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1. INTRODUCTION:  Loss of function mutations in the genes encoding PINK1 and Parkin results
in early-onset forms of Parkinson’s disease (EOPD). Both enzymes are functionally linked and
together direct a neuroprotective mitochondrial quality control (mitoQC) ensuring elimination of
damaged organelles from cells via the autophagy-lysosome system (i.e. mitophagy), which is
lost in EOPD. Given the complexity of this pathway and the general missing heritability in
EOPD, it is highly likely that additional genes regulating this pathway may also be found
mutated in EOPD. The overarching goals of this project are to 1) identify high confidence
genetic modifiers of the PINK1/Parkin pathway by a two-tiered functional screening (overlay of
genome-wide siRNA and miRNA screens) in cells, 2) to identify the underlying genetic
variation and characterize the EOPD genome (whole-genome-sequencing of patients), as well
as 3) to determine the pathogenicity of these novel EOPD sequence variants in functional
readout studies. Using this combined functional genetics approach we will determine the
regulation of mitophagy as well as the genetic architecture of EOPD.

2. KEYWORDS: early-onset Parkinson’s disease, mitochondrial quality control, mitophagy,
PINK1, Parkin, functional genomic screening

3. ACCOMPLISHMENTS:
 What were the major goals of the project?

Major Task 1: Nomination of mitoQC candidate genes by an accelerated, two-tiered
functional screen and processing through bioinformatics resource/filtering strategy –
Month 1-18

Major Task 2: Whole-Genome sequencing in patients with EOPD and nomination of disease
genes/variants – Month 1-36

Major Task 3: Validation of high-confidence mitoQC/EOPD genes and dysfunctions of
sequence variants on molecular, cellular, and organismal level – Month 6-36

 What was accomplished under these goals?
Towards accomplishing major goals of the project, we first completed the regulatory review
and approval by Mayo Clinic IRB and the HRPO (subtask 1.1). This was finalized and
approved in early 2018. We have screened our latest early-onset patients with Parkinson’s
disease to identify those that are negative for PINK1 and PARKIN mutations, and have
prioritized these subjects for whole-genome sequencing. In addition, we identified all early-
onset patients for which we have collected fibroblast biopsies and grown the cell lines and
extracted DNA, we will include these cell lines for sequencing which will provide an
immediate opportunity to functionally assess the influence of variants identified within these
subjects on the efficiency of the mitophagy pathway. We are currently whole-genome
sequencing 50 patients with early-onset disease and should have the data within the first
month of the second funding period.

Working with our colleague, Dr. Xinnan wang (Stanford), we identified variants in the
Mitofilin (MIC60) gene, a substrate for PINK1 phosphorylation, which may play a role in
mitochondrial dysfunction and disease (Tsai et al., 2018). The MIC60 protein maintains
mitochondrial functions and cellular survival, and disruption can lead to cell death. We
identified a number of variants within the mitochondrial targeting series that were present
either specifically in cases or controls with contrasting functional effects. We belive the
deleterious mutations may be disrupting the mitochondrial targeting ability of the MIC60
protein. It would appear that mutations with Mitofilin have the ability to be damaging to
mitochondrial function and possibly through a PINK1-dependent mechanism. In addition, a
novel mutation in the LRP10 gene was reported to cause Parkinson’s disease and we are
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assessing the role of mutations in early-onset forms of the disease and any possible links to 
mitochondrial function and protein trafficking (Ross & Bu, 2018). 

We are currently identifying variants through available whole-exome and our whole-
genome sequencing in early-onset patients with Parkinson’s disease and overlay those 
results with the screens from Major Task 1. We will use a cohort of 1000 whole-genome 
sequences that we have collected from the Mayo Clinic Biobank cohort. In addition, we have 
obtained whole-genome sequence data from the Parkinson's Progression Markers Initiative 
(PPMI) cohort supported by the Michael J. Fox Foundation and are processing data to use a 
replication cohort for our sequence data. This series and other sequence data we are 
generating will also allow us to rapidly assess the role of variants/genes in the more frequent 
late-onset forms of Parkinson’s disease that we identify in our studies.  

 What opportunities for training and professional development has the project
provided?
Nothing to Report. 

 How were the results disseminated to communities of interest?
We published the Tsai et al. paper in Molecular Cell (Impact Factor. 14.3), and we published
the editorial on LRP10 in Lancet Neurology (Impact Factor. 27.1). 

 What do you plan to do during the next reporting period to accomplish the goals?
We will complete the whole-genome sequencing of 100 early-onset patients with Parkinson’s

disease. We will extract variants that are predicted deleterious in genes that are established 
within the mitophagy/autophagy pathways and assess these against our in-house control whole 
genome sequence data and also through additional datasets we have obtained, e.g. PPMI. We 
will then plan to work with Dr. Springer to assess the functional impact of the variants within his 
cellular model of mitophagy. 

4. IMPACT: Describe distinctive contributions, major accomplishments, innovations, successes,
or any change in practice or behavior that has come about as a result of the project relative to:

 What was the impact on the development of the principal discipline(s) of the project?
Nothing to Report.

 What was the impact on other disciplines?
Nothing to Report.

 What was the impact on technology transfer?
Nothing to Report.

 What was the impact on society beyond science and technology?
Nothing to Report.

5. CHANGES/PROBLEMS:
 Changes in approach and reasons for change

Nothing to Report

 Actual or anticipated problems or delays and actions or plans to resolve them
We encountered an initial delay of >4 months due to IRB and HRPO approval. This had
been solved end by the beginning of 2018. In addition, we have been attempting to establish 
collaboration with The American Genome Center at the Uniformed Services University in 
Bethesda. The cost of whole-genome sequencing would be reduced if we are able to 
perform the whole-genome sequencing there. We have been trying to complete a material 
transfer agreement and work with Dr. Clifton Dalgard, Ph.D. who is Associate Professor and 
Director of the Laboratory Core (Collaborative Health Initiative Research Program; CHIRP). 
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These discussions are still on-going and we hope we can establish a productive 
collaboration. We have begun sequencing with Hudson Alpha as the provider until such time 
as we can use The American Genome Center at the Uniformed Services University. The 
time line has only been marginally affected by the above and we are confident to be able to 
complete all sequencing as scheduled with either center.  

 Changes that had a significant impact on expenditures
Nothing to Report

 Significant changes in use or care of human subjects, vertebrate animals, biohazards,
and/or select agents
Nothing to Report

6. PRODUCTS:
Nothing to Report at this point.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
 What individuals have worked on the project?

Name: Owen A. Ross, PhD 
Project Role: PI 
Researcher 
Identifier (e.g. 
ORCID ID): 
Nearest person 
month worked: 2.0 

Contribution to 
Project: 

Together with the co-PI Dr. Springer, Dr. Ross has supervised the 
project, collected all regulatory material and ensured all necessary steps 
towards completion of the milestones 

Funding 
Support: 
Name: Ana Kolicheski, PhD 

Project Role: Research Fellow 

Researcher 
Identifier (e.g. 
ORCID ID): 
Nearest person 
month worked: 2.0 

Contribution to 
Project: 

Dr. Kolicheski has coordinated the analysis of the next-generation 
sequence data in consultation with biostatisticians and bioinformaticians. 

Funding 
Support: 
Name: Ronald Walton, BSc 

Project Role: Laboratory Technician 
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Researcher 
Identifier (e.g. 
ORCID ID): 
Nearest person 
month worked: 4.5 

Contribution to 
Project: 

Mr. Walton processed and organized all the samples from patients with 
early-onset Parkinson’s disease. He completed the gene screening of 
PINK1 and PARKIN to identify and exclude carriers of known mutations 
prior to selection for whole-genome sequencing. He prepares and is 
responsible for shipping samples for sequencing, retrieval of data and 
facilitating bioinformatics processing. 

Funding 
Support: 

 Has there been a change in the active other support of the PD/PI(s) or senior/key
personnel since the last reporting period?

Owen A. Ross, PhD 
Changes in Active Support: 
New 
Title: Functional genomics of PINK1/PARKIN-related disease using –omics data from 
the PPMI series 
Committed Time: 0.60 
Supporting Agency: Michael J Fox Foundation for Parkinson's Research 
Contracting/Grants Officer: Anna Naito, Research Programs Officer 
Performance Period: 7/10/2018 - 7/9/2019 
Level of Funding: $125,000 (current annual direct costs) 
Goals & Specific Aims:  
Role: PD/PI 

Title: Mayo Clinic APDA Center for Advanced Research 
Committed Time: 0.12 
Supporting Agency: American Parkinson Disease Association 
Contracting/Grants Officer: Heather Gray, Research Manager 
Performance Period: 09/01/2018-08/31/2019 
Level of Funding: $100,000 (current annual direct costs) 
Goals & Specific Aims:  
Role: Co-Investigator 

Ended 
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 What other organizations were involved as partners?
"Nothing to Report."

8. SPECIAL REPORTING REQUIREMENTS
 COLLABORATIVE AWARDS:

For an update on Major Task 1 see report from the co-PI Dr. Springer.
 QUAD CHARTS:

See appendix
9. APPENDICES:  Quad chart, Tsai et al., 2018, Ross & Bu, 2018.
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Early-Onset Parkinson's Disease Is a Mitochondrial Disease: A Nigral Mitochondrial Cytopathy  
PR160606P1 
W81XWH-17-1-0249  

This functional-genetics approach will help discriminate the architecture of 
the mitochondrial quality control (mitoQC) and early-onset Parkinson’s 

disease (EOPD) and will nominate targets for model generation and drug 
development toward improved future treatment and prevention strategies.  

PI:  Owen A. Ross, PhD  Org:  Mayo Clinic Jacksonville       Award Amount: $1,176,917 

Study/Product Aim(s) 
• Specific Aim 1: To identify high-confidence genetic modifiers of 
PINK1/PARK2-directed mitochondrial quality control (mitoQC)   
• Specific Aim 2: To identify the underlying genetic variation and 
characterize the early-onset Parkinson’s disease (EOPD) genome  
• Specific Aim 3: To determine pathogenicity of novel EOPD 
sequence variants in functional readout studies  

Approach 
We hypothesize that EOPD is a mitochondrial disease and that its genetic 

causes cluster around loss of mitoQC functions resulting in failure to 
safely dispose of damaged organelles. Our overarching goal is to 
delineate this pathway and the disease relevance of individual key 
players and their variants towards rationalized biomarker and drug 
development. This will be achieved through combining whole-
genome-sequencing data from EOPD patients with functional genetic 
screening of genes/variants. 

Goals/Milestones  
CY17 Goal – Regulatory review and roll-out of study 
Complete regulatory review and approval by HRPO 
Whole-genome sequencing of 50 EOPD patients  
CY18 Goals – First-tier filtering of genomic variants 
 Whole-genome sequencing of 100 EOPD patients  
 Critical variant identification of mitoQC candidates  
CY19 Goal – Second-tier filtering of genomic variants 
Whole-genome sequencing of 150 EOPD patients  
Critical variant identification with informed and unbiased strategies 
CY20 Goal – Third-tier filtering and replication of candidate variants 
Pathogenic variant identification in EOPD/mitoQC genes 
Variant replication in additional cases of EOPD, LOPD & controls 
Comments/Challenges/Issues/Concerns 
•  If timelines change, comment here.   
•  If off by more than one quarter in spending, comment here. 
Budget Expenditure to Date 
Projected Expenditure:     
Actual Expenditure:  $117,819.98 Updated: (09/14/2018) 

Timeline and Cost 

Activities                       CY    17          18       19 20 

Aim 1: Functional screening 

Estimated Budget ($K)         $196      $392      $392    $196 

Aim 2: WGS & analysis 

Aim 3: Validation & 
pathogenicity 

Accomplishment: Complete regulatory review and approval by Mayo Clinic IRB and by 
HRPO.  
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In Brief

Tsai et al. discover that mitochondria

increase crista junctions and numbers in

selective subcellular areas in Drosophila.

This structural remodeling requires

Parkinson’s-linked PINK1 to

phosphorylate the inner mitochondrial

membrane protein MIC60, which

stabilizes MIC60 oligomerization. MIC60

functions downstream of PINK1 to

maintain mitochondrial functions and

cellular survival.
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SUMMARY

Mitochondrial crista structure partitions vital cellular
reactions and is precisely regulated by diverse
cellular signals. Here, we show that, in Drosophila,
mitochondrial cristae undergo dynamic remodeling
among distinct subcellular regions and the Parkin-
son’s disease (PD)-linked Ser/Thr kinase PINK1 par-
ticipates in their regulation. Mitochondria increase
crista junctions and numbers in selective subcellular
areas, and this remodeling requires PINK1 to phos-
phorylate the inner mitochondrial membrane protein
MIC60/mitofilin, which stabilizes MIC60 oligomeriza-
tion. Expression of MIC60 restores crista structure
and ATP levels of PINK1-null flies and remarkably
rescues their behavioral defects and dopaminergic
neurodegeneration. In an extension to human rele-
vance, we discover that the PINK1-MIC60 pathway
is conserved in human neurons, and expression of
several MIC60 coding variants in the mitochondrial
targeting sequence found in PD patients in
Drosophila impairs crista junction formation and
causes locomotion deficits. These findings highlight
the importance of maintenance and plasticity of
crista junctions to cellular homeostasis in vivo.

INTRODUCTION

Efficient mitochondrial oxidative phosphorylation and ATP syn-

thesis rely heavily on the exquisite membrane organization of

the mitochondrial cristae. The inner mitochondrial membrane

(IMM) protrudes into the matrix to form cristae that harbor the
electron transport chain (ETC) machinery and ATP synthase.

Each individual crista contains a tubular invagination, with an

opening to the intermembrane space called crista junction and

a bottom called crista tip (Figure 1A). Crista membranes bend

extensively at crista junctions and tips to sustain the remarkably

narrow and elongated crista space, and this unique shape is

required for maintenance of solute gradients and localization of

the ETC complexes (Mannella et al., 2013). Studies in yeast

have revealed several crucial factors involved in maintenance

of crista structure, including MIC60 (IMMT/Fcj1/mitofilin), mito-

chondrial fission-fusion machinery, FoF1-ATP synthase, and

mdm33 (Frezza et al., 2006; Meeusen et al., 2006; Messersch-

mitt et al., 2003; Rabl et al., 2009; Strauss et al., 2008). MIC60

is an IMM integral protein and a major component of the mito-

chondrial contact site and cristae organizing system (MICOS)

complex (Pfanner et al., 2014). Mitochondrial crista structure is

not always static; instead, it undergoes dynamic remodeling

tightly correlated with themitochondrial aerobic respiration rates

(Hackenbrock, 1966; John et al., 2005; Mannella et al., 2013). In

high-energy-demanding cells, mitochondria perform higher res-

piratory activities. However, it remains elusive as to how cellular

signals instruct mitochondria to remodel the crista architecture,

particularly in an in vivo setting.

Mutations in the Ser/Thr kinase PINK1 cause autosomal

recessive early-onset Parkinson’s disease (PD) (Valente et al.,

2004). The hallmark of PD is age-dependent degeneration of

dopaminergic (DA) neurons in the substantia nigra. PINK1 is im-

ported into healthy mitochondria with the polarized mitochon-

drial membrane potential (DJm) (Greene et al., 2012; Morais

et al., 2014; Thomas et al., 2014). PINK1 is blocked from import

into depolarized mitochondria and stabilized on the outer mito-

chondrial membrane (OMM), where it phosphorylates its sub-

strates to trigger mitophagy (Chen and Dorn, 2013; Kondapalli

et al., 2012; Narendra et al., 2008; Vives-Bauza and Przedborski,

2011; Wang et al., 2011; Whitworth and Pallanck, 2009).
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Figure 1. PINK1 Maintains Crista Junctions

(A) Cartoon depicting a mitochondrial crista junction (red circle).

(B and F) TEM images of body wall muscles of late third instar larvae (120 hr AEL) of PINK1 null (B) or Parkin null (F).

(C and F) Quantification of the percentage of total mitochondria per image for PINK1 null (C) or Parkin null (F). n = 307–916 mitochondria from 32–98 images

obtained from 6–8 flies.

(D) Quantification of the number of crista junctions normalized to the length of themitochondrial circumference. n = 30mitochondria from 30 images from 6–8 flies.

(E) Schematic representation of PINK1-mediated plasticity of crista structure in third instar larvae.

(legend continued on next page)

2 Molecular Cell 69, 1–13, March 1, 2018
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However, whether PINK1 has kinase activity inside healthy mito-

chondria remains controversial. Although PINK1 has been

shown to be crucial for the mitochondrial complex I activity,

direct PINK1 kinase substrates in the ETC have not yet been

identified (Morais et al., 2014; Pogson et al., 2014). In this

work, we discover a novel substrate of PINK1 inside healthy

mitochondria—the IMM protein MIC60, and reveal that the

PINK1-MIC60 pathway maintains remodeling of crista junctions,

the complex I activity, and DA neuronal survival in vivo.

RESULTS

InsideMitochondria, PINK1 Is Required forMaintenance
of Crista Junctions
We determined whether PINK1 is present inside the mitochon-

dria of Drosophila. By immuno-gold staining under transmission

electron microscopy (TEM), we found that transgenic PINK1-

Flag was evenly distributed inside the mitochondria, likely in

the matrix or intermembrane space, as well as outside the mito-

chondria in the cytosol (Figure S1A). Human PINK1 transgene

was used here and throughout the paper, owing to the functional

conservation between human and fly PINK1 (Clark et al., 2006).

Using proteinase K assays (Morais et al., 2014), we found that

a fraction of endogenous Drosophila PINK1 (dPINK1) was pre-

sent inside the mitochondria at the steady state (Figure S1B).

We next examined mitochondrial crista structure under TEM

and identified crista phenotypes in body wall muscles of

PINK1-null late third instar larvae 120 hr after egg laying (AEL).

Approximately 34.45% of total mitochondria appeared like an

‘‘onion’’ with concentric multi-layered and heavily packed crista

membranes, and 58.13% were filled with small ‘‘vacuole’’-like

crista membranes. In both cases, crista junctions were signifi-

cantly reduced. In PINK1-null mitochondria, there were only

1.03 ± 0.29 crista junctions/mm of mitochondrial circumference,

whereas in wild-type mitochondria, there were 5.08 ± 0.32 crista

junctions/mm (Figures 1B–1D). These results indicate that PINK1

is required for maintenance of crista junctions in late third instar

larval body wall muscles. The mitochondrial shape became

round in PINK1-null larvae, although the mitochondrial size

was not significantly altered (Figure S1C). No pronounced mus-

cle degenerationwas observed inPINK1-null larvae (Figure S1D).

We found the same onion- and vacuole-like mitochondria in

larval body wall muscles using another independent PINK1-null

allele (Figure S1E). In the nervous system, the phenotype of the

onion-like cristae and loss of crista junctions existed only in the

neuropils (enriched with synapses, dendrites, and axons) at

the ventral nerve cords (VNCs), but not in the cell bodies at the

VNC, in the segmental nerves (axons), or at the neuromuscular

junctions (NMJs) in PINK1-null larvae (Figure S2). We then

considered the possibility that mitochondrial cristae undergo

PINK1-dependent remodeling when mitochondria move from

the cell bodies into the neuropils. To explore this possibility,

we measured the mitochondrial crista density (the number of
The scale bars represent 500 nm. Parkinnull (Park25); ParkinRV (Parkrva); PIN

hPINK1WT/DMTS-Flag;da-GAL4); wild-type (PE704/Y, precise excision control male

for all figures except otherwise stated. Comparisons with ‘‘wild-type’’ are shown

figures unless otherwise stated. See also Figures S1, S2, S3, and S4.
cristae/mitochondrial area) and found that mitochondria in neu-

ropils contained significantly more dense cristae with increased

crista junctions than those in neuronal cell bodies, axons, or

NMJs (Figure S3A), indicating that mitochondrial remodeling of

crista structure occurs when mitochondria move into the neuro-

pils from the cell body and mitochondrial respiratory activity

increases (Hackenbrock, 1966; John et al., 2005). In addition,

neuropils had more mitochondria (the volume mitochondria

occupy/total volume) than neuronal cell bodies, axons, or

NMJs (Figure S3B), suggesting that synapse and dendrite-

enriched neuropils consume more energy (Lajtha et al., 2007).

Therefore, when mitochondria move to subcellular compart-

ments that may have elevated energy demands, they condense

their cristae and increase crista junctions in third instar larvae.

This structural plasticity requires PINK1, because in those re-

gions of PINK1-null larvae mitochondrial cristae fail to remodel

as in wild-type, and instead they display the onion-like mem-

branes with loss of crista junctions (Figures 1, S1, and S2). Taken

together, PINK1 is essential for mitochondria to increase crista

junctions in selective subcellular areas in third instar larvae

(Figure 1E).

We next determined the extent to which the physical presence

of PINK1 inside the healthy mitochondria is required for mainte-

nance of crista junctions. To do this, we ubiquitously expressed

full-length PINK1, or PINK1DMTS without the mitochondrial target-

ing sequence (MTS) that leads PINK1 import into mitochondria

(Weihofen et al., 2009), in PINK1-null larvae. Both PINK1 trans-

genes were inserted in the same genomic site using the PhiC31

integrase-mediated transgenesis systems to ensure the same

genomic regulations (Markstein et al., 2008), and their protein

expression levels were comparable (Figure S4A). The aberrant

crista structure and loss of crista junctions in PINK1-null flies

were fully rescued by expressing full-length PINK1, but not by

PINK1DMTS, in late third instar larval body wall muscles (Figures

1B–1D). Therefore, the import of PINK1 into healthy mitochondria

is required for maintenance of crista junctions in larval muscles.

The onion- and vacuole-like mitochondria found in PINK1-null

larvae differed from the previously reported ‘‘vacuolated

(empty)’’ mitochondria with crista fragmentation in thoracic indi-

rect flight muscles of PINK1-null adults (Clark et al., 2006; Park

et al., 2006). We also observed the predominant vacuolated

mitochondria in PINK1-null adults but did detect about 25% of

the onion-like mitochondria at an earlier adult stage (day 3),

which all converted to vacuolated mitochondria at day 5 (Fig-

ure S4B). This result suggests that the onion-like mitochondria

may represent an earlier stage of mitochondrial pathology in

adults. Expression of PINK1DMTS failed to rescue the mitochon-

drial phenotypes and muscle degeneration in PINK1-null adult

flies (Figures S4B and S4C), demonstrating the importance of

PINK1 inside healthy mitochondria for adults as well.

It has been reported that Parkin-null adult flies exhibit similar

vacuolated mitochondria as PINK1-null adults (Greene et al.,

2003; Pesah et al., 2004). To answer the question of whether
K1nul (PINK15/Y; da-GAL4); PINK1null,da > PINK1WT/DMTS (PINK15/Y;UAS-

s forPINK15/Y); WT, wild-type. Genotypes arewritten in the sameway here and

. *p < 0.05, **p < 0.01, ***p < 0.001, and the box-whisker plots are used for all
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Figure 2. PINK1 Interacts with and Phosphorylates dMIC60

(A) Immunoprecipitations with anti-dMIC60 were performed using the mitochondrial fractions of pupae 72 hr after pupa formation (AFP).

(B) Schematic representation of the truncated GST-dMIC60 used in the in vitro co-precipitation. FL, full length. Samples were immunoblotted as indicated.

(C) Sequence alignments between the flanking regions of the two threonine sites in dMIC60 or between the phospho-peptides of dMIC60 and human Miro1/2.

(D) The upper blot is the phos-tag gel immunoblotted with anti-V5. The lower blot is the Coomassie-stained gel revealing the proteins in the reactions.

(E) The in vitro phosphorylation reactions were immunoblotted as indicated.

(F) Lysates of adults 5 days after eclosion were immunoblotted as indicated, and the band intensities of phospho-dMIC60 are normalized to those of total dMIC60.

n = 3–6 independent experiments. Comparisons with wild-type are shown.

See also Figure S5.
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Parkin-null larvae also show the onion- and vacuole-like mito-

chondria in their muscles as observed in PINK1-null larvae, we

performed TEM on Parkin-null third instar larval body wall mus-

cles. Surprisingly, about half of total mitochondria were normal

(40.07%), and the majority of abnormal mitochondria (38.44%)

displayed a ‘‘dumbbell’’ shape, in which two ends of one mito-

chondrion stretch extensively in the opposite directions while

the OMM and crista junctions are intact (Figure 1F), implying a

failure in fission. Thus, PINK1 and Parkin mutant larvae show

distinct phenotypes in crista structure. Collectively, our results

reveal a novel function for PINK1 inside healthy mitochondria

to regulate structural plasticity of mitochondrial crista junctions.
4 Molecular Cell 69, 1–13, March 1, 2018
PINK1 Phosphorylates MIC60
We sought the mechanism by which PINK1 maintains crista

junctions. A previous study has reported human MIC60 in a

mass spectrometry screen searching for PINK1’s binding part-

ners (Weihofen et al., 2009). Interestingly, MIC60 has been

demonstrated to play a crucial role in crista junction formation

(John et al., 2005; Rabl et al., 2009). In flies, we found that

endogenous dPINK1 physically interacted with endogenous

Drosophila MIC60 (dMIC60) in vivo (Figure 2A), which was de-

tected by a polyclonal antibody against dMIC60 protein (anti-

dMIC60) generated by us. A band of the predicted size of

dMIC60 protein was recognized by anti-dMIC60 in wild-type,
14



Figure 3. PINK1-Mediated Phosphorylation of dMIC60 Maintains Crista Junctions

(A) TEM images of body wall muscles, VNC, NMJs, or segmental nerves of late third instar larvae (120 hr AEL).

(B) Quantification of the number of crista junctions normalized to the length of the mitochondrial circumference. n = 30 mitochondria from 30 images obtained

from 4–6 flies.

(C) Quantification of the percentage of total mitochondria per image. n = 17–236 mitochondria from 8–15 images from 4–6 larvae. Bar graphs and mean ± SEM

are shown.

For (A)–(C), dMIC60mut (Tubulin-GAL4_dMIC60LL02849/LL02849); dMIC60mut,dMIC60WT/PR (UAS-dMIC60WT/PR-Myc;Tubulin-GAL4_dMIC60LL02849/LL02849);

wild-type (w1118). Comparisons with wild-type are shown.

(D) TEM images of iPSC-derived neurons. n = 172–198 mitochondria from 30 images from 3 independent experiments.

(legend continued on next page)
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but not in a dMIC60 mutant (dMIC60mut) (described later), con-

firming the specificity of this antibody (Figure 2A). We deter-

mined that dPINK1 and dMIC60 also interacted in vitro and

mapped the region of dMIC60 required for binding to dPINK1

(Figure 2B). We bacterially expressed N-terminal glutathione

S-transferase (GST)-tagged dMIC60 with different truncations:

GST-dMIC6092–739 (lacking the N-terminal MTS and transmem-

brane [TM] domains); GST-dMIC6092–223_547–739 (lacking the

N-terminal MTS and TM and the coiled-coil domains); or GST-

dMIC6092–546 (lacking the N-terminal MTS and TM and the C-ter-

minal domains; Körner et al., 2012) and incubated it with

glutathione Sepharose beads before incubation with bacte-

rially purified C-terminal V5-tagged dPINK1. We found that

dPINK1 co-precipitated with GST-dMIC6092–739 and GST-

dMIC6092–223_547–739, but not with GST-dMIC6092–546 (Fig-

ure 2B), suggesting that the C-terminal amino acids (aas)

547-739 of dMIC60 are required for directly binding to dPINK1.

BecausePINK1 isaSer/Thr kinase,wenextdeterminedwhether

dMIC60 is a substrate of PINK1. To do this, we performed an

in vitro PINK1 kinase assay on bacterially expressed dMIC60.

dMIC6092–739 was incubated with either purified Tribolium casta-

neum PINK1 (TcPINK1)—the known form of PINK1 that remains

active in vitro (Woodroof et al., 2011)—or inactive kinase-dead

TcPINK1 (TcPINK1KD) prior to mass spectrometric and phos-

tag acrylamide analysis. Using mass spectrometry, we identified

two dMIC60 sites, threonine 507 and 561, which were phosphory-

lated; these two sites were not phosphorylated in the other

negative controls, although the unphosphorylated peptides were

detected with the same efficiency among all reactions

(Figures 2C, 2D, and S5). In the mass spectrometric analysis, we

encompassed approximately 90% of the total residues of

dMIC6092–739. Using phos-tag acrylamide, where phosphorylated

proteins migrate slower because of binding to the phos-tag

ligands, we detected phosphorylated dMIC60 only in the reaction

withATPandTcPINK1bothpresent,butnotwhenATPorTcPINK1

was absent (Figure 2D). When both the two phosphorylation sites

were mutated to phosphorylation-resistant (PR) alanine, dMIC60

wasno longer phosphorylatedbyTcPINK1 (Figure 2D),which indi-

cates that these two sites are the main phosphorylation residues.

We generated two antibodies against phosphorylated dMIC60 at

threonine507and561, respectively, and found that theband inten-

sities recognized by anti-phospho-dMIC60were completely abol-

ished by kinase-dead TcPINK1KD in vitro (Figure 2E), confirming

the specificity of these antibodies. Phosphorylation at both sites

wassignificantly reduced inPINK1-null fliesand required thephys-

ical presence of PINK1 inside the mitochondria (Figure 2F). Taken

together, PINK1 phosphorylates dMIC60 both in vivo and in vitro.

PINK1-Mediated Phosphorylation of dMIC60 Maintains
Crista Junctions in Drosophila

Our finding that the IMM protein dMIC60 is a substrate of PINK1

(Figure 2) suggests the intriguing possibility that PINK1 might
(E) Immunoprecipitates from iPSC-derived neurons as indicated were run in a ph

PAGE showing immunoprecipitation (IP) and input.

(F) iPSC-derived neurons were transfected with EGFP and treated with antimycin

was calculated and compared to that without Antimycin A treatment. n = 30 ima

The scale bars represent (A) 100 nm, (D) 500 nm, and (F) 100 mm. See also Figur
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maintain crista junctions by phosphorylating dMIC60. If this hy-

pothesis were true, blocking phosphorylation of dMIC60 by

mutating the phosphorylation sites (Figure 2) might cause similar

crista phenotypes as removing PINK1. To test this hypothesis

directly, we ubiquitously expressed wild-type dMIC60-upstream

activating sequence (UAS)-dMIC60WT- or UAS-dMIC60PR (Fig-

ure 2) in a dMIC60 mutant background (dMIC60mut) (Tsai et al.,

2017) without the expression of endogenous dMIC60 (Figures

2A, S6A, and S6B). This allele of dMIC60 is pupal lethal (Tsai

et al., 2017) and caused loss of crista junctions ubiquitously in

late third instar larvae (Figures 3A–3C). Both the wild-type and

mutant dMIC60 transgenes were inserted in the same genomic

location (Markstein et al., 2008), and their expression levels in

dMIC60mut were comparable (Figure S6B). Ubiquitous expres-

sion of either transgene in dMIC60mut flies did not exceed the

endogenous dMIC60 level (Figure S6B) and thus circumvented

the potential adverse effect by overexpression. dMIC60WT in

dMIC60mut larvae completely restored their crista structure (Fig-

ures 3A–3C). In contrast, dMIC60PR in dMIC60mut failed to

restore crista junctions in muscles and neuropils but could

rescue crista phenotypes in neuronal cell bodies, axons, and

NMJs in third instar larvae (Figures 3A–3C). Thus, dMIC60PR in

dMIC60mut mirrors the crista phenotypes of PINK1-null flies:

mitochondria lose their crista junctions in muscles and neuropils

(Figures 1, 3, and S2). These results provide evidence that

PINK1-mediated phosphorylation of dMIC60 is required for

mitochondria to increase crista junctions in selective subcellular

areas in Drosophila.

The PINK1-MIC60 Pathway Is Conserved in Humans
To determine whether the phosphorylation sites are conserved in

humans, we knocked down endogenous human MIC60 by RNAi

in HEK293T cells and expressed either RNAi-resistant wild-type

or phospho-resistant humanMIC60with the two conserved sites

(serine 518 and threonine 587) mutated to alanine (Figure S6C).

We found that MIC60 RNAi knockdown in HEK293T cells re-

sulted in the onion-like mitochondria with loss of crista junctions

under TEM, which was fully rescued by the expression of

MIC60WT, but not by MIC60PR (Figure S6D). We confirmed that

expression of MIC60PR led to loss of phosphorylation of MIC60

in those cells as detected by phos-tag gels (Figure S6E),

suggesting that the two conserved sites are also the main phos-

phorylation residues in human MIC60. Notably, cells with

MIC60PR were significantly more vulnerable to oxidative stress

induced by H2O2 treatment than cells with MIC60WT, detected

by the propidium iodide (PI) staining (Figure S6F). We also

utilized induced pluripotent stem cell (iPSC)-derived human

neurons with PINK1 knockout and their isogenic wild-type

controls. Under TEM, we detected about 15% of total neuronal

mitochondria exhibiting the onion-like structure in PINK1 loss-

of-function neurons compared to only 2% in wild-type (Fig-

ure 3D). We confirmed that phosphorylation of endogenous
os-tag gel and immunoblotted with anti-MIC60. The lower blots are the regular

A for 6 hr. The density of EGFP-positive neurons, which indicate live neurons,

ging fields from 3 independent transfections.

e S6.
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Figure 4. dMIC60 Restores Crista Structure of PINK1-Null
(A, C, and D) TEM images of body wall muscles of late third instar larvae (120 hr AEL) with the background of PINK1 null (A), dMIC60mut (C), or Parkin null (D).

(A–D) Quantification of the percentage of total mitochondria per TEM image from body wall muscles of late third instar larvae or thoracic indirect flight muscles of

3-day-old adults with the background of PINK1 null (A, larvae; B, adults), dMIC60mut (C, larvae), or Parkin null (D, both). For larvae, n = 219–371 mitochondria from

27–32 images obtained from 4–6 flies. For adults, n = 106–331 mitochondria from 30–31 images obtained from 5 or 6 flies. Comparisons with the group to the left

are shown. The scale bars represent 500 nm.

See also Figure S6.
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human MIC60 was lost in PINK1 knockout neurons using phos-

tag gels (Figure 3E), verifying that PINK1 also mediates MIC60

phosphorylation in human neurons. Importantly, these PINK1

loss-of-function neurons were more sensitive to oxidative stress

triggered by antimycin A treatment (Figure 3F), similar to a key

feature of PD patients-derived neurons (Hsieh et al., 2016).

These results validate the PINK1-MIC60 pathway in human cells,

including neurons, and its importance to crista junction forma-

tion and cellular survival.

dMIC60 Rescues the Defect in Crista Structure of
PINK1-Null Flies
Because dMIC60 is a substrate of PINK1 for maintaining crista

junctions (Figures 2 and 3), this places dMIC60 genetically down-

stream of PINK1. To confirm their epistatic relationship, we ubiq-

uitously expressed UAS-dMIC60 in a PINK1-null background or

UAS-PINK1 in dMIC60mut. Remarkably, upregulating dMIC60

completely rescued all the abnormal crista phenotypes in both

PINK1-null larval and adult muscles (Figures 4A and 4B); on

the contrary, PINK1 expression did not rescue the crista pheno-
types in dMIC60mut larval muscles (Figure 4C). Importantly, these

results suggest that overexpression of dMIC60 that is not phos-

phorylated by PINK1 compensates for the lack of PINK1. Upre-

gulation of dMIC60 in Parkin-null flies did not rescue their crista

and behavioral phenotypes (Figures 4D and S6G). Thus, dMIC60

functions downstream of PINK1 to maintain crista structure in

muscles.

A few other factors have also been reported as being down-

stream of PINK1 at the adult stage, such as Parkin (Clark et al.,

2006; Park et al., 2006), the complex I (Morais et al., 2014; Pog-

son et al., 2014), the mitochondrial fission-fusion machinery

(Poole et al., 2010; Yang et al., 2008; Ziviani et al., 2010), and

MUL1 (Yun et al., 2014). To determine whether these known

PINK1-dependent pathways interplay with the PINK1-MIC60

pathway for crista structure maintenance in larval muscles, we

expressed UAS-Parkin (a ubiquitin E3 ligase), UAS-ND42 (a

complex I subunit), UAS-Sicily (co-chaperone of ND42), UAS-

Drp1 (controls mitochondrial fission), or UAS-MUL1 (a ubiquitin

E3 ligase) in PINK1-null larvae. All five transgenes have been

shown to rescue the mitochondrial morphological phenotypes
Molecular Cell 69, 1–13, March 1, 2018 7
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Figure 5. Both Phosphorylation and Over-

expression of dMIC60 Stabilize dMIC60

Oligomerization

(A) BN-PAGE was immunoblotted with anti-V5.

Note that the shifted bands may not represent the

physiological forms of oligomers due to the large

amount of proteins present in vitro.

(B) dMIC60 or phosphorylated dMIC60 was im-

munodetected in whole-body lysates of 5-day-old

adults as indicated, using either BN-PAGE or reg-

ular-PAGE. dMIC60 migrates as a tetramer or oli-

gomerizes with other proteins based on the size in

BN-PAGE. The same results were observed for 3

times.

(C) Schematic representation of the potential

impact of PINK1-mediated phosphorylation or

overexpression of dMIC60 on dMIC60 oligomeri-

zation and crista curvatures.

(D) The in-gel activity of complex I was measured.

The representative native gel and quantification of

the band intensities compared to ‘‘PINK1null, da-

GAL4’’ are shown. n = 100 adults 5 days after

eclosion for each experiment and total 4 indepen-

dent experiments.
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in PINK1-null adult muscles to varying degrees. In striking

contrast to dMIC60, none of them rescued the onion- or vacu-

ole-like mitochondria in PINK1-null larval muscles (Figure 4A).

These results indicate dMIC60 as the strongest downstream fac-

tor of PINK1 in larvae to maintain crista structure.

Both Phosphorylation and Upregulation of dMIC60
Promote dMIC60 Oligomerization
Here, we have shown that both PINK1-mediated phosphoryla-

tion of dMIC60 (Figures 1, 2, and 3) and overexpression of

dMIC60 that is not phosphorylated by PINK1 (Figures 4A

and 4B) maintain crista junctions. These results suggest that up-

regulated and phosphorylated dMIC60 cause the same func-

tional impact on crista junctions. Because homo-oligomerization

of MIC60 has been shown to be crucial for the formation of crista

junctions (John et al., 2005; Mun et al., 2010), we then reasoned

that upregulated and phosphorylated dMIC60 both promote

dMIC60 oligomerization. We immunoblotted dMIC60 using

blue-native (BN) SDS-PAGE to detect dMIC60 oligomerization.

Phosphorylation of dMIC60 by wild-type TcPINK1 in vitro

caused retardation of dMIC60 migration above 720 kDa, indica-

tive of dMIC60 oligomers, and this oligomerization was abol-

ished by kinase-dead TcPINK1KD (Figure 5A). This reveals

that PINK1-mediated phosphorylation of dMIC60 promotes

dMIC60 oligomerization in vitro. To detect the dMIC60 complex

in vivo, we immunoblotted dMIC60 from fly lysates. We found

that, in wild-type background, dMIC60 migrated as an oligomer

(Mun et al., 2010; Figure 5B). dMIC60 oligomerization was

significantly inhibited in PINK1-null (Figure 5B), indicating

that PINK1-mediated phosphorylation of dMIC60 promotes
8 Molecular Cell 69, 1–13, March 1, 2018
dMIC60 oligomerization in vivo. Overex-

pressed dMIC60 in PINK1-null fully

restored its oligomerization (Figure 5B),

mimicking the effect of phosphorylated
dMIC60 on the dMIC60 complex. Importantly, overexpression

of dMIC60 in PINK1-null did not cause more phosphorylation

at either threonine 507 or 561 than that in PINK1-null alone

without dMIC60 overexpression (Figure 5B), excluding the pos-

sibility that the restoration of oligomerization is caused by

increased phosphorylation by a kinase other than PINK1. There-

fore, both upregulation and phosphorylation of dMIC60 stabilize

dMIC60 oligomerization, yielding the same favorable functional

effect for crista junctions (Figure 5C).

dMIC60 Rescues Diverse Organelle and Organismal
Phenotypes of PINK1-Null Flies
Aberrant crista structure may compromise mitochondrial health

and accumulate oxidative stress, leading to detrimental cellular

and organismal consequences. Indeed, PINK1-null flies display

numerous defects in the complex I activity, ATP level, DJm, lo-

comotor, and DA neuronal survival (Clark et al., 2006; Morais

et al., 2014; Park et al., 2006; Pogson et al., 2014; Tsai et al.,

2014). We determined whether an impaired mitochondrial crista

structure underlies these dysfunctions. We ubiquitously ex-

pressed UAS-dMIC60 in PINK1-null flies to restore their crista

structure (Figures 4A and 4B) and determined whether this could

alleviate these phenotypes. We found that dMIC60 completely

rescuedPINK1-null’s defects in the complex I activity (Figure 5D),

ATP level (Figure 6A), DJm detected by tetramethylrhodamine

(TMRM) in larval muscles (Figure 6B), and larval crawling ability

(Figure 6C). On the contrary, expression of Parkin, ND42, or

Drp1, which fails to rescue the crista phenotypes in PINK1-null

larvae (Figure 4A), did not fully rescue their crawling deficit (Fig-

ure 6C). Additionally, upregulating dMIC60 in PINK1-null flies
18



Figure 6. dMIC60 Rescues Various Pheno-

types of PINK1-Null

(A) Quantification of the total ATP level in adult flies

5 days after eclosion. n = 5 adults for each exper-

iment and total 6 independent experiments.

(B) Quantification of themitochondrial/cytoplasmic

TMRM fluorescent intensity in body wall muscles

of third instar larvae. n = 6 larvae.

(C–F) The crawling ability of third instar larvae (C)

and the climbing (D), jumping (E), and flying (F)

abilities of adult flies 5 days after eclosion were

quantified. n = 20–60 flies. The percentage of flies

that are scored as a ‘‘1’’ (able to do it) is shown in

black/gray bars, and the percentage of flies that

are scored as a ‘‘0’’ (unable to do it) is shown in

white bars. The chi-square test is used as the data

are categorical.

For (A)–(F), wild-type, PE704/Y.

(G) The PPL1 clusters of DA neurons visualized by

anti-TH in adult brains 15 days after eclosion.

PINK1null, PINK1B9/Y; wild-type, PINK1RV/Y (pre-

cise excision control males for PINK1B9/Y).

PINK1B9/Y exhibits the same crista impairments as

PINK15/Y used in the other figures (Figure S1E).

(H) Quantification of the DA neuron number in one

PPL1 or one PPL2 cluster per brain of adult flies

15 days after eclosion. n = 10–14 brains. Geno-

types are the same as in (G). For all panels, com-

parisons with PINK1null, da-GAL4 are shown. The

scale bar represents 5 mm.
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completely rescued their climbing, jumping, and flying defects

5 days after eclosion and DA neurodegeneration in the proto-

cerebral posterior lateral 1 (PPL1) cluster 15 days after eclosion

(Figures 6D–6H). Importantly, expression of the non-mitochon-

drial-targeting mutant PINK1DMTS (Weihofen et al., 2009), which

does not restore the crista structure in PINK1-null flies (Figures 1

and S4), did not rescue their impairments in the DJm, ATP level,

behavior, and DA neuronal number (Figure 6). In summary,

dMIC60 functions downstream of PINK1 to maintain mitochon-

drial functions and locomotion and to prevent DA neurodegener-

ation. In a broader sense, this discovery adds a new player,

MIC60, to a cellular pathway with a key role in PD.

Rare Coding Variants in the MTS of MIC60 Found in PD
Patients Are Damaging in Flies
Recessive loss-of-function PINK1 mutations are a well-estab-

lished cause of familial forms of early-onset PD (Valente et al.,

2004). Our discovery of a new PINK1-MIC60 pathway crucial

for mitochondrial functions and neuronal integrity suggests the
possibility for MIC60 coding mutations in

PD. We first sequenced the entire coding

region of MIC60 gene (IMMT: 2p11.2,

OMIM*600378; Table S1) in 100 familial

PD probands, 250 apparently sporadic

early-onset PD patients, and 350 age/

gender/ethnicity-matched controls of

East Asian origin, recruited from National

Taiwan University Hospital. We identified

one heterozygous missense mutation in
MIC60, c.G50T (p.C17F), in 1 familial dominant patient (Figures

S7A and S7B) but no variants in controls. We genotyped this

variant in additional 602 independent sporadic late-onset pa-

tients and 581 age/gender/ethnicity-matched control subjects

of East Asian origin. We detected the heterozygous p.C17F mu-

tation in 1 sporadic patient (Figures S7C and S7D), but not in

controls. The p.C17F variant is located in the MTS region of

MIC60. Interestingly, recent studies have suggested that rare

MTS variants in the PD-linked gene CHCHD2 play a role in the

risk of PD (Ogaki et al., 2015). We sequenced the MTS region

in additional 859 Caucasian PD patients and 871 control individ-

uals recruited at Mayo Clinic, USA. We identified two heterozy-

gousMTSmissensemutations (p.A4V and p.R25H) in 2 sporadic

PD patients and one heterozygous MTS missense mutation

(p.R31C) in 2 control individuals (Figure 7A; Table S2). We next

analyzed the exome sequencing data released by Parkinson’s

Progression Markers Initiative (PPMI) (http://www.ppmi-info.

org). This study includes 422 recently diagnosed PD patients

and 163 healthy controls of Caucasian origin, recruited from
Molecular Cell 69, 1–13, March 1, 2018 9
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Figure 7. MIC60 Variants in Humans and Drosophila

(A) Depiction of the MIC60 MTS variants identified in this study.

(B) Viability analysis. One hundred late third instar larvae of each genotypewere collected, and the numbers of their pupae and adults were subsequently counted.

(C) The crawling ability of third instar larvae with genotypes as indicated. n = 20 larvae. The percentage of flies that are scored as a ‘‘1’’ is shown in black/color

bars, and the percentage of flies that are scored as a ‘‘0’’ is shown in white bars. The chi-square test is used.

(D) Quantifications of mitochondria in TEM images from body wall muscles of late third instar larvae (120 hr AEL; representative images in Figure S7F). n = 20

images from 6 flies.

(E) Single sections of confocal images showing immunostaining against endogenous dMIC60 (green) or exogenously expressed human MIC60-Myc (blue/white)

in body wall muscles of third instar larvae. Red is the mitochondrial marker ATP5b. Note that anti-dMIC60 does not recognize expressed human MIC60. White

(legend continued on next page)
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the United States and Europe. We again identified one heterozy-

gousMTSmutation (p.T11A) in 1 sporadic PD patient (Figure 7A),

which was not present in any SNP database (Table S2). As

all variants identified so far are rare (minor allele frequency <

0.5%; Table S2), we compared the cumulative allele frequency

of MTS coding variants in PD patients with that in the respective

ethnic groups in the genome Aggregation Database (gnomAD)

(http://gnomad.broadinstitute.org), the largest internationally

combined database aggregating population variant frequencies,

and combined the results usingmeta-analysis.We found that the

occurrence of MTS coding variants was significantly higher in PD

patients than that in gnomAD (meta odds ratio [OR] = 3.610;

meta p = 0.023; Table S2).

We conducted an unbiased screen in flies to determine

the functional pathogenicity of those MIC60 MTS mutations.

Because all the identified variants are heterozygous, we ubiqui-

tously expressed the human MIC60 transgenes in a heterozy-

gous dMIC60mut background (dMIC60mut/+). All the wild-

type and mutant human MIC60 transgenes were inserted

in the same genomic location (Markstein et al., 2008) and

expressed at similar levels (Figure S7E). Strikingly, expression

of MIC60A4V, T11A, or C17F found in PD patients in

‘‘dMIC60mut/+’’ flies, but not of wild-type MIC60 or R31C found

in healthy controls, led to severe adult lethality and significantly

impaired the larval crawling ability, although flies with the

dMIC60mut/+ background genotype were normal (Figures 7B

and 7C). Expression of the R25H variant, found in one PD patient,

compromised the larval crawling ability, but not viability (Figures

7B and 7C). Importantly, expression of MIC60A4V, T11A, or

C17F in dMIC60mut/+ impaired mitochondrial crista junction for-

mation causing the onion-like mitochondria in late third instar

larval body wall muscles (Figures 7D and S7F). Because these

mutations reside in the MTS, we reasoned that they may disrupt

the mitochondrial targeting ability of MIC60. To test this hypoth-

esis, we immunostained endogenous fly dMIC60, exogenously

expressed human MIC60 by the Myc tag, and the subunit of

the mitochondrial ATP synthase ATP5b as a mitochondrial

marker in muscles (Morais et al., 2014). We verified the speci-

ficity of the immunostaining signals of both anti-dMIC60 and

anti-Myc: the anti-dMIC60 signals disappeared in dMIC60mut

flies (Figure S7G) and the anti-Myc signals were undetectable

in non-transgenic flies (Figure 7E). We observed that wild-type

human MIC60 or MIC60R31C found in healthy controls largely

localized to mitochondria, whereas MIC60A4V, T11A, C17F, or

R25H found in patients exhibited a non-mitochondrial diffuse

pattern (Figure 7E), suggesting that patients-linked variants

disrupt the mitochondrial localization of MIC60. Interestingly,

endogenous dMIC60 significantly localized to mitochondria in

dMIC60mut/+ flies or when exogenous wild-type human MIC60

or MIC60R31C was present, but this mitochondrial localization

was greatly reduced when human MIC60A4V, T11A, C17F, or

R25H was expressed (Figure 7E). These results demonstrate
arrow heads show colocalization between endogenous dMIC60 and ATP5b. The

that are also positive for dMIC60 or MIC60-Myc is shown. n = 12 images from 4

(C–E) Comparisons with ‘‘Actin-GAL4;dMIC60mut/+’’ are shown except indicated

(F) Schematic representation of PINK1-dependent plasticity of crista junctions in

See also Figure S7 and Tables S1 and S2.
thatMIC60MTS variants found in PD patients damage the mito-

chondrial-targeting ability of MIC60 in a dominant-negative way

in Drosophila. Our novel strategies combining human genetics

and functional screen focused on a defined coding region thus

identify MIC60 variants that are highly damaging in vivo.

DISCUSSION

In the present study, we have determined that the PD-causing ki-

nase PINK1 phosphorylatesMIC60 tomaintain crista junctions in

Drosophila and in human neurons. This mechanism represents a

novel form of PINK1-mediated phosphorylation, as PINK1 is

well-known to mediate mitophagy by phosphorylating its sub-

strates on the surface of unhealthy mitochondria, dependent

on the DJm. In this new mechanism, PINK1-mediated phos-

phorylation of MIC60 is dependent on the physical presence of

PINK1 inside healthy mitochondria and is likely activated by

elevation of cellular energy demands (Figure 7F).

Wehave shown that overexpresseddMIC60 is able to compen-

sate for the loss of phosphorylation by PINK1 in Drosophila (Fig-

ures 4, 5, and 6). This bears a resemblance to the regulation of

Parkin or ND42, which has been reported to be phosphorylated

by PINK1 directly or indirectly (Kazlauskaite et al., 2014; Konda-

palli et al., 2012; Morais et al., 2014). Overexpression of wild-type

Parkin or ND42 rescues some of the PINK1-null’s phenotypes

(Clark et al., 2006; Park et al., 2006; Pogson et al., 2014), although

how this is achievedbyunphosphorylatedParkinorND42 remains

unclear. Here, we have revealed that overexpressed dMIC60

mimics phosphorylated dMIC60 to stabilize MIC60 oligomeriza-

tion (Figure 5), which is essential for crista junction formation

(John et al., 2005; Mun et al., 2010). When phosphorylation of

MIC60 isabsent inPINK1-null, overexpressedMIC60canstabilize

its own oligomerization (Figure 5). Future structural work could

help define the impact of PINK1-mediated phosphorylation on

the stoichiometry of the MIC60 complex.

The onion-like mitochondria with loss of crista junctions are a

well-established feature of impairments in the MICOS complex

(von der Malsburg et al., 2011). This unique aberration in crista

membrane topology disrupts complex assembly and solute gra-

dients, both required for mitochondria oxidative phosphorylation

(Mannella et al., 2013), and consequently leads to severe defects

at the cellular and organismal levels (John et al., 2005; Mun et al.,

2010; von der Malsburg et al., 2011). Our findings extend this

mitochondrial phenomenon to the PD-causing gene PINK1.

Future work is warranted to determine whether this mitochon-

drial phenotype exists in PD patients and whether it contributes

to PD pathogenesis. Plasticity of crista structure must be seam-

lessly tailored to shifts in energy needs in highly energetic

neurons to allow for vigorous alterations in their activities and

circuitry. Our work thus implicates the vital importance of mito-

chondrial crista structure and its ability to remodel for dynami-

cally balancing the metabolic homeostasis of a cell.
scale bar represents 5 mm. Quantification of the percentage of ATP5b puncta

–6 larvae.

otherwise.

third instar larvae.
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A novel link between trafficking and Lewy body disorders
Elucidating the natural history and underlying genetic 
causes of Parkinson’s disease and related Lewy body 
disorders is crucial in guiding our development of 
therapeutic intervention strategies. Approximately 
15% of patients with Parkinson’s disease report a family 
history of the disease, and studies have identified or 
nominated a small number of disease-associated genes 
from multi-incident families. However, these genes 
account for only 5–10% of familial cases of Parkinson’s 
disease. As such, many more rare genetic forms probably 
exist. Population-based genome-wide association studies 
have also nominated 41 loci that can alter individual 
susceptibility to Parkinson’s disease, and this number 
continues to grow.1

In The Lancet Neurology, a study by Marialuisa Quadri 
and colleagues2 nominates a mutation in the LRP10 
gene as causative in a large multi-incident pedigree 
from Italy, by use of single nucleotide polymorphism-
based linkage analysis and whole exome sequencing. 
The LRP10 mutation 1807G→A (Gly603Arg) was 
selected as the pathogenic candidate over mutations 
in other genes (OR11H12 and POTEG) on the basis of 
results from in silico predictive tools. It should be noted 
that, when such rare genetic causes are nominated by 
whole exome rather than whole genome sequencing, 
there remains a possibility of missing small copy 
number variants or repeats on the disease-segregating 
haplotype. Subsequent gene screening and mutation 
burden analysis suggested the presence of other rare 
variants in probands from families with Lewy body 
disorders, supporting a role for LRP10 mutations in 
disease. However, as with all genetic results, the test 
for a true association will be assessed by the replication 
of these findings, with the possibility that rare variants 
might not be found again. Therefore, the replication 
of these results will probably rely on rare variant gene 
burden-based testing, the results of which can depend 
on the variant filtering steps employed. Indeed, the 
interpretation of the presence of rare, or perhaps even 
unique, variants in patients will be one of the major 
challenges to face as we try to implement genetics into 
clinical practice.

Functionally, the study by Quadri and colleagues 
shows that LRP10 colocalises with markers for the 
trans-Golgi network and endosomes in induced 

pluripotent stem cell-derived human neurons, 
although in a transfected overexpression model. More 
mutant-specific work is needed to show functional 
consequences, and even then this sort of results do 
not prove pathogenicity, but rather show a functional 
consequence of the mutation that might or might 
not be related to the disease phenotype. The LRP10 
variants associated with the disease risk are predicted 
to be loss-of-function, because several of them appear 
to reduce LRP10 protein stability when overexpressed 
in human neurons. However, again, these findings 
require further validation with use of patient-derived 
cells or tissues, and in model systems with genetic 
knocking in of specific LRP10 mutants. The effect of 
LRP10 deletion or reduction on brain function and 
the Lewy body-related pathology is not clear, because 
Lrp10 gene knockout mice have not been studied. 
Depending on the phenotypes or potential lethality, a 
conditional knockout of Lrp10 in mice that is specific to 
brain cell types might also be needed, in the absence or 
presence of Lewy body-related pathologies. The LRP10 
protein is a member of the low-density lipoprotein 
receptor family; receptors in this family share structural 
and functional similarities, including their ability to 
bind common ligands, such as apolipoprotein E and 
amyloid β,3,4 providing a link to Lewy body dementia, 
Alzheimer’s disease, and neurodegeneration. LRP10 
is expressed in multiple brain cell types, including 
endothelial cells, astrocytes, microglia, and neurons.5 
The specific functions of LRP10 in each of these cell 
types require in-depth investigation using human cell 
or animal models. 

Although little is known about LRP10 biology, an 
intriguing aspect of this receptor is its localisation 
in the trans-Golgi network, endosomes, and, to a 
lesser degree, at the plasma membrane. The ability 
of LRP10 to traffic between the trans-Golgi network 
and endosomes appears to be mediated by two 
motifs within its cytoplasmic domain, interacting 
with the clathrin adaptors GGAs and adaptor proteins 
(AP-1 and AP-2), which suggests that LRP10 can 
have a potential role in mediating intracellular 
protein trafficking.6,7 Indeed, LRP10 has been 
shown to regulate the trafficking and processing of 
amyloid precursor protein, affecting the production 
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of Alzheimer’s disease-related amyloid β.8 This 
function of regulating trafficking resembles those of 
several other Lewy body-related proteins, including 
α-synuclein, LRRK2, GBA, and VPS35.3,4,9 LRP10 
localisation at the plasma membrane was substantially 
reduced in cells with VPS35-depleted retromers.10 The 
potential relationship between LRP10 and VPS35 is 
also highlighted in the study by Quadri and colleagues, 
which shows that LRP10 colocalises with VPS35, as 
well as with markers for the trans-Golgi network 
and endosomes. However, whether LRP10 and other 
Parkinson’s disease proteins have related or distinct 
functions in vesicle trafficking and protein transport 
needs further investigation. 

To confirm and apply genetics findings, such as 
these LRP10 results, in the clinical setting, a functional 
genomics approach will be crucial. Geneticists can 
no longer rely solely on genetic data to assess the 
pathogenicity of rare or unique variants and will 
probably require functional readout from validated and 
robust disease-related assays. The importance of finding 
these rare genetic causes, though, remains: with each 
discovery we get another piece of the puzzle and move 
closer to finally generating therapeutics that can halt 
progression and prevent Lewy body disorders.
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