Miro proteins prime mitochondria for Parkin translocation and mitophagy. EMBO J.
2019, 38, e99384. [CrossRef]

71. Lim, K.L.; Chew, K.C.; Tan, J.M.; Wang, C.; Chung, K.K.; Zhang, Y.; Tanaka, Y.; Smith, W.; Engelender, S.;
Ross, C.A.; et al. Parkin mediates nonclassical, proteasomal-independent ubiquitination of synphilin-1:
Implications for Lewy body formation. J. Neurosci. 2005, 25, 2002–2009. [CrossRef] [PubMed]

72. Lazarou, M.; Sliter, D.A.; Kane, L.A.; Sarraf, S.A.; Wang, C.; Burman, J.L.; Sideris, D.P.; Fogel, A.I.; Youle, R.J.
The ubiquitin kinase PINK1 recruits autophagy receptors to induce mitophagy. Nature 2015, 524, 309–314.
[CrossRef] [PubMed]

73. Heo, J.M.; Ordureau, A.; Paulo, J.A.; Rinehart, J.; Harper, J.W. The PINK1-PARKIN mitochondrial
ubiquitylation pathway drives a program of OPTN/NDP52 recruitment and TBK1 activation to promote
mitophagy. Mol. Cell 2015, 60, 7–20. [CrossRef] [PubMed]

74. Van Humbeeck, C.; Cornelissen, T.; Hofkens, H.; Mandemakers, W.; Gevaert, K.; De Strooper, B.;
Vandenberghe, W. Parkin interacts with Ambra1 to induce mitophagy. J. Neurosci. 2011, 31, 10249–10261.
[CrossRef] [PubMed]

75. Michiorri, S.; Gelmetti, V.; Giarda, E.; Lombardi, F.; Romano, F.; Marongiu, R.; Nerini-Molteni, S.; Sale, P.;
Vago, R.; Arena, G.; et al. The Parkinson-associated protein PINK1 interacts with Beclin1 and promotes
autophagy. Cell Death Differ. 2010, 17, 962–974. [CrossRef]

76. Shiba-Fukushima, K.; Arano, T.; Matsumoto, G.; Inoshita, T.; Yoshida, S.; Ishihama, Y.; Ryu, K.Y.; Nukina, N.;
Hattori, N.; Imai, Y. Phosphorylation of mitochondrial polyubiquitin by PINK1 promotes Parkin mitochondrial
tethering. PLoS Genet. 2014, 10, e1004861. [CrossRef]

77. Li, G.; Yang, J.; Yang, C.; Zhu, M.; Jin, Y.; McNutt, M.A.; Yin, Y. PTENalpha regulates mitophagy and
maintains mitochondrial quality control. Autophagy 2018, 14, 1742–1760. [CrossRef]

78. Wang, L.; Cho, Y.L.; Tang, Y.; Wang, J.; Park, J.E.; Wu, Y.; Wang, C.; Tong, Y.; Chawla, R.; Zhang, J.; et al.
PTEN-L is a novel protein phosphatase for ubiquitin dephosphorylation to inhibit PINK1-Parkin-mediated
mitophagy. Cell Res. 2018, 28, 787–802. [CrossRef]

79. Bononi, A.; Bonora, M.; Marchi, S.; Missiroli, S.; Poletti, F.; Giorgi, C.; Pandolfi, P.P.; Pinton, P.
Identification of PTEN at the ER and MAMs and its regulation of Ca2+ signaling and apoptosis in a
protein phosphatase-dependent manner. Cell Death Differ. 2013, 20, 1631–1643. [CrossRef]

80. Kuroda, Y.; Mitsui, T.; Kunishige, M.; Shono, M.; Akaike, M.; Azuma, H.; Matsumoto, T. Parkin enhances
mitochondrial biogenesis in proliferating cells. Hum. Mol. Genet. 2006, 15, 883–895. [CrossRef]

81. Shin, J.H.; Ko, H.S.; Kang, H.; Lee, Y.; Lee, Y.I.; Pletinkova, O.; Troconso, J.C.; Dawson, V.L.; Dawson, T.M.
PARIS (ZNF746) repression of PGC-1α contributes to neurodegeneration in Parkinson’s disease. Cell 2011,
144, 689–702. [CrossRef] [PubMed]

82. Rothfuss, O.; Fischer, H.; Hasegawa, T.; Maisel, M.; Leitner, P.; Miesel, F.; Sharma, M.; Bornemann, A.;
Berg, D.; Gasser, T.; et al. Parkin protects mitochondrial genome integrity and supports mitochondrial DNA
repair. Hum. Mol. Genet. 2009, 18, 3832–3850. [CrossRef] [PubMed]

83. Lee, Y.; Chou, T.F.; Pittman, S.K.; Keith, A.L.; Razani, B.; Weihl, C.C. Keap1/Cullin3 modulates p62/SQSTM1
activity via UBA domain ubiquitination. Cell Rep. 2017, 19, 188–202. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.201007013
http://www.ncbi.nlm.nih.gov/pubmed/21173115
http://dx.doi.org/10.1074/jbc.M110.209338
http://dx.doi.org/10.7554/eLife.32866
http://dx.doi.org/10.1016/j.cell.2011.10.018
http://dx.doi.org/10.15252/embj.201899384
http://dx.doi.org/10.1523/JNEUROSCI.4474-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15728840
http://dx.doi.org/10.1038/nature14893
http://www.ncbi.nlm.nih.gov/pubmed/26266977
http://dx.doi.org/10.1016/j.molcel.2015.08.016
http://www.ncbi.nlm.nih.gov/pubmed/26365381
http://dx.doi.org/10.1523/JNEUROSCI.1917-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21753002
http://dx.doi.org/10.1038/cdd.2009.200
http://dx.doi.org/10.1371/journal.pgen.1004861
http://dx.doi.org/10.1080/15548627.2018.1489477
http://dx.doi.org/10.1038/s41422-018-0056-0
http://dx.doi.org/10.1038/cdd.2013.77
http://dx.doi.org/10.1093/hmg/ddl006
http://dx.doi.org/10.1016/j.cell.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21376232
http://dx.doi.org/10.1093/hmg/ddp327
http://www.ncbi.nlm.nih.gov/pubmed/19617636
http://dx.doi.org/10.1016/j.celrep.2017.03.030
http://www.ncbi.nlm.nih.gov/pubmed/28380357


Int. J. Mol. Sci. 2020, 21, 1772 15 of 17

84. Jacoupy, M.; Hamon-Keromen, E.; Ordureau, A.; Erpapazoglou, Z.; Coge, F.; Corvol, J.C.; Nosjean, O.;
Mannoury la Cour, C.; Millan, M.J.; Boutin, J.A.; et al. The PINK1 kinase-driven ubiquitin ligase Parkin
promotes mitochondrial protein import through the presequence pathway in living cells. Sci. Rep. 2019, 9,
11829. [CrossRef] [PubMed]

85. Vincow, E.S.; Merrihew, G.; Thomas, R.E.; Shulman, N.J.; Beyer, R.P.; MacCoss, M.J.; Pallanck, L.J.
The PINK1-Parkin pathway promotes both mitophagy and selective respiratory chain turnover in vivo.
Proc. Natl. Acad. Sci. USA 2013, 110, 6400–6405. [CrossRef] [PubMed]

86. Gehrke, S.; Wu, Z.; Klinkenberg, M.; Sun, Y.; Auburger, G.; Guo, S.; Lu, B. PINK1 and Parkin control localized
translation of respiratory chain component mRNAs on mitochondria outer membrane. Cell Metab. 2015, 21,
95–108. [CrossRef]

87. Marongiu, R.; Spencer, B.; Crews, L.; Adame, A.; Patrick, C.; Trejo, M.; Dallapiccola, B.; Valente, E.M.;
Masliah, E. Mutant Pink1 induces mitochondrial dysfunction in a neuronal cell model of Parkinson’s disease
by disturbing Ca2+ flux. J. Neurochem. 2009, 108, 1561–1574. [CrossRef]

88. Akundi, R.S.; Huang, Z.; Eason, J.; Pandya, J.D.; Zhi, L.; Cass, W.A.; Sullivan, P.G.; Bueler, H. Increased
mitochondrial Ca2+ sensitivity and abnormal expression of innate immunity genes precede dopaminergic
defects in pink1-deficient mice. PLoS ONE 2011, 6, e16038. [CrossRef]

89. Yu, W.; Sun, Y.; Guo, S.; Lu, B. The PINK1/Parkin pathway regulates mitochondrial dynamics and function in
mammalian hippocampal and dopaminergic neurons. Hum. Mol. Genet. 2011, 20, 3227–3240. [CrossRef]

90. Gandhi, S.; Wood-Kaczmar, A.; Yao, Z.; Plun-Favreau, H.; Deas, E.; Klupsch, K.; Downward, J.; Latchman, D.S.;
Tabrizi, S.J.; Wood, N.W.; et al. PINK1-associated Parkinson’s disease is caused by neuronal vulnerability to
Ca2+-induced cell death. Mol. Cell 2009, 33, 627–638. [CrossRef]

91. Heeman, B.; Van den Haute, C.; Aelvoet, S.A.; Valsecchi, F.; Rodenburg, R.J.; Reumers, V.; Debyser, Z.;
Callewaert, G.; Koopman, W.J.; Willems, P.H.; et al. Depletion of PINK1 affects mitochondrial metabolism,
Ca2+ homeostasis and energy maintenance. J. Cell Sci. 2011, 124 Pt 7, 1115–1125. [CrossRef]

92. Huang, E.; Qu, D.; Huang, T.; Rizzi, N.; Boonying, W.; Krolak, D.; Ciana, P.; Woulfe, J.; Klein, C.; Slack, R.S.;
et al. PINK1-Mediated phosphorylation of LETM1 regulates mitochondrial Ca2+ transport and protects
neurons against mitochondrial stress. Nat. Commun. 2017, 8, 1399. [CrossRef] [PubMed]

93. Jiang, D.; Zhao, L.; Clish, C.B.; Clapham, D.E. Letm1, the mitochondrial Ca2+/H+ antiporter, is essential
for normal glucose metabolism and alters brain function in Wolf-Hirschhorn syndrome. Proc. Natl. Acad.
Sci. USA 2013, 110, E2249–E2254. [CrossRef] [PubMed]

94. Shao, J.; Fu, Z.; Ji, Y.; Guan, X.; Guo, S.; Ding, Z.; Yang, X.; Cong, Y.; Shen, Y. Leucine zipper-EF-hand
containing transmembrane protein 1 (LETM1) forms a Ca2+/H+ antiporter. Sci. Rep. 2016, 6, 34174. [CrossRef]
[PubMed]

95. Jiang, D.; Zhao, L.; Clapham, D.E. Genome-Wide RNAi screen identifies Letm1 as a mitochondrial Ca2+/H+

antiporter. Science 2009, 326, 144–147. [CrossRef] [PubMed]
96. Soman, S.; Keatinge, M.; Moein, M.; Da Costa, M.; Mortiboys, H.; Skupin, A.; Sugunan, S.; Bazala, M.;

Kuznicki, J.; Bandmann, O. Inhibition of the mitochondrial Ca2+ uniporter rescues dopaminergic neurons in
pink1(-/-) zebrafish. Eur. J. Neurosci. 2017, 45, 528–535. [CrossRef]

97. Calì, T.; Ottolini, D.; Negro, A.; Brini, M. Enhanced parkin levels favour ER-mitochondria crosstalk and
guarantee Ca2+ transfer to sustain cell bioenergetics. BBA Mol. Basis Dis. 2013, 1832, 495–508. [CrossRef]

98. Mammucari, C.; Raffaello, A.; Vecellio Reane, D.; Rizzuto, R. Molecular structure and pathophysiological
roles of the Mitochondrial Ca2+ Uniporter. Biochim. Biophys. Acta 2016, 1863, 2457–2464. [CrossRef]

99. Csordas, G.; Golenar, T.; Seifert, E.L.; Kamer, K.J.; Sancak, Y.; Perocchi, F.; Moffat, C.; Weaver, D.; de la
Fuente Perez, S.; Bogorad, R.; et al. MICU1 controls both the threshold and cooperative activation of the
mitochondrial Ca2+ uniporter. Cell Metab. 2013, 17, 976–987. [CrossRef]

100. Patron, M.; Checchetto, V.; Raffaello, A.; Teardo, E.; Vecellio Reane, D.; Mantoan, M.; Granatiero, V.; Szabo, I.;
De Stefani, D.; Rizzuto, R. MICU1 and MICU2 finely tune the mitochondrial ca uniporter by exerting opposite
effects on MCU activity. Mol. Cell 2014, 53, 726–737. [CrossRef]

101. Mallilankaraman, K.; Doonan, P.; Cardenas, C.; Chandramoorthy, H.C.; Muller, M.; Miller, R.; Hoffman, N.E.;
Gandhirajan, R.K.; Molgo, J.; Birnbaum, M.J.; et al. MICU1 is an essential gatekeeper for MCU-mediated
mitochondrial Ca2+ uptake that regulates cell survival. Cell 2012, 151, 630–644. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41598-019-47352-9
http://www.ncbi.nlm.nih.gov/pubmed/31413265
http://dx.doi.org/10.1073/pnas.1221132110
http://www.ncbi.nlm.nih.gov/pubmed/23509287
http://dx.doi.org/10.1016/j.cmet.2014.12.007
http://dx.doi.org/10.1111/j.1471-4159.2009.05932.x
http://dx.doi.org/10.1371/journal.pone.0016038
http://dx.doi.org/10.1093/hmg/ddr235
http://dx.doi.org/10.1016/j.molcel.2009.02.013
http://dx.doi.org/10.1242/jcs.078303
http://dx.doi.org/10.1038/s41467-017-01435-1
http://www.ncbi.nlm.nih.gov/pubmed/29123128
http://dx.doi.org/10.1073/pnas.1308558110
http://www.ncbi.nlm.nih.gov/pubmed/23716663
http://dx.doi.org/10.1038/srep34174
http://www.ncbi.nlm.nih.gov/pubmed/27669901
http://dx.doi.org/10.1126/science.1175145
http://www.ncbi.nlm.nih.gov/pubmed/19797662
http://dx.doi.org/10.1111/ejn.13473
http://dx.doi.org/10.1016/j.bbadis.2013.01.004
http://dx.doi.org/10.1016/j.bbamcr.2016.03.006
http://dx.doi.org/10.1016/j.cmet.2013.04.020
http://dx.doi.org/10.1016/j.molcel.2014.01.013
http://dx.doi.org/10.1016/j.cell.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23101630


Int. J. Mol. Sci. 2020, 21, 1772 16 of 17

102. Matteucci, A.; Patron, M.; Reane, D.V.; Gastaldello, S.; Amoroso, S.; Rizzuto, R.; Brini, M.; Raffaello, A.;
Cali, T. Parkin-Dependent regulation of the MCU complex component MICU1. Sci. Rep. 2018, 8, 14199.
[CrossRef] [PubMed]

103. Sandebring, A.; Dehvari, N.; Perez-Manso, M.; Thomas, K.J.; Karpilovski, E.; Cookson, M.R.; Cowburn, R.F.;
Cedazo-Minguez, A. Parkin deficiency disrupts Ca2+ homeostasis by modulating phospholipase C signalling.
FEBS J. 2009, 276, 5041–5052. [CrossRef] [PubMed]

104. Key, J.; Mueller, A.K.; Gispert, S.; Matschke, L.; Wittig, I.; Corti, O.; Munch, C.; Decher, N.; Auburger, G.
Ubiquitylome profiling of Parkin-null brain reveals dysregulation of Ca2+ homeostasis factors ATP1A2,
Hippocalcin and GNA11, reflected by altered firing of noradrenergic neurons. Neurobiol. Dis. 2019, 127,
114–130. [CrossRef] [PubMed]

105. Moseley, A.E.; Lieske, S.P.; Wetzel, R.K.; James, P.F.; He, S.; Shelly, D.A.; Paul, R.J.; Boivin, G.P.; Witte, D.P.;
Ramirez, J.M.; et al. The Na, K-ATPase α2 isoform is expressed in neurons, and its absence disrupts neuronal
activity in newborn mice. J. Biol. Chem. 2003, 278, 5317–5324. [CrossRef] [PubMed]

106. Despa, S.; Lingrel, J.B.; Bers, D.M. Na+/K+-ATPase α2-isoform preferentially modulates Ca2+ transients and
sarcoplasmic reticulum Ca2+ release in cardiac myocytes. Cardiovasc. Res. 2012, 95, 480–486. [CrossRef]

107. Hartford, A.K.; Messer, M.L.; Moseley, A.E.; Lingrel, J.B.; Delamere, N.A. Na, K-ATPase α2 inhibition alters
Ca2+ responses in optic nerve astrocytes. Glia 2004, 45, 229–237. [CrossRef]

108. Helassa, N.; Antonyuk, S.V.; Lian, L.Y.; Haynes, L.P.; Burgoyne, R.D. Biophysical and functional
characterization of hippocalcin mutants responsible for human dystonia. Hum. Mol. Genet. 2017, 26,
2426–2435. [CrossRef]

109. Kerkhofs, M.; Giorgi, C.; Marchi, S.; Seitaj, B.; Parys, J.B.; Pinton, P.; Bultynck, G.; Bittremieux, M. Alterations
in Ca2+ Signalling via ER-mitochondria contact site remodelling in cancer. Adv. Exp. Med. Biol. 2017, 997,
225–254.

110. Rieusset, J. The role of endoplasmic reticulum-mitochondria contact sites in the control of glucose homeostasis:
An update. Cell Death Dis. 2018, 9, 388. [CrossRef]

111. Ottolini, D.; Calì, T.; Negro, A.; Brini, M. The Parkinson disease-related protein DJ-1 counteracts
mitochondrial impairment induced by the tumour suppressor protein p53 by enhancing endoplasmic
reticulum-mitochondria tethering. Hum. Mol. Genet. 2013, 22, 2152–2168. [CrossRef] [PubMed]

112. Calì, T.; Ottolini, D.; Negro, A.; Brini, M. α-Synuclein controls mitochondrial Ca2+ homeostasis by enhancing
endoplasmic reticulum-mitochondria interactions. J. Biol. Chem. 2012, 287, 17914–17929. [CrossRef]

113. Guardia-Laguarta, C.; Area-Gomez, E.; Rub, C.; Liu, Y.; Magrane, J.; Becker, D.; Voos, W.; Schon, E.A.;
Przedborski, S. α-Synuclein is localized to mitochondria-associated ER membranes. J. Neurosci. 2014, 34,
249–259. [CrossRef]

114. Parrado-Fernandez, C.; Schneider, B.; Ankarcrona, M.; Conti, M.M.; Cookson, M.R.; Kivipelto, M.;
Cedazo-Minguez, A.; Sandebring-Matton, A. Reduction of PINK1 or DJ-1 impair mitochondrial motility in
neurites and alter ER-mitochondria contacts. J. Cell Mol. Med. 2018, 22, 5439–5449. [CrossRef] [PubMed]

115. Modi, S.; Lopez-Domenech, G.; Halff, E.F.; Covill-Cooke, C.; Ivankovic, D.; Melandri, D.;
Arancibia-Carcamo, I.L.; Burden, J.J.; Lowe, A.R.; Kittler, J.T. Miro clusters regulate ER-mitochondria
contact sites and link cristae organization to the mitochondrial transport machinery. Nat. Commun. 2019,
10, 4399. [CrossRef] [PubMed]

116. Grossmann, D.; Berenguer-Escuder, C.; Bellet, M.E.; Scheibner, D.; Bohler, J.; Massart, F.; Rapaport, D.;
Skupin, A.; Fouquier d’Herouel, A.; Sharma, M.; et al. Mutations in RHOT1 disrupt endoplasmic
reticulum-mitochondria contact sites interfering with Ca2+ homeostasis and mitochondrial dynamics
in Parkinson’s disease. Antioxid. Redox Signal. 2019, 31, 1213–1234. [CrossRef] [PubMed]

117. Van Laar, V.S.; Roy, N.; Liu, A.; Rajprohat, S.; Arnold, B.; Dukes, A.A.; Holbein, C.D.; Berman, S.B. Glutamate
excitotoxicity in neurons triggers mitochondrial and endoplasmic reticulum accumulation of Parkin, and,
in the presence of N-acetyl cysteine, mitophagy. Neurobiol. Dis. 2015, 74, 180–193. [CrossRef]

118. Gautier, C.A.; Erpapazoglou, Z.; Mouton-Liger, F.; Muriel, M.P.; Cormier, F.; Bigou, S.; Duffaure, S.; Girard, M.;
Foret, B.; Iannielli, A.; et al. The endoplasmic reticulum-mitochondria interface is perturbed in PARK2
knockout mice and patients with PARK2 mutations. Hum. Mol. Genet. 2016, 25, 2972–2984. [CrossRef]

119. Basso, V.; Marchesan, E.; Peggion, C.; Chakraborty, J.; von Stockum, S.; Giacomello, M.; Ottolini, D.;
Debattisti, V.; Caicci, F.; Tasca, E.; et al. Regulation of ER-mitochondria contacts by Parkin via Mfn2. Pharm.
Res. 2018, 138, 43–56. [CrossRef]

http://dx.doi.org/10.1038/s41598-018-32551-7
http://www.ncbi.nlm.nih.gov/pubmed/30242232
http://dx.doi.org/10.1111/j.1742-4658.2009.07201.x
http://www.ncbi.nlm.nih.gov/pubmed/19663908
http://dx.doi.org/10.1016/j.nbd.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30763678
http://dx.doi.org/10.1074/jbc.M211315200
http://www.ncbi.nlm.nih.gov/pubmed/12458206
http://dx.doi.org/10.1093/cvr/cvs213
http://dx.doi.org/10.1002/glia.10328
http://dx.doi.org/10.1093/hmg/ddx133
http://dx.doi.org/10.1038/s41419-018-0416-1
http://dx.doi.org/10.1093/hmg/ddt068
http://www.ncbi.nlm.nih.gov/pubmed/23418303
http://dx.doi.org/10.1074/jbc.M111.302794
http://dx.doi.org/10.1523/JNEUROSCI.2507-13.2014
http://dx.doi.org/10.1111/jcmm.13815
http://www.ncbi.nlm.nih.gov/pubmed/30133157
http://dx.doi.org/10.1038/s41467-019-12382-4
http://www.ncbi.nlm.nih.gov/pubmed/31562315
http://dx.doi.org/10.1089/ars.2018.7718
http://www.ncbi.nlm.nih.gov/pubmed/31303019
http://dx.doi.org/10.1016/j.nbd.2014.11.015
http://dx.doi.org/10.1093/hmg/ddw148
http://dx.doi.org/10.1016/j.phrs.2018.09.006


Int. J. Mol. Sci. 2020, 21, 1772 17 of 17

120. Celardo, I.; Costa, A.C.; Lehmann, S.; Jones, C.; Wood, N.; Mencacci, N.E.; Mallucci, G.R.; Loh, S.H.;
Martins, L.M. Mitofusin-Mediated ER stress triggers neurodegeneration in pink1/parkin models of Parkinson’s
disease. Cell Death Dis. 2016, 7, e2271. [CrossRef]

121. Koyano, F.; Yamano, K.; Kosako, H.; Kimura, Y.; Kimura, M.; Fujiki, Y.; Tanaka, K.; Matsuda, N.
Parkin-Mediated ubiquitylation redistributes MITOL/March5 from mitochondria to peroxisomes. Embo Rep.
2019, 20, e47728. [CrossRef] [PubMed]

122. Sugiura, A.; Nagashima, S.; Tokuyama, T.; Amo, T.; Matsuki, Y.; Ishido, S.; Kudo, Y.; McBride, H.M.;
Fukuda, T.; Matsushita, N.; et al. MITOL regulates endoplasmic reticulum-mitochondria contacts via
Mitofusin2. Mol. Cell 2013, 51, 20–34. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/cddis.2016.173
http://dx.doi.org/10.15252/embr.201947728
http://www.ncbi.nlm.nih.gov/pubmed/31602805
http://dx.doi.org/10.1016/j.molcel.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23727017
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The PINK1/Parkin Pathway 
	PINK1, Parkin, and Ca2+ 
	PINK1, Parkin, and ER–Mitochondria Cross-Talk 
	Conclusions 
	References

