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Abstract: The role of mitochondria in Parkinson’s disease (PD) has been investigated since the
1980s and is gaining attention with recent advances in PD genetics research. Mutations in PRKN
and PTEN-Induced Putative Kinase 1 (PINK1) are well-established causes of autosomal recessive
early-onset PD. Genetic and biochemical studies have revealed that PINK1 and Parkin proteins function
together in the same biological pathway to govern mitochondrial quality control. These proteins have
also been implicated in the regulation of innate and adaptive immunity and other mitochondrial
functions. Additionally, structural studies on Parkin have delineated an activation mechanism and
have identified druggable regions that are currently being explored by academic and industry groups.
To de-risk therapeutic development for these genetic targets, The Michael J. Fox Foundation for
Parkinson’s Research (MJFF) has deployed a strategic funding and enabling framework that brings
together the research community to discuss important breakthroughs and challenges in research on
PINK1-Parkin biology, supports collaborative initiatives to further our understanding within this
field and develops high-quality research tools and assays that are widely available to all researchers.
The Foundation’s efforts are leading to significant advances in understanding of the underlying
biology of these genes, proteins and pathways and in the development of Parkinson’s therapies.
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1. Background

Parkinson’s disease (PD) is a chronic, progressive neurodegenerative disorder characterized
by loss of dopaminergic neurons in the substantia nigra (SN) leading to motor dysfunction but can
also impact other pathways implicated in non-motor disease manifestations [1]. The etiology of
PD remains largely unknown; however, genetic studies over the past two decades point to crucial
roles for certain genes as contributors to disease onset and progression. Although these genetic
differences are only associated with a small proportion of PD cases, they can reveal the importance
of certain cellular pathways and processes that may be disrupted in PD more broadly. Translating
these insights into new diagnostics or therapeutics for PD patients remains a challenge and requires
significant additional research to (i) identify the functional role of the genes and mutations under
normal and disease conditions, (ii) determine if the protein or another component of the pathway
can be modulated, (iii) elucidate the structure of the proteins to identify druggable regions and (iv)
confirm that modulating the protein is safe in preclinical models. The Michael J. Fox Foundation
for Parkinson’s Research (MJFF) deploys strategic funding to fill the knowledge gaps and also acts
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as a convener of experts; bringing together academic and industry partners to discuss challenges
hindering therapeutic development, fostering collaborations using novel approaches to address these
challenges and promoting data and resource-sharing between teams. Most importantly, the MJFF plays
a proactive role to develop and characterize essential preclinical tools and animal models to ensure
that high-quality resources are widely available and research findings are robust and reproducible.

Translation of understanding of the PD-associated gene leucine-rich repeat kinase 2 (LRRK2) into
therapeutic development provides an excellent example of how a framework for strategic investment
and coordinated action can accelerate progress. First genetically linked to PD in 2004 [2,3], LRRK2
protein has been shown to be present largely in the cytoplasm but also associates with the mitochondrial
outer membrane [4,5]. Early studies demonstrated that mutations in LRRK?2 increase its encoded
protein’s kinase activity [6] providing strong rationale for development of LRRK2 kinase inhibitors
for the treatment of PD. However, a lack of protein structural insight, limited understanding of the
upstream and downstream cellular signaling networks for LRRK2, including its endogenous protein
substrates, and uncertainty around the broader role of LRRK2 in idiopathic forms of PD were clear
obstacles along the path to clinical development of LRRK2-targeted therapies. Moreover, preclinical
studies in genetic knockouts or with LRRK2 inhibitors suggested impact of reduced LRRK2 activity on
tissues within the lung and kidney, highlighting potential issues for safety when moving these therapies
into human testing. Applying focused strategic funding and collaboration, MJFF worked closely
with community stakeholders to address these and other important questions. Today, MJFF-funded
researchers have identified endogenous protein substrates for LRRK2 [7], built improved models of
the functional structure of the LRRK2 protein [8,9], clarified understanding of the impact of inhibiting
LRRK2 kinase activity in preclinical models [10] and demonstrated that increased kinase activity is
found in the idiopathic PD (iPD) population [11,12]. These and other crucial data have increased
confidence for continued clinical development of LRRK2-targeted therapies, the first of which are now
in Phase 1 clinical trials [NCT03710707 and NCT03976349].

Using a similar framework, we are working with the community stakeholders to explore the
potential for developing treatments targeting two additional proteins with genetic links to PD:
Parkin and PTEN-induced putative kinase protein 1 (PINK1). Below, we briefly describe the rationale
for targeting these proteins and our perspective on the biological, therapeutic, biomarker and resource
needs critical for successful translation of these proteins into therapies for people with PD.

2. Mitochondrial Dysfunction in PD

A growing body of evidence points to mitochondrial dysfunction as a contributor to PD
pathogenesis. Mitochondria are traditionally viewed as cellular powerhouses. However, the broader
role of mitochondria involves a host of functions important for maintaining neuronal health and
survival. Early evidence of mitochondrial involvement in PD came from serendipitous identification of
several so-called “frozen addicts” in the 1970s [13]. These individuals had injected heroin that had been
laced with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and began exhibiting PD-like motor
symptoms, due to the selective potency of this toxin to dopamine neurons. Since MPP?, the major
metabolite of MPTP, inhibits complex 1 of the electron transport chain [14,15], these case reports
provided strong evidence for mitochondrial dysfunction as a possible cause of parkinsonism. Moreover,
use of MPTP is now a powerful tool for modeling the disease in preclinical laboratory models of PD [16].
Subsequent studies in patient tissues reported deficits in mitochondrial complex 1 activity [15,17,18]
and accumulation of mitochondrial DNA (mtDNA) mutations [19].

In 1997, mutations in the SNCA gene were associated with familial PD. Over the next decade,
several additional genes such as PRKN, PINK1 and LRRK2, amongst others, were identified and their
functional roles were extensively characterized in various genetic and toxin PD models. These studies
demonstrated the important role of these genes in modulating mitochondrial bioenergetics, dynamics
and quality control [20]. Interestingly, these functions appear to be a convergence point for both
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familial and iPD, thus highlighting mitochondrial dysfunction as a common denominator of PD
pathogenesis [21].

3. PINK1 and Parkin PD

Mutations in PRKN and PINKI can explain approximately 13% of autosomal recessive PD with
disease onset under 45 years of age [22]. Heterozygous variants in these genes are also found at a
higher rate in the PD population compared to healthy controls suggesting a role in increasing genetic
risk for PD [23-26]. Typically, autosomal recessive PD linked to PRKN and PINKI mutations has an
earlier disease onset, slower progression and a remarkable levodopa response [27]. Pathologically,
these forms of PD are characterized by cell loss in the SN with conflicting evidence on the presence of
Lewy bodies [28].

Linkage of the PRKN and PINK1 genes to Parkinson’s disease led to some seminal papers in
the field of mitochondrial biology in PD. In 2006, studies in drosophila demonstrated that loss of
either PRKN or PINK1 led to degeneration of the flight muscles and dopamine neurodegeneration [29].
This work also demonstrated that both PINK1 and Parkin were part of a linear molecular pathway
where Parkin was downstream of PINK1 [30,31]. The currently accepted model (Figure 1a) suggests
that in response to mitochondrial depolarization, PINK1 is stabilized at the mitochondria and activates
Parkin. Once active, Parkin ubiquitinates several mitochondrial proteins and tags the mitochondria for
degradation by the lysosome, a process termed “mitophagy.” PD-associated mutations in PINK1 and
PRKN dampen this process, [32] resulting in the accumulation of damaged mitochondria and cell death.
Conversely, enhancing the expression of these proteins is neuroprotective in various PD preclinical
models [33-35]. Building on understanding of the functional effects of these proteins in in vitro and
in vivo models, four independent groups crystallized the Parkin protein [36-39] and outlined a detailed
multi-step activation process [40,41]. These structural and biochemical studies provide insights on
the normal and pathological role for Parkin. More importantly, these studies provide knowledge on
regions of the protein that could be leveraged for therapeutic development.
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Figure 1. PTEN-Induced Putative Kinase 1 (PINK1) and Parkin pathway preclinical tools and
animal models (a) The multiple players within the PINK1-Parkin-mitophagy pathway are indicated.
Upon mitochondrial damage, PINK1 is stabilized on the mitochondrial membrane and gets activated.
Once active, PINK1 phosphorylates ubiquitin that in turn binds to Parkin and causes Parkin translocation
to the mitochondria. PINKI also phosphorylates Parkin in the mitochondria that results in a
conformational change in Parkin and renders it fully active. Parkin then ubiquitinates itself and several
other mitochondrial proteins, the most prominent of which are listed in the figure. This labels the
damaged mitochondria for degradation by the lysosome (mitophagy); (b) The various tools generated
and distributed through the Michael J. Fox Foundation (MJFF) are listed. For detailed information on
the status of their availability and distribution partner, please visit www.michaeljfox.org/toolscatalog.

The strong genetic link to PD coupled with knowledge of the crystal structure and evidence
of the neuroprotective potential of activating these proteins provided a strong rationale for MJFF
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to recognize these targets as priorities. In 2013, the Foundation developed an initiative to translate
PINK1-Parkin understanding into meaningful therapies for people with Parkinson’s disease. Through
this initiative, our goals are to bring together researchers working on these targets to discuss the state of
the field for identification of key challenges, and strategies for addressing these challenges to expedite
therapeutic development of these genetic targets. In this article, we will provide a perspective on our
understanding of the field, including the key challenges and ongoing efforts to fill translational gaps
across four major goals within the Foundation’s PINK1-Parkin portfolio:

e Increase understanding of the biological function of PINK1 and Parkin in PD

e  Facilitate the development of PINK1-Parkin pathway-targeting therapies

e  Develop, optimize and validate biomarker assays to assess PINK1-Parkin pathway activation

e  Develop, characterize and distribute preclinical tools and animal models to facilitate PD research

Additional information on completed and ongoing studies can be found on www.michaeljfox.org/
funded-studies.

3.1. Increase Understanding of the Biological Function of PINK1 and Parkin in PD

Compared to other PD-related genes and the proteins they encode, the functions of PINK1 and
Parkin proteins have been well-elucidated. Unlike other proteins implicated in the pathogenesis of
PD, the crystal structure for inhibited Parkin is known and studies have extensively characterized the
role of these proteins in mitophagy in various cellular models. The biggest bottlenecks that prevent
the translation of these biological findings into PD therapies are (i) the lack of detailed knowledge on
the structure of the normal and mutated versions of the proteins, (ii) the reliance on harsh stressors
to activate this pathway, and (iii) limited understanding of the exact downstream molecular players
involved in PINK1-Parkin-mediated neuroprotection.

The initial crystal structures of closed Parkin provided the first model to understand domain-domain
interactions to maintain Parkin in an inhibited state [36-39]. However, we have learned only recently how
inhibition is relieved by domain reorganization as structures of intermediate activated conformations of
Parkin were revealed [40,42]. These studies have identified additional regions that could be targeted
within the protein to activate Parkin, enabling further development of Parkin activators. On the other
hand, it has been challenging to express and purify the human PINK1 protein for crystal structure
studies and only insect PINK1 structures are currently available [42-44]. Since these studies have been a
major driver for therapeutic programs, MJFF hosted a workshop in 2019 that brought together structural
biologists and drug development experts from industry to discuss scientific and technical challenges
that delay these efforts. The outcomes of these discussions have resulted in various groups working
together to share tools, platforms and protocols to continue efforts focused on validating the Parkin
structure using different crystallography techniques and developing new approaches to express and
purify the human PINK1 protein.

There is consensus that activation of the PINK1-Parkin pathway promotes mitophagy. However,
these proteins are usually over-expressed in cellular models and mitophagy can only be measured
upon activation of this pathway by mitochondrial depolarizing agents, therefore providing an artificial
system that may not truly reflect mechanisms of its endogenous regulation. In an attempt to determine
if mitophagy can be monitored in vivo in preclinical models, at endogenous levels of these proteins,
a new mitophagy reporter mouse model was recently generated [45]. Surprisingly, deleting PINK1 or
PRKN failed to influence basal mitophagy in the SN, suggesting the involvement of other proteins
in this process. MJFF is currently supporting efforts to determine if PD-relevant stressors such as
toxins, alpha-synuclein or mutations in the mitochondrial DNA polymerase result in observable
differences in mitophagy in the knockout (KO) models. This study will provide additional insights
on the role for Parkin in stress-induced mitophagy and identify other mechanisms that activate the
pathway. In parallel, we are also working with groups to identify novel upstream modifiers of
PINK1-Parkin-mediated mitophagy using a mass spectrometry-based approach [46]. Through the
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use of a genome-wide screen, we aim to uncover new targets, that impact the various steps within
this pathway, for therapeutic development and increase our understanding of the mechanisms of
PINK1-Parkin activation.

In addition to investigating the role of PINK1 and Parkin proteins in mitophagy and PD
pathogenesis, another area of active MJFF support is the identification of additional functional
roles of these proteins and the mechanisms by which they impart neuroprotection. MJFF-funded
efforts are informing the field of new roles for these proteins in mitochondrial biogenesis [47-49],
innate immunity [50,51], and adaptive immunity [52]. There are also reports indicating a role for the
ubiquitin-proteasome system [53] and mitochondrial lipids [54] in mediating the effects of PINK1
and Parkin proteins on mitochondrial quality control and mitochondrial complex-1 deficits. As these
studies utilized different models and focused solely on one pathway, future efforts to assess the
relative contribution of each of these pathways in response to a variety of PD-relevant stressors will be
important for continuing this line of research.

3.2. Facilitate the Development of PINK1-Parkin Pathway-Targeting Therapies

In an effort to develop better treatments and ultimately a cure for PD, MJFF helps groups with
promising therapies to advance their compounds to the clinic. Our role in this process can range
from that of a funder to a partner/collaborator advising on models, biomarkers and connecting
groups with experts in the field to problem-solve and de-risk therapeutic development for these
targets. Several companies have initiated therapeutic programs targeting the PINK1-Parkin pathway.
Observations from preclinical studies have demonstrated that enhancing expression or activity of these
proteins or inhibiting the de-ubiquitinating enzymes (DUBs) can have therapeutic benefit [55]. For each
of these targets, diverse approaches are currently being explored by academic labs and industry groups
(Figure 2).

Neosubstrates
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Figure 2. Therapeutic approaches to increase PINK1-Parkin mediated mitophagy. The schematic
indicates the proteins within the pathway that are currently being targeted for developing PD therapies,
along with the therapeutic approach being pursued.

Knowledge of the crystal structures of these proteins has proven beneficial for designing activator
compounds. For example, the Parkin protein contains several domain-domain interactions that
maintain the protein in the inhibited state, allowing for specific targeting of these regions to promote
opening and activation of the protein [40,41]. The structural knowledge has also permitted the use
of in silico artificial intelligence- based screening technologies to nominate potential lead molecules.
Another example of crystal structures promoting drug development within this pathway can be
found in the DUBs—proteins that promote removal of ubiquitin chains to restrain pathway activation.
Of the 100+ human DUBs, there is evidence supporting the role of USP8 [56,57], USP15 [58] and
USP30 [59,60] in the modulation of Parkin auto-ubiquitination and Parkin-mediated mitochondrial
ubiquitination. Of the three, USP30 is being pursued for PD therapeutic development based on studies
demonstrating the ability of USP30 KO to enhance mitophagy in cellular systems and rescue PD-like
motor phenotypes in PINKI and PRKN KO drosophila [59,60]. These efforts have been furthered
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through the available crystal structure for USP30 which has enabled companies to generate selective,
USP30 inhibitors [61]. The Foundation supports promising and novel approaches to target these
proteins through funding initiatives and by connecting industry partners with protein crystallography
experts to further elucidate the mechanism by which compounds interact with proteins to alter activity
and confer neuroprotection.

Apart from small molecule activators, the field is pursuing alternate strategies for modulating
these proteins. For Parkin, peptide delivery to restore functional proteins is being investigated based on
reports from preclinical studies indicating that mere overexpression could be beneficial. These alternate
strategies are especially important for the protein PINK1 as the crystal structure of the human protein
remains to be elucidated. PINK1 is present at low levels under basal conditions due to cleavage
by the mitochondrial intramembrane protease, PARL, and subsequent proteasomal degradation.
However, upon PARL inhibition, PINKT1 is stabilized at the mitochondria where the kinase can be
activated by autophosphorylation [62] to boost Parkin-dependent mitophagy [63]. The Foundation is
supporting two novel approaches to increase PINK1 activity-inhibition of PARL to stabilize PINK1
and amplification of the catalytic activity of PINK1 using a neo-substrate approach [64]. As many
of these therapeutic programs are in early stages, it is unclear which of these approaches will yield
compounds that can cross the blood-brain barrier and prove efficacious in preclinical models. However,
a promising trend has been observed in the increase in investment in therapies targeting PINK1, Parkin,
and DUB proteins, as well as other targets within this pathway that may likely progress to therapeutic
programs in the near future [65-68].

As companies advance with their lead candidates, a common challenge they face is in identifying
the best animal model to test therapeutic efficacy. The Foundation has funded several groups
in the past to characterize the PINK1 and PRKN KO animal models and is currently funding
additional characterization of these models and new models such as the PINK1/PRKN double KO rats.
Once characterized, these models will provide the field with additional data on robust and reliable
endpoints that could be monitored after treatment with PINK1-Parkin therapies. For instance, a recent
report demonstrated significant alterations in cytokine levels in blood after stressing PINK1 and PRKN
KO mice through an exhaustive exercise paradigm [51]. MJFF has initiated a collaboration to establish
this model at a contract research organization and validate these important findings. Importantly,
the establishment of this model at a contract research organization will provide companies working in
this area with access to a reproducible model system to test their therapies.

Finally, a successful drug discovery program includes the assessments of safety liability of
modulating the target. PINK1 and Parkin proteins are highly expressed in many peripheral tissues
including skeletal muscle and heart, emphasizing the importance of demonstrating that activation
of this pathway does not pose any safety concerns. In order to address these concerns at a broader
field-wide level, MJFF is promoting the sharing of tool compounds across industry groups and
academia. This strategy was employed by MJFF previously for investigating the safety of LRRK2
kinase inhibitors. In a large-scale, multi-industry group collaboration led by MJFF, three companies
provided LRRK2 inhibitor tool compounds to assess on-target safety liability. This collaborative effort
demonstrated that histopathological changes observed in the lung after treatment were reversible
and did not result in any changes in pulmonary functional assessments [10]. Such studies are highly
informative and benefit the entire field, but are lacking for PINK1 and Parkin due to the unavailability
of potent and selective tool compounds.

In an attempt to de-risk therapeutic development for targets within the PINK1-Parkin pathway;,
MJFF is encouraging the sharing of tool compounds across groups. As one example of this, MJFF is
collaborating with An2H Discovery to test their Parkin activator tool compounds in a safety study
in rats. Although this is an important step in advancing compounds that mimic the An2H Parkin
activators, it does not address safety risks for other compounds targeting different regions of the
protein or other targets within the pathway. While the Foundation is eager to initiate a safety study
in collaboration with various partners with active programs in PINK1, Parkin or DUBs as was done
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in the LRRK?2 field, the lack of advanced programs and tool compounds has presented a challenge.
To circumvent this issue, the Foundation has organized a collaborative study with four academic groups
to identify activating mutations in PRKN that would increase its ligase activity without destabilizing
the protein. By characterizing the various mutations and generating knockin mouse models harboring
these mutations, MJFF hopes to provide suitable models to address potential safety liabilities induced
by sustained Parkin activation. With these de-risking strategies, MJFF hopes to encourage investments
in developing new therapies for the iPD patient population.

3.3. Develop, Optimize and Validate Biomarker Assays to Assess PINK1-Parkin Pathway Activation

A successful clinical trial program for PINK1 and Parkin therapeutics is dependent on access to
biomarker assays to assist in patient selection/stratification and interpretation of the biologic impact
of therapy. The PINKI1-Parkin driven mitophagy and inflammation pathways are the strongest
indicators of target modulation that are showing promise for further testing in biomarker studies.
As therapeutic programs for PINK1 and Parkin are targeted for the iPD population, efforts to determine
if these pathways are deregulated in human samples from PINKI and PRKN mutation carriers need
to be extended to iPD subjects to identify a subset of the iPD population with similar mitochondrial
phenotypes. Efforts to build this link between PINK1/Parkin-PD and iPD have traditionally focused
on the use of fibroblasts or induced pluripotent stem cells (iPSCs) from PINKI and PRKN mutation
carriers and iPD cases to study the effects of these proteins on mitophagy in endogenous, human
model systems [69-71]. Although these studies are providing interesting insights on the role of these
proteins in triggering mitophagy and have resulted in the identification of other modifiers of this
pathway, use of these cells for biomarker studies is unfeasible due to the low-throughput nature.
MJFEF is currently working with groups to determine if outcomes from these fibroblast and iPSC studies
could be expanded into other easily accessible human matrices such as blood and immune cells.

Furthermore, MJFF is supporting antibody-based assays that could be used for analyzing different
readouts of the PINK1-Parkin pathway in patient biofluids. Two such studies include immunoassay
development for a downstream Parkin substrate, Miro [70] and ubiquitin phosphorylated at serine 65
(pS65 Ubiquitin) [72]. Prior studies assessing levels of these proteins in fibroblasts and postmortem
brain tissues have indicated altered pathway regulation in PINK1 and PRKN mutation carriers as
well as iPD patients. These studies are providing us with hints on biological mechanisms that are
shared between the brain and periphery, and if successful, would provide utility for assessing pathway
regulation in human peripheral cells and biofluids. Although several other pathway proteins could
serve as excellent markers of mitophagy, progress in the biomarker field for these proteins has been slow
as high-quality antibodies to detect these proteins and their activated versions are lacking. While MJFF
generates these tools to aid in biomarker efforts, we also work with investigators who have access to
antibodies and assays to determine if these could be distributed and shared with the community.

The recent research indicating dysregulated PINK1 and Parkin pathways may alter the NLRP3
inflammasome [50] and the cytosolic DNA sensor- cGAS/STING [51] pathways has provided additional
opportunities for biomarker assay development and testing. These studies demonstrated that PINK1
and Parkin protein activation can increase production of NLRP3-mediated IL1 and IL-18 as well as
increase cGAS/STING-mediated IL-6 levels in PRKN and/or PINK1 patient-derived macrophages and
serum, respectively. Unfortunately, the analysis of these cytokines was limited to a small number of
subjects since access to human samples from PINK1 and PRKN mutation carriers is limited given the
rare nature of these mutations. To address the need for samples from PINK1 and PRKN mutation
carriers, MJFF worked with partners to conduct a systematic online survey to identify PD mutation
carriers across several global clinical sites. Through this survey MJFF has identified over a thousand
patients with mutations in PINKI and PRKN genes [73] and is continuing to collect demographic,
clinical and genetic data along with information on biosample availability. The goal is to make this
information available to the research community to facilitate collaborations between groups with assay
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expertise and clinical sites to enable the identification, optimization and validation of PINK1-Parkin
pathway biomarkers.

Various aspects of mitochondrial function could be affected in PD and while studies actively
seek to develop and validate the right biomarker assays for assessing PINK1-Parkin pathway in iPD,
the field is also leveraging existing mitochondrial biomarker assays that are capable of detecting
altered mitochondrial function, beyond mitophagy, in PINK1 and PRKN mutation carriers and iPD
cases. In 2017 MJFF launched a funding initiative soliciting proposals from groups with expertise in
mitochondrial biomarker assays. By expanding our network in this open grant callout, MJFF identified
many promising research programs and funded several groups to assess a variety of readouts of
mitochondrial function, including mtDNA copy number, transcription, mitochondrial membrane
potential and Cori Cycle flux in peripheral blood-derived mononuclear cells from mutation carriers
and controls (Figure 3). Outcomes of these studies will help determine if these assessments could
be used to segregate the iPD population based on their mitochondrial phenotype and may provide
additional endpoints for future clinical trials.

* Parkin ligase activity * mtDNA copy number,

(ELISA) deletion rate & transcription
* pS65Ub (MSD) (Real-time PCR)
* Miro (ELISA) * MMP & Cori flux (Flow

cytometry & stable-isotope
labeling with mass
spectrometry)

* Mfn1/2 (Immunoblotting)

Figure 3. PINK1-Parkin pathway biomarkers. The schematic demonstrates the three essential phases
for a biomarker assay: development, optimization and validation. Most biomarker efforts for PINK1
and Parkin fall under the assay development and assay optimization phases. MJFF-funded studies
are listed along with the platform used for analysis in parenthesis. The assay development efforts use
recombinant proteins while assay optimization efforts are in PBMCs derived from PINKI and/or PRKN
mutation cases and controls.

3.4. Develop, Characterize and Distribute Preclinical Tools and Animal Models to Facilitate PD Research

Researchers rely on critical tools, including molecular tools and pre-clinical models, to understand
the cause and mechanisms underlying Parkinson’s disease and to develop effective treatments.
Unfortunately, such tools are often lacking, inaccessible or not properly quality controlled. To address
these issues and provide the research community with accessible high-quality research tools and
models, MJFF developed a program to work with field leaders in tool/model development and key
opinion leaders in the PD field to generate, characterize and distribute critical field-enabling research
tools and preclinical models. The rationale and success for this strategy as it pertains to preclinical
model development was first described in Baptista et al. [74].

One of biggest challenges for the PINK1-Parkin field has been the lack of sensitive antibodies that
can detect endogenous levels of these proteins and the various downstream targets they impact.
A complete understanding of the pathway in cellular and in vivo systems requires antibodies
that are compatible with various assays such as immunoblotting, immunocytochemistry and
immunohistochemistry and those that recognize various species of the protein so that findings can be
easily extended from rodent models to human models. Unfortunately, the gold-standard antibody
for detecting Parkin only works on some applications and does not bind to certain conformations
of Parkin. Similarly, there are no sensitive antibodies that can detect different species of PINK1 or
its activated state. The only approach to assess pathway activation successfully has been to measure
phosphorylation of ubiquitin or Parkin and ubiquitination of downstream proteins driving mitophagy
by mass spectrometry [46,75,76]. However, this platform is not routinely used by many labs and
requires prior knowledge and expertise in the area along with the mass spectrometry equipment.
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The lack of sensitive, high-quality antibodies to measure different proteins and modifications in
the PINK1-Parkin pathway presents a major bottleneck that the MJFF Preclinical Models and Tools
Programs has been attempting to address.

The identification and validation of clear molecular players within the PINK1-Parkin mitophagy
pathway has allowed the Foundation to prioritize the development, characterization, and distribution
of 16 different tools/models for evaluating this pathway (Figure 1b, www.michaeljfox.org/toolscatalog).
These targets have previously proved challenging for antibody development due to a variety of factors
including the unstable nature of the PINK1 protein, the specific post-translational modifications that
the antibodies must bind, and the low abundance/stoichiometry of some of these targets, among
other reasons. By combining the expertise of researchers investigating the biology, biochemistry,
and structure of these protein targets with the expertise of companies developing antibodies, MJFF
hopes to develop high-quality, sustainable sources of these critical research tools to enable further
investment and progress in the development of treatments and biomarkers for PD.

4. Conclusions

PINK1 and Parkin are compelling therapeutic targets and an area of growing interest for drug
developers. The genetic link to disease, known crystal structure and a good understanding of
the cellular function are encouraging researchers to develop therapies for this pathway. However,
this pursuit is challenged by limited understanding of downstream modulators of neuroprotection or
toxicity; lack of robust tools and tool compounds, and knowledge gaps around the role of this pathway
in idiopathic PD for clinical trial design and patient selection. In order to tackle these roadblocks
and ensure that scientific findings are robust and reproducible, The Michael J. Fox Foundation funds
cutting-edge work, fosters collaborations, and contracts creation and distribution of critical research
tools and resources. These efforts seek to build on a robust and growing PD therapeutic pipeline and
to translate biological understanding of the PINK1-Parkin-mitochondrial pathway to identify new
targets to one day enable the development of a cure for Parkinson’s disease.

Author Contributions: Conceptualization, S.P.; Writing—Original Draft Preparation, S.P. and N.K.P;
Writing—Review and Editing, N.K.P,, L.B.M., M.A.S.B. & B.K.F.

Funding: MJFF received no funding for writing this perspective.

Acknowledgments: The Foundation would like to thank its advisors who dedicate their time to help us evaluate
projects and shape our strategy. We also thank our numerous awardees for their time and efforts on their MJFF
projects, for their participation in the various MJFF-led meetings and consortia and for their enthusiasm in
collaborating with other scientists by sharing ideas, data and resources. Above all, we would like to thank our
donors for their generous support and the patient community for their enthusiasm and participation in research.

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

References

1.  Langston, J.W. The Parkinson’s complex: Parkinsonism is just the tip of the iceberg. Ann. Neurol. 2006, 59,
591-596. [CrossRef]

2. Paisan-Ruiz, C; Jain, S.; Evans, EW.; Gilks, W.P; Simon, J.; van der Brug, M.; Lopez de Munain, A.;
Aparicio, S.; Gil, A.M.; Khan, N.; et al. Cloning of the gene containing mutations that cause PARK8-linked
Parkinson’s disease. Neuron 2004, 44, 595-600. [CrossRef] [PubMed]

3. Zimprich, A.; Biskup, S.; Leitner, P; Lichtner, P.; Farrer, M.; Lincoln, S.; Kachergus, ].; Hulihan, M.; Uitti, R.J.;
Calne, D.B.; et al. Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology.
Neuron 2004, 44, 601-607. [CrossRef] [PubMed]

4.  Stafa, K,; Tsika, E.; Moser, R.; Musso, A.; Glauser, L.; Jones, A.; Biskup, S.; Xiong, Y.; Bandopadhyay, R.;
Dawson, V.L.; et al. Functional interaction of Parkinson’s disease-associated LRRK2 with members of the
dynamin GTPase superfamily. Hum. Mol. Genet. 2014, 23, 2055-2077. [CrossRef] [PubMed]


www.michaeljfox.org/toolscatalog
http://dx.doi.org/10.1002/ana.20834
http://dx.doi.org/10.1016/j.neuron.2004.10.023
http://www.ncbi.nlm.nih.gov/pubmed/15541308
http://dx.doi.org/10.1016/j.neuron.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15541309
http://dx.doi.org/10.1093/hmg/ddt600
http://www.ncbi.nlm.nih.gov/pubmed/24282027

Biomolecules 2019, 9, 0296 10 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Wang, X.; Yan, M.H.; Fujioka, H.; Liu, J.; Wilson-Delfosse, A.; Chen, S.G.; Perry, G.; Casadesus, G.;
Zhu, X. LRRK2 regulates mitochondrial dynamics and function through direct interaction with DLP1.
Hum. Mol. Genet. 2012, 21, 1931-1944. [CrossRef] [PubMed]

Greggio, E.; Jain, S.; Kingsbury, A.; Bandopadhyay, R.; Lewis, P.; Kaganovich, A.; van der Brug, M.P;
Beilina, A.; Blackinton, J.; Thomas, K.J.; et al. Kinase activity is required for the toxic effects of mutant
LRRK2/dardarin. Neurobiol. Dis. 2006, 23, 329-341. [CrossRef] [PubMed]

Steger, M.; Tonelli, F; Ito, G.; Davies, P.; Trost, M.; Vetter, M.; Wachter, S.; Lorentzen, E.; Duddy, G.; Wilson, S.;
et al. Phosphoproteomics reveals that Parkinson’s disease kinase LRRK?2 regulates a subset of Rab GTPases.
Elife 2016, 5. [CrossRef] [PubMed]

Guaitoli, G.; Raimondi, E; Gilsbach, B.K.; Gomez-Llorente, Y.; Deyaert, E.; Renzi, F,; Li, X.; Schaffner, A.;
Jagtap, PK,; Boldt, K,; et al. Structural model of the dimeric Parkinson’s protein LRRK2 reveals a compact
architecture involving distant interdomain contacts. Proc. Natl. Acad. Sci. USA 2016, 113, E4357-E4366.
[CrossRef] [PubMed]

Zhang, P; Fan, Y,; Ru, H.; Wang, L.; Magupalli, V.G.; Taylor, S.S.; Alessi, D.R.; Wu, H. Crystal structure of the
WD40 domain dimer of LRRK2. Proc. Natl. Acad. Sci. USA 2019, 116, 1579-1584. [CrossRef]

Baptista, M.A.S.; Merchant, K.; Barrett, T.; Bryce, D.K.; Ellis, M.; Estrada, A.A.; Fell, M.].; Fiske, B.K.; Fuji, RN.;
Galatsis, P; et al. LRRK2 kinase inhibitors induce a reversible effect in the lungs of non-human primates
with no measurable pulmonary deficits. bioRxiv 2018.

Di Maio, R.; Hoffman, E.K.; Rocha, E.M.; Keeney, M.T.; Sanders, L.H.; De Miranda, B.R.; Zharikov, A.;
Van Laar, A.; Stepan, A.F; Lanz, TA.; et al. LRRK2 activation in idiopathic Parkinson’s disease.
Sci. Transl. Med. 2018, 10. [CrossRef] [PubMed]

Kluss, J.H.; Mamais, A.; Cookson, M.R. LRRK2 links genetic and sporadic Parkinson’s disease.
Biochem. Soc. Trans. 2019, 47, 651-661. [CrossRef] [PubMed]

Langston, J.W.; Ballard, P; Tetrud, ].W.; Irwin, I. Chronic Parkinsonism in humans due to a product of
meperidine-analog synthesis. Science 1983, 219, 979-980. [CrossRef] [PubMed]

Langston, J.W.; Ballard, P.A., Jr. Parkinson’s disease in a chemist working with 1-methyl-4-phenyl-
1,2,5,6-tetrahydropyridine. N. Engl. ]. Med. 1983, 309, 310. [PubMed]

Schapira, A.H.; Cooper, ].M.; Dexter, D.; Clark, ]J.B.; Jenner, P.; Marsden, C.D. Mitochondrial complex I
deficiency in Parkinson’s disease. J. Neurochem. 1990, 54, 823-827. [CrossRef] [PubMed]

Przedborski, S.; Jackson-Lewis, V.; Naini, A.B.; Jakowec, M.; Petzinger, G.; Miller, R;; Akram, M.
The parkinsonian toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP): A technical review of its
utility and safety. J. Neurochem. 2001, 76, 1265-1274. [CrossRef] [PubMed]

Mizuno, Y.; Ohta, S.; Tanaka, M.; Takamiya, S.; Suzuki, K.; Sato, T.; Oya, H.; Ozawa, T.; Kagawa, Y. Deficiencies
in complex I subunits of the respiratory chain in Parkinson’s disease. Biochem. Biophys. Res. Commun. 1989,
163, 1450-1455. [CrossRef]

Schapira, A.H.; Cooper, ].M.; Dexter, D.; Jenner, P.; Clark, J.B.; Marsden, C.D. Mitochondrial complex I
deficiency in Parkinson’s disease. Lancet 1989, 1, 1269. [CrossRef]

Bender, A.; Krishnan, K.J.; Morris, C.M.; Taylor, G.A.; Reeve, A.K.; Perry, R.H.; Jaros, E.; Hersheson, J.S.;
Betts, J.; Klopstock, T.; et al. High levels of mitochondrial DNA deletions in substantia nigra neurons in
aging and Parkinson disease. Nat. Genet. 2006, 38, 515-517. [CrossRef] [PubMed]

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] [PubMed]
Chen, C.; Turnbull, D.M.; Reeve, A K. Mitochondrial Dysfunction in Parkinson’s Disease-Cause or
Consequence? Biology 2019, 8, 38. [CrossRef] [PubMed]

Puschmann, A. Monogenic Parkinson’s disease and parkinsonism: Clinical phenotypes and frequencies of
known mutations. Parkinsonism Relat. Disord. 2013, 19, 407-415. [CrossRef] [PubMed]

Hilker, R.; Klein, C.; Ghaemi, M.; Kis, B.; Strotmann, T.; Ozelius, L.J.; Lenz, O.; Vieregge, P.; Herholz, K,;
Heiss, W.D.; et al. Positron emission tomographic analysis of the nigrostriatal dopaminergic system in familial
parkinsonism associated with mutations in the parkin gene. Ann. Neurol. 2001, 49, 367-376. [CrossRef]
[PubMed]

Puschmann, A.; Fiesel, FC.; Caulfield, T.R.; Hudec, R.; Ando, M.; Truban, D.; Hou, X,; Ogaki, K,;
Heckman, M.G.; James, E.D.; et al. Heterozygous PINK1 p.G411S increases risk of Parkinson’s disease via a
dominant-negative mechanism. Brain 2017, 140, 98-117. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/hmg/dds003
http://www.ncbi.nlm.nih.gov/pubmed/22228096
http://dx.doi.org/10.1016/j.nbd.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16750377
http://dx.doi.org/10.7554/eLife.12813
http://www.ncbi.nlm.nih.gov/pubmed/26824392
http://dx.doi.org/10.1073/pnas.1523708113
http://www.ncbi.nlm.nih.gov/pubmed/27357661
http://dx.doi.org/10.1073/pnas.1817889116
http://dx.doi.org/10.1126/scitranslmed.aar5429
http://www.ncbi.nlm.nih.gov/pubmed/30045977
http://dx.doi.org/10.1042/BST20180462
http://www.ncbi.nlm.nih.gov/pubmed/30837320
http://dx.doi.org/10.1126/science.6823561
http://www.ncbi.nlm.nih.gov/pubmed/6823561
http://www.ncbi.nlm.nih.gov/pubmed/6602944
http://dx.doi.org/10.1111/j.1471-4159.1990.tb02325.x
http://www.ncbi.nlm.nih.gov/pubmed/2154550
http://dx.doi.org/10.1046/j.1471-4159.2001.00183.x
http://www.ncbi.nlm.nih.gov/pubmed/11238711
http://dx.doi.org/10.1016/0006-291X(89)91141-8
http://dx.doi.org/10.1016/S0140-6736(89)92366-0
http://dx.doi.org/10.1038/ng1769
http://www.ncbi.nlm.nih.gov/pubmed/16604074
http://dx.doi.org/10.1007/s11910-018-0829-3
http://www.ncbi.nlm.nih.gov/pubmed/29616350
http://dx.doi.org/10.3390/biology8020038
http://www.ncbi.nlm.nih.gov/pubmed/31083583
http://dx.doi.org/10.1016/j.parkreldis.2013.01.020
http://www.ncbi.nlm.nih.gov/pubmed/23462481
http://dx.doi.org/10.1002/ana.74
http://www.ncbi.nlm.nih.gov/pubmed/11261512
http://dx.doi.org/10.1093/brain/aww261
http://www.ncbi.nlm.nih.gov/pubmed/27807026

Biomolecules 2019, 9, 0296 11 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Weissbach, A.; Baumer, T.; Pramstaller, PP; Bruggemann, N.; Tadic, V., Chen, R.; Klein, C;
Munchau, A. Abnormal premotor-motor interaction in heterozygous Parkin- and Pinkl mutation carriers.
Clin. Neurophysiol. 2017, 128, 275-280. [CrossRef] [PubMed]

Klein, C.; Lohmann-Hedrich, K.; Rogaeva, E.; Schlossmacher, M.G.; Lang, A.E. Deciphering the role of
heterozygous mutations in genes associated with parkinsonism. Lancet Neurol. 2007, 6, 652-662. [CrossRef]
Kasten, M.; Hartmann, C.; Hampf, J.; Schaake, S.; Westenberger, A.; Vollstedt, E.J.; Balck, A.; Domingo, A.;
Vulinovic, E; Dulovic, M.; et al. Genotype-Phenotype Relations for the Parkinson’s Disease Genes Parkin,
PINK1, DJ1: MDSGene Systematic Review. Mov. Disord. 2018, 33, 730-741. [CrossRef]

Pramstaller, PP,; Schlossmacher, M.G.; Jacques, T.S.; Scaravilli, F.; Eskelson, C.; Pepivani, I.; Hedrich, K,;
Adel, S.; Gonzales-McNeal, M.; Hilker, R.; et al. Lewy body Parkinson’s disease in a large pedigree with 77
Parkin mutation carriers. Ann. Neurol. 2005, 58, 411-422. [CrossRef]

Clark, LE.; Dodson, M.W,; Jiang, C.; Cao, ]. H.; Huh, J.R.; Seol, ]. H.; Yoo, S.J.; Hay, B.A.; Guo, M. Drosophila
pink1 is required for mitochondrial function and interacts genetically with parkin. Nature 2006, 441, 1162-1166.
[CrossRef]

Park, J.; Lee, S.B,; Lee, S.; Kim, Y.; Song, S.; Kim, S.; Bae, E.; Kim, J.; Shong, M.; Kim, ].M.; et al. Mitochondrial
dysfunction in Drosophila PINK1 mutants is complemented by parkin. Nature 2006, 441, 1157-1161.
[CrossRef]

Narendra, D.; Tanaka, A.; Suen, D.E; Youle, R.J. Parkin is recruited selectively to impaired mitochondria and
promotes their autophagy. J. Cell Biol. 2008, 183, 795-803. [CrossRef] [PubMed]

Yi, W.; MacDougall, EJ.; Tang, M.Y.; Krahn, A.L; Gan-Or, Z.; Trempe, ].E,; Fon, E.A. The Landscape of Parkin
Variants Reveals Pathogenic Mechanisms and Therapeutic Targets in Parkinson’s Disease. Hum. Mol. Genet.
2019. [CrossRef] [PubMed]

Wood-Kaczmar, A.; Gandhi, S.; Yao, Z.; Abramov, A.Y.; Miljan, E.A ; Keen, G.; Stanyer, L.; Hargreaves, I.;
Klupsch, K.; Deas, E.; et al. PINK1 is necessary for long term survival and mitochondrial function in human
dopaminergic neurons. PLoS ONE 2008, 3, e2455. [CrossRef]

Yasuda, T.; Hayakawa, H.; Nihira, T.; Ren, Y.R.; Nakata, Y.; Nagai, M.; Hattori, N.; Miyake, K.; Takada, M.;
Shimada, T.; et al. Parkin-mediated protection of dopaminergic neurons in a chronic MPTP-minipump
mouse model of Parkinson disease. ]. Neuropathol. Exp. Neurol. 2011, 70, 686—697. [CrossRef] [PubMed]
Yasuda, T.; Miyachi, S.; Kitagawa, R.; Wada, K.; Nihira, T.; Ren, Y.R; Hirai, Y.; Ageyama, N.; Terao, K;
Shimada, T.; et al. Neuronal specificity of alpha-synuclein toxicity and effect of Parkin co-expression in
primates. Neuroscience 2007, 144, 743-753. [CrossRef] [PubMed]

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]

Spratt, D.E.; Martinez-Torres, R.J.; Noh, Y.J.; Mercier, P; Manczyk, N.; Barber, KR.; Aguirre, ].D.; Burchell, L.;
Purkiss, A.; Walden, H.; et al. A molecular explanation for the recessive nature of parkin-linked Parkinson’s
disease. Nat. Commun. 2013, 4, 1983. [CrossRef] [PubMed]

Trempe, J.F,; Sauve, V.; Grenier, K.; Seirafi, M.; Tang, M.Y.; Menade, M.; Al-Abdul-Wahid, S.; Krett, J.;
Wong, K.; Kozlov, G.; et al. Structure of parkin reveals mechanisms for ubiquitin ligase activation. Science
2013, 340, 1451-1455. [CrossRef] [PubMed]

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

Gladkova, C.; Maslen, S.L.; Skehel, ].M.; Komander, D. Mechanism of parkin activation by PINK1. Nature
2018, 559, 410-414. [CrossRef] [PubMed]

Sauve, V; Sung, G.; Soya, N.; Kozlov, G.; Blaimschein, N.; Miotto, L.S.; Trempe, J.E,; Lukacs, G.L.; Gehring, K.
Mechanism of parkin activation by phosphorylation. Nat. Struct. Mol. Biol. 2018, 25, 623-630. [CrossRef]
Rasool, S.; Trempe, J.F. New insights into the structure of PINK1 and the mechanism of ubiquitin
phosphorylation. Crit. Rev. Biochem. Mol. Biol. 2018, 53, 515-534. [CrossRef] [PubMed]

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

Rasool, S.; Soya, N.; Truong, L.; Croteau, N.; Lukacs, G.L.; Trempe, J.F. PINK1 autophosphorylation is
required for ubiquitin recognition. EMBO Rep. 2018, 19. [CrossRef]


http://dx.doi.org/10.1016/j.clinph.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27843055
http://dx.doi.org/10.1016/S1474-4422(07)70174-6
http://dx.doi.org/10.1002/mds.27352
http://dx.doi.org/10.1002/ana.20587
http://dx.doi.org/10.1038/nature04779
http://dx.doi.org/10.1038/nature04788
http://dx.doi.org/10.1083/jcb.200809125
http://www.ncbi.nlm.nih.gov/pubmed/19029340
http://dx.doi.org/10.1093/hmg/ddz080
http://www.ncbi.nlm.nih.gov/pubmed/30994895
http://dx.doi.org/10.1371/annotation/ba489c2a-5cf2-481c-aff7-d2c8c4ecdcfa
http://dx.doi.org/10.1097/NEN.0b013e3182269ecd
http://www.ncbi.nlm.nih.gov/pubmed/21760537
http://dx.doi.org/10.1016/j.neuroscience.2006.09.052
http://www.ncbi.nlm.nih.gov/pubmed/17101231
http://dx.doi.org/10.1038/ncomms2982
http://www.ncbi.nlm.nih.gov/pubmed/23770887
http://dx.doi.org/10.1038/ncomms2983
http://www.ncbi.nlm.nih.gov/pubmed/23770917
http://dx.doi.org/10.1126/science.1237908
http://www.ncbi.nlm.nih.gov/pubmed/23661642
http://dx.doi.org/10.1038/emboj.2013.125
http://www.ncbi.nlm.nih.gov/pubmed/23727886
http://dx.doi.org/10.1038/s41586-018-0224-x
http://www.ncbi.nlm.nih.gov/pubmed/29995846
http://dx.doi.org/10.1038/s41594-018-0088-7
http://dx.doi.org/10.1080/10409238.2018.1491525
http://www.ncbi.nlm.nih.gov/pubmed/30238821
http://dx.doi.org/10.7554/eLife.29985
http://dx.doi.org/10.15252/embr.201744981

Biomolecules 2019, 9, 0296 12 of 13

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

McWilliams, T.G.; Prescott, A.R.; Allen, G.E,; Tamjar, J.; Munson, M.].; Thomson, C.; Mugit, M.M.; Ganley, 1.G.
mito-QC illuminates mitophagy and mitochondrial architecture in vivo. J. Cell Biol. 2016, 214, 333-345.
[CrossRef] [PubMed]

Ordureau, A.; Sarraf, S.A.; Duda, D.M.; Heo, ] M.; Jedrychowski, M.P,; Sviderskiy, V.O.; Olszewski, J.L.;
Koerber, ].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]
[PubMed]

Lee, Y.; Stevens, D.A.; Kang, S.U,; Jiang, H.; Lee, Y.I.; Ko, H.S.; Scarffe, L.A.; Umanah, G.E.; Kang, H.; Ham, S.;
et al. PINK1 Primes Parkin-Mediated Ubiquitination of PARIS in Dopaminergic Neuronal Survival. Cell Rep.
2017, 18, 918-932. [CrossRef]

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-1lalpha contributes to neurodegeneration in Parkinson’s disease. Cell
2011, 144, 689-702. [CrossRef]

Stevens, D.A.; Lee, Y.; Kang, H.C.; Lee, B.D.; Lee, Y.I.; Bower, A.; Jiang, H.; Kang, S.U.; Andrabi, S.A,;
Dawson, V.L.; et al. Parkin loss leads to PARIS-dependent declines in mitochondrial mass and respiration.
Proc. Natl. Acad. Sci. USA 2015, 112, 11696-11701. [CrossRef]

Mouton-Liger, F.; Rosazza, T.; Sepulveda-Diaz, |.; Ieang, A.; Hassoun, S.M.; Claire, E.; Mangone, G.; Brice, A.;
Michel, P.P; Corvol, J.C.; et al. Parkin deficiency modulates NLRP3 inflammasome activation by attenuating
an A20-dependent negative feedback loop. Glia 2018, 66, 1736-1751. [CrossRef]

Sliter, D.A.; Martinez, J.; Hao, L.; Chen, X.; Sun, N.; Fischer, T.D.; Burman, ].L.; Li, Y.; Zhang, Z.; Narendra, D.P;
et al. Parkin and PINK1 mitigate STING-induced inflammation. Nature 2018, 561, 258-262. [CrossRef]
[PubMed]

Matheoud, D.; Sugiura, A.; Bellemare-Pelletier, A.; Laplante, A.; Rondeau, C.; Chemali, M.; Fazel, A,;
Bergeron, J.J.; Trudeau, L.E.; Burelle, Y.; et al. Parkinson’s Disease-Related Proteins PINK1 and Parkin
Repress Mitochondrial Antigen Presentation. Cell 2016, 166, 314-327. [CrossRef] [PubMed]

Rakovic, A.; Ziegler, J.; Martensson, C.U.; Prasuhn, J.; Shurkewitsch, K.; Konig, P.; Paulson, H.L.; Klein, C.
PINK1-dependent mitophagy is driven by the UPS and can occur independently of LC3 conversion.
Cell Death Differ. 2018. [CrossRef] [PubMed]

Vos, M.; Geens, A.; Bohm, C.; Deaulmerie, L.; Swerts, J.; Rossi, M.; Craessaerts, K.; Leites, E.P,; Seibler, P.;
Rakovic, A.; et al. Cardiolipin promotes electron transport between ubiquinone and complex I to rescue
PINKT1 deficiency. J. Cell Biol. 2017, 216, 695-708. [CrossRef] [PubMed]

Miller, S.; Mugit, M.M.K. Therapeutic approaches to enhance PINK1/Parkin mediated mitophagy for the
treatment of Parkinson'’s disease. Neurosci. Lett. 2019, 705, 7-13. [CrossRef] [PubMed]

Durcan, T.M.; Fon, E.A. USP8 and PARK2/parkin-mediated mitophagy. Autophagy 2015, 11, 428-429.
[CrossRef]

Von Stockum, S.; Sanchez-Martinez, A.; Corra, S.; Chakraborty, J.; Marchesan, E.; Locatello, L.; Da Re, C.;
Cusumano, P; Caicci, F; Ferrari, V,; et al. Inhibition of the deubiquitinase USP8 corrects a Drosophila PINK1
model of mitochondria dysfunction. Life Sci. Alliance 2019, 2. [CrossRef]

Cornelissen, T.; Haddad, D.; Wauters, F.; Van Humbeeck, C.; Mandemakers, W.; Koentjoro, B.; Sue, C;
Gevaert, K.; De Strooper, B.; Verstreken, P; et al. The deubiquitinase USP15 antagonizes Parkin-mediated
mitochondrial ubiquitination and mitophagy. Hum. Mol. Genet. 2014, 23, 5227-5242. [CrossRef]

Bingol, B.; Tea, ].S.; Phu, L.; Reichelt, M.; Bakalarski, C.E.; Song, Q.; Foreman, O.; Kirkpatrick, D.S.; Sheng, M.
The mitochondrial deubiquitinase USP30 opposes parkin-mediated mitophagy. Nature 2014, 510, 370-375.
[CrossRef]

Liang, J.R.; Martinez, A.; Lane, ].D.; Mayor, U.; Clague, M.].; Urbe, S. USP30 deubiquitylates mitochondrial
Parkin substrates and restricts apoptotic cell death. EMBO Rep. 2015, 16, 618-627. [CrossRef]

Kluge, A.F; Lagu, B.R.; Maiti, P; Jaleel, M.; Webb, M.; Malhotra, J.; Mallat, A.; Srinivas, P.A.; Thompson, J.E.
Novel highly selective inhibitors of ubiquitin specific protease 30 (USP30) accelerate mitophagy. Bioorg. Med.
Chem. Lett. 2018, 28, 2655-2659. [CrossRef] [PubMed]

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]

Meissner, C.; Lorenz, H.; Hehn, B.; Lemberg, M.K. Intramembrane protease PARL defines a negative regulator
of PINK1- and PARK2/Parkin-dependent mitophagy. Autophagy 2015, 11, 1484-1498. [CrossRef] [PubMed]


http://dx.doi.org/10.1083/jcb.201603039
http://www.ncbi.nlm.nih.gov/pubmed/27458135
http://dx.doi.org/10.1016/j.molcel.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25284222
http://dx.doi.org/10.1016/j.celrep.2016.12.090
http://dx.doi.org/10.1016/j.cell.2011.02.010
http://dx.doi.org/10.1073/pnas.1500624112
http://dx.doi.org/10.1002/glia.23337
http://dx.doi.org/10.1038/s41586-018-0448-9
http://www.ncbi.nlm.nih.gov/pubmed/30135585
http://dx.doi.org/10.1016/j.cell.2016.05.039
http://www.ncbi.nlm.nih.gov/pubmed/27345367
http://dx.doi.org/10.1038/s41418-018-0219-z
http://www.ncbi.nlm.nih.gov/pubmed/30375512
http://dx.doi.org/10.1083/jcb.201511044
http://www.ncbi.nlm.nih.gov/pubmed/28137779
http://dx.doi.org/10.1016/j.neulet.2019.04.029
http://www.ncbi.nlm.nih.gov/pubmed/30995519
http://dx.doi.org/10.1080/15548627.2015.1009794
http://dx.doi.org/10.26508/lsa.201900392
http://dx.doi.org/10.1093/hmg/ddu244
http://dx.doi.org/10.1038/nature13418
http://dx.doi.org/10.15252/embr.201439820
http://dx.doi.org/10.1016/j.bmcl.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/29935771
http://dx.doi.org/10.1186/s12915-017-0470-7
http://www.ncbi.nlm.nih.gov/pubmed/29325568
http://dx.doi.org/10.1080/15548627.2015.1063763
http://www.ncbi.nlm.nih.gov/pubmed/26101826

Biomolecules 2019, 9, 0296 13 of 13

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Hertz, N.T.; Berthet, A.; Sos, M.L.; Thorn, K.S.; Burlingame, A.L.; Nakamura, K.; Shokat, K.M. A neo-substrate
that amplifies catalytic activity of parkinson’s-disease-related kinase PINK1. Cell 2013, 154, 737-747.
[CrossRef] [PubMed]

Hasson, S.A.; Kane, L.A.; Yamano, K.; Huang, C.H.; Sliter, D.A.; Buehler, E.; Wang, C.; Heman-Ackah, S.M.;
Hessa, T.; Guha, R.; et al. High-content genome-wide RNAi screens identify regulators of parkin upstream
of mitophagy. Nature 2013, 504, 291-295. [CrossRef] [PubMed]

Ivatt, RM.; Sanchez-Martinez, A.; Godena, VK.; Brown, S.; Ziviani, E.; Whitworth, A.]. Genome-wide RNAi
screen identifies the Parkinson disease GWAS risk locus SREBF1 as a regulator of mitophagy. Proc. Natl.
Acad. Sci. USA 2014, 111, 8494-8499. [CrossRef] [PubMed]

Lefebvre, V.; Du, Q.; Baird, S.; Ng, A.C.; Nascimento, M.; Campanella, M.; McBride, H.M.; Screaton, R.A.
Genome-wide RNAi screen identifies ATPase inhibitory factor 1 (ATPIF1) as essential for PARK?2 recruitment
and mitophagy. Autophagy 2013, 9, 1770-1779. [CrossRef]

Potting, C.; Crochemore, C.; Moretti, E; Nigsch, F.; Schmidt, I.; Manneville, C.; Carbone, W.; Knehr, J.;
DeJesus, R.; Lindeman, A.; et al. Genome-wide CRISPR screen for PARKIN regulators reveals transcriptional
repression as a determinant of mitophagy. Proc. Natl. Acad. Sci. USA 2018, 115, E180-E189. [CrossRef]
Gautier, C.A.; Erpapazoglou, Z.; Mouton-Liger, F; Muriel, M.P,; Cormier, E; 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]
Hsieh, C.H.; Shaltouki, A.; Gonzalez, A.E.; Bettencourt da Cruz, A.; Burbulla, L.E.; St Lawrence, E.; Schule, B.;
Krainc, D.; Palmer, T.D.; Wang, X. Functional Impairment in Miro Degradation and Mitophagy Is a Shared
Feature in Familial and Sporadic Parkinson’s Disease. Cell Stem. Cell 2016, 19, 709-724. [CrossRef]

Soutar, M.P.M.; Kempthorne, L.; Miyakawa, S.; Annuario, E.; Melandri, D.; Harley, J.; O’Sullivan, G.A.;
Wray, S.; Hancock, D.C.; Cookson, M.R,; et al. AKT signalling selectively regulates PINK1 mitophagy in
SHSY5Y cells and human iPSC-derived neurons. Sci. Rep. 2018, 8, 8855. [CrossRef] [PubMed]

Hou, X,; Fiesel, EC.; Truban, D.; Castanedes Casey, M.; Lin, W.L.; Soto, A.L; Tacik, P; Rousseau, L.G.;
Diehl, N.N.; Heckman, M.G.; et al. Age- and disease-dependent increase of the mitophagy marker
phospho-ubiquitin in normal aging and Lewy body disease. Autophagy 2018, 14, 1404-1418. [CrossRef]
[PubMed]

Vollstedt, E.J.; Kasten, M.; Klein, C.; Group, M.G.G.P.s.D.S. Using global team science to identify genetic
Parkinson’s disease worldwide. Ann. Neurol. 2019. [CrossRef] [PubMed]

Baptista, M.A.; Dave, K.D.; Sheth, N.P.; De Silva, S.N.; Carlson, K.M.; Aziz, Y.N.; Fiske, B.K.; Sherer, T.B.;
Frasier, M.A. A strategy for the generation, characterization and distribution of animal models by The
Michael J. Fox Foundation for Parkinson’s Research. Dis. Model. Mech. 2013, 6, 1316-1324. [CrossRef]
[PubMed]

Ordureau, A.; Heo, ].M.; Duda, D.M.; Paulo, J.A.; Olszewski, ].L.; Yanishevski, D.; Rinehart, ].; Schulman, B.A.;
Harper, ].W. Defining roles of PARKIN and ubiquitin phosphorylation by PINK1 in mitochondrial quality
control using a ubiquitin replacement strategy. Proc. Natl. Acad. Sci. USA 2015, 112, 6637—-6642. [CrossRef]
[PubMed]

Pickrell, A.M.; Huang, C.H.; Kennedy, S.R.; Ordureau, A.; Sideris, D.P.; Hoekstra, ].G.; Harper, ].W.; Youle, R.].
Endogenous Parkin Preserves Dopaminergic Substantia Nigral Neurons following Mitochondrial DNA
Mutagenic Stress. Neuron 2015, 87, 371-381. [CrossRef] [PubMed]

@ © 2019 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/10.1016/j.cell.2013.07.030
http://www.ncbi.nlm.nih.gov/pubmed/23953109
http://dx.doi.org/10.1038/nature12748
http://www.ncbi.nlm.nih.gov/pubmed/24270810
http://dx.doi.org/10.1073/pnas.1321207111
http://www.ncbi.nlm.nih.gov/pubmed/24912190
http://dx.doi.org/10.4161/auto.25413
http://dx.doi.org/10.1073/pnas.1711023115
http://dx.doi.org/10.1093/hmg/ddw148
http://dx.doi.org/10.1016/j.stem.2016.08.002
http://dx.doi.org/10.1038/s41598-018-26949-6
http://www.ncbi.nlm.nih.gov/pubmed/29891871
http://dx.doi.org/10.1080/15548627.2018.1461294
http://www.ncbi.nlm.nih.gov/pubmed/29947276
http://dx.doi.org/10.1002/ana.25514
http://www.ncbi.nlm.nih.gov/pubmed/31155756
http://dx.doi.org/10.1242/dmm.011940
http://www.ncbi.nlm.nih.gov/pubmed/24046356
http://dx.doi.org/10.1073/pnas.1506593112
http://www.ncbi.nlm.nih.gov/pubmed/25969509
http://dx.doi.org/10.1016/j.neuron.2015.06.034
http://www.ncbi.nlm.nih.gov/pubmed/26182419
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Background 
	Mitochondrial Dysfunction in PD 
	PINK1 and Parkin PD 
	Increase Understanding of the Biological Function of PINK1 and Parkin in PD 
	Facilitate the Development of PINK1-Parkin Pathway-Targeting Therapies 
	Develop, Optimize and Validate Biomarker Assays to Assess PINK1-Parkin Pathway Activation 
	Develop, Characterize and Distribute Preclinical Tools and Animal Models to Facilitate PD Research 

	Conclusions 
	References

