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Introduction

Parkinson disease (PD) is a frequent neurodegenerative 
disease and the most common movement disorder. It is in 
most cases sporadic, but nearly 10% of the cases are caused 
by mutations in genes with autosomal dominant or recessive 
inheritance. At least seven of these genes have been identified; 
the PARK2 and PINK1 genes, encoding the cytosolic E3 
ubiquitin-protein ligase, PARK2, and the mitochondrial kinase, 
PINK1, account for clinically similar early-onset autosomal 
recessive forms of PD.1

There is growing evidence that mitochondrial dysfunction 
plays a central role in the pathogenesis of autosomal recessive 
PD. Genetic studies in Drosophila demonstrate that PARK2 
and PINK1 belong to a common pathway implicated in the 
maintenance of mitochondrial morphology and dynamics.2-7 
In 2008, it was shown in mammalian cells that dissipation of 
ΔΨ leads to recruitment of PARK2 to mitochondria, followed 
by their elimination by autophagy.8 Translocation of PARK2 
to mitochondria depends on the accumulation of PINK1 on 
the outer mitochondrial membrane (OMM), and PD-causing 

*Correspondence to: Olga Corti; Email: olga.corti@upmc.fr

Submitted: 09/16/2012; Revised: 07/17/2013; Accepted: 07/24/2013

http://dx.doi.org/10.4161/auto.25884

The TOMM machinery is a molecular switch 
in PINK1 and PARK2/PARKIN-dependent 

mitochondrial clearance
Giulia Bertolin,1,2,3 Rosa Ferrando-Miguel,1,2,3 Maxime Jacoupy,1,2,3 Sabine Traver,1,2,3 Karl Grenier,4 Andrew W Greene,4  

Aurélien Dauphin,1,2,3,5 François Waharte,6 Aurélien Bayot,7 Jean Salamero,6 Anne Lombès,8,9,10 Anne-Laure Bulteau,1,2,3  

Edward A Fon,4 Alexis Brice,1,2,3,11 and Olga Corti1,2,3,*

1Inserm; U 975; CRICM; Hôpital de la Pitié-Salpêtrière; Paris, France; 2UPMC; Université Paris 06; UMR_S975; Paris, France; 3CNRS; UMR 7225; Paris, France; 4McGill Parkinson 

Program; Department of Neurology and Neurosurgery; Montreal Neurological Institute; McGill University; Montreal, Quebec, Canada; 5Plate-forme d’Imagerie Cellulaire  

Pitié-Salpêtrière; Paris, France; 6CNRS; UMR 144; Institut Curie; Paris, France; 7Inserm; U 676; CHU Robert Debré; Paris, France; 8Inserm; U 1016; Institut Cochin; Paris, France; 
9CNRS; UMR 8104; Paris, France; 10Université Paris 05; UMR_S1016; Paris, France; 11AP-HP; Hôpital de la Pitié-Salpêtrière; Department of Genetics and Cytogenetics; Paris, France

Keywords: Parkinson disease, mitochondria, outer mitochondrial membrane, mitophagy, PARK2, PINK1, TOMM machinery

Abbreviations: ACTA1, actin, alpha 1, skeletal muscle; AMBRA1, autophagy/Beclin 1 regulator 1; ATG, autophagy-related; 
CCCP, carbonyl cyanide m-chlorophenylhydrazone ; CYCS, cytochrome c, somatic; Dox, doxycycline; dsRed, red fluorescent 

protein from Discosoma; GFP, green fluorescent protein; GST, glutathione-S-transferase; HSD17B10, hydroxysteroid (17-
beta) dehydrogenase 10; LC3, microtubule-associated protein 1 light chain 3 alpha; LONP1, lon peptidase 1, mitochondrial; 

PARK2, parkinson protein 2, E3 ubiquitin protein ligase (parkin); PINK1, PTEN-induced putative kinase 1; PMPCB, peptidase 
(mitochondrial processing) beta; TOMM, translocase of outer mitochondrial membrane; VDAC1, voltage-dependent anion 

channel 1

Loss-of-function mutations in PARK2/PARKIN and PINK1 cause early-onset autosomal recessive Parkinson disease (PD). 

The cytosolic E3 ubiquitin-protein ligase PARK2 cooperates with the mitochondrial kinase PINK1 to maintain mitochondrial 

quality. A loss of mitochondrial transmembrane potential (ΔΨ) leads to the PINK1-dependent recruitment of PARK2 to 

the outer mitochondrial membrane (OMM), followed by the ubiquitination and proteasome-dependent degradation of 

OMM proteins, and by the autophagy-dependent clearance of mitochondrial remnants. We showed here that blockade 

of mitochondrial protein import triggers the recruitment of PARK2, by PINK1, to the TOMM machinery. PD-causing PARK2 

mutations weakened or disrupted the molecular interaction between PARK2 and specific TOMM subunits: the surface 

receptor, TOMM70A, and the channel protein, TOMM40. The downregulation of TOMM40 or its associated core subunit, 

TOMM22, was sufficient to trigger OMM protein clearance in the absence of PINK1 or PARK2. However, PARK2 was 

required to promote the degradation of whole organelles by autophagy. Furthermore, the overproduction of TOMM22 

or TOMM40 reversed mitochondrial clearance promoted by PINK1 and PARK2 after ΔΨ loss. These results indicated that 

the TOMM machinery is a key molecular switch in the mitochondrial clearance program controlled by the PINK1-PARK2 

pathway. Loss of functional coupling between mitochondrial protein import and the neuroprotective degradation of 

dysfunctional mitochondria may therefore be a primary pathogenic mechanism in autosomal recessive PD.
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gene mutations compromise these events.9-13 Ubiquitination 
by PARK2 and proteasomal degradation of the OMM 
mitochondrial fission proteins MFN1/2 are early events triggered 
by ΔΨ collapse;14 this study provided the first indication that the 
proteasome is also required for effective mitochondrial clearance. 
This machinery is critical for the PARK2-dependent proteolysis 
of a series of OMM proteins, a process associated with OMM 
rupture that precedes the degradation of dysfunctional organelles 
by autophagy.15,16

Protein import into mitochondria relies on ΔΨ and depends 
on the translocase of the OMM (TOMM), a multiprotein 
complex responsible for importing the majority of mitochondrial 
proteins, which are encoded by the nuclear genome.17 PINK1 is 
imported into mitochondria and following ΔΨ loss, it forms a 
high molecular weight complex with the TOMM machinery.18

Here we investigate the role of the TOMM complex in the 
recruitment of PARK2 and explore its implication in the 
different phases of the mitochondrial elimination program 
controlled by the PINK1-PARK2 pathway.

Results

Mitochondrial import blockade recruits PARK2 to the 
OMM

We investigated whether the recruitment of PARK2 to 
the OMM following ΔΨ collapse was due to the disruption 
of mitochondrial import. We addressed this issue in three 
models of mitochondrial import impairment (Fig. 1; Fig. S1): 
COS7 cells treated with the protonophore carbonyl cyanide 
m-chlorophenylhydrazone (CCCP), widely used to study 
PINK1-PARK2-mediated mitochondrial clearance; HeLa cells 
modified for stable, doxycyline (Dox)-inducible depletion of 
the mitochondrial matrix LONP1 protease (HeLa-T-REx-
shLONP1), a multifunctional enzyme essential for mitochondrial 
biogenesis;19,20 and HEK293T cells transfected with modest 
amounts of an siRNA targeting the channel-forming TOMM40
subunit of the TOMM machinery. Mitochondrial protein 
import efficiency was investigated by studying the cleavage 
of the N-terminal mitochondrial targeting signal (MTS) of 
a modified GFP protein (mitoGFP) by PMPC [peptidase 
(mitochondrial processing)], a process which is coupled to the 
import of preproteins (Fig. 1A).21-23 Abundance of the cleaved, 
intramitochondrial form of mitoGFP was significantly lower in 
cells treated with CCCP or depleted of LONP1 than in control 
cells, demonstrating the impairment of mitochondrial protein 
import. As the effect was less clear in cells with lower TOMM40 
levels, due to the moderate downregulation of its expression, we 
studied the abundance of mitoGFP in mitochondrion-enriched 
fractions treated with trypsin to eliminate exposed OMM 
proteins, including nonimported mitochondrial precursors 
(Fig. 1A). Under these conditions, we observed a decrease in 
mitoGFP levels proportional to the concentration of TOMM40
siRNA, confirming the import defect.

We then studied the distribution of endogenous PARK2 
in HEK293T cells and exogenous PARK2 in COS7 cells, 
in which the endogenous protein is undetectable with the 

available antibodies, and in HeLa cells, which lack it. PARK2 
was recruited to mitochondria clustered around the nucleus 
in all three models (Fig. 1A and B). As expected, CCCP 
treatment led to ΔΨ loss, indicated by a strong decrease in the 
intensity of staining with the potentiometric mitochondrial 
dye tetramethylrhodamine methyl ester (TMRM) (Fig. 1C). 
Mitochondria were also moderately depolarized in cells lacking 
LONP1 (Dox+) or containing low levels of TOMM40.

PARK2 is recruited by PINK1 to the TOMM machinery
We hypothesized that PARK2 would be recruited to the 

OMM close to the TOMM machinery when mitochondrial 
import is impaired. The TOMM complex has a highly 
stable functional core unit consisting of the channel protein 
TOMM40 and the central receptor TOMM22, which holds the 
translocating preproteins and is essential for cell viability.17,24-26 
Several small subunits and two loosely bound receptors for 
mitochondrial preproteins (TOMM20 and TOMM70A) are 
associated with the central core. To investigate the interaction 
between PARK2 and TOMM machinery subunits, we used 
Förster resonance energy transfer (FRET) microscopy. This 
technique, due to its great sensitivity, is particularly well suited 
to the detection of proximity between two proteins compatible 
with their interaction in cellulo.27 We chose a FRET approach 
based on the detection of quenched donor fluorescence after 
photobleaching of the acceptor, with endogenous donor-acceptor 
protein pairs labeled with secondary antibodies conjugated to 
appropriate fluorophores (Fig. 2). FRET between pairs occurs 
only if the two fluorophores are separated by distances compatible 
with single protein molecules (≤ 10 nm).27 In HEK293T cells 
treated with CCCP or with TOMM40 siRNA, FRET was 
detected between endogenous PARK2 and TOMM70A, and 
to a lesser extent between PARK2 and TOMM40 (Fig. 2A and 
B); surprisingly, FRET was not detected between PARK2 and 
VDAC1, previously reported to be ubiquitinated by PARK2 
after CCCP treatment.11 These interactions were also observed 
with exogenous PARK2 in COS7 cells treated with CCCP and 
in HeLa-T-REx-shLONP1 cells depleted of LONP1, and for the 
TOMM70A-PARK2 pair, in control cells (Fig. S2A and S2B). 
FRET was never observed in cells immunostained with secondary 
antibodies only (Fig. S2C). To confirm these observations with 
a biochemical approach, we used the GST pulldown technique 
to test the interaction of PARK2 with subunits of the TOMM 
machinery in COS7 cells and HEK293T cells (not shown). 
TOMM70A bound specifically to GST-PARK2 but not to a 
GST control protein incubated with lysates from the two cell 
types (Fig. S2D). However, we did not detect a direct interaction 
between GST-PARK2 and TOMM40 or VDAC1.

We then investigated whether PINK1 is required for 
the recruitment of PARK2 to the TOMM machinery. In 
HEK293T cells treated with TOMM40 siRNA or CCCP, 
FRET was detected between endogenous PINK1 and each of 
the four TOMM subunits examined, and between endogenous 
PINK1 and PARK2 (Fig. 2A and B). In cells silenced for 
PINK1 or PARK2, no molecular interactions involving PARK2 
were detected at the TOMM machinery (Fig. 2B). We then 
confirmed the above-described protein-protein interactions in 
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Figure 1. Impaired mitochondrial import triggers PARK2 recruitment to mitochondria. (A) Left panels: mitochondrial redistribution of PARK2 in models 

of defective mitochondrial protein import. Mitochondria were visualized with MitoTracker CMXRos and anti-VDAC1 staining. Treatments are indicated 

in italics. Right panels: mitochondrial import impairment of mitoGFP (western blots) and quantification of the abundance of the imported mitoGFP 

protein in total lysates from CCCP treated cells, or in mitochondrion-enriched fractions subjected to trypsin digestion in cells with lower TOMM40 levels 

(n = 3 independent experiments). Loading controls: ATP synthase subunit α (ATP5A1), ACTA1/actin (actin, α 1, skeletal muscle). Note the disappearance 

of the TOMM70A immunoreactive band in trypsin-digested mitochondrial fractions. (B) Proportion of cells with colocalization of PARK2 and VDAC1 

immunostainings in the various models. (C) Fluorescence intensity of TMRM in live cells. n = 3 independent wells from one of at least three independent 

experiments. *P < 0.05, ***P < 0.001 vs. the corresponding control condition. Scale bar: 10 µm.
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Figure 2. PARK2 interacts with the TOMM machinery in a PINK1-dependent manner. (A) Representative FRET images for the indicated donor (green)-

acceptor (red) pairs in HEK293T cells with low TOMM40 levels. Pseudocolor scale: FRET efficiencies reflecting individual pixel donor fluorescence changes 

after acceptor photobleaching. E: mean FRET efficiency within the region of interest (ROI, yellow frame). N: nucleus. (B) Quantitative FRET analysis and 

percentage of cells with FRET for all donor-acceptor pairs analyzed in HEK293T cells transfected with siRNA against TOMM40 or treated with CCCP. n = 10 

to 35 cells from two independent experiments. Comparisons were made with VDAC1-PARK2 for donor-PARK2 pairs, PINK1-PARK2 in the corresponding 

“Control siRNA” or “CCCP-” conditions for PINK1-acceptor pairs. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar: 3 µm.
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mitochondrion-enriched fractions isolated from HEK293T cells. 
As expected, CCCP treatment resulted in stabilization of the 
long form of PINK1 at the mitochondrion and recruitment of 
PARK2 (Fig. S3A). Furthermore, we detected FRET between 
PARK2 and all components of the TOMM machinery tested 
and between PARK2 and PINK1, but not VDAC1 (Fig. S3B). 
Again, the TOMM70A-PARK2 interaction appeared to be the 
strongest, as it was also detected in mitochondria from untreated 
cells.

PD-causing mutations disrupt the interaction between 
PARK2 and the TOMM complex

To evaluate the relevance of the identified interactions, 
we then explored the effects of PD-causing missense PARK2 
mutations on PARK2 recruitment to the TOMM machinery. 
FRET efficiencies between TOMM70A and each of nine 
PARK2 variants overproduced in COS7 cells were lower than 
those between TOMM70A and normal PARK2 after CCCP 
treatment. Furthermore, all the mutations tested abolished 
energy transfer from TOMM40 to PARK2 (Fig. 3A and B), 
suggesting that they alter the orientation of PARK2 within the 
complex, thereby modifying its behavior in FRET experiments.27

We confirmed these findings by using fluorescence lifetime 
imaging microscopy (FLIM) as an alternative technique to 
analyze the impact of selected PARK2 mutations with modest 
(K161N) or large (K211N, R256C) effects on the interaction 
of the protein with TOMM70A (Fig. 3B).27 This approach is 
based on the shortening of the fluorescence lifetime of a donor 
in close proximity of a fluorescence acceptor, due to the FRET 
effect. Consistent with FRET measurements, the presence of 
fluorescently labeled PARK2 or its K161N variant, but not the 
K211N and R256C variants, significantly decreased the mean 
lifetime of TOMM70A fluorescence; normal PARK2 had a 
stronger effect than the K161N variant.

Depletion of subunits of the TOMM core complex primes 
mitochondria for OMM clearance

TOMM machinery subunits are among the first proteins 
to be degraded in a PARK2-dependent manner during OMM 
proteolysis and rupture.15,16 On the basis of the preceding 
observations, we hypothesized that the degradation of TOMM 
subunits might be a key event in mitochondrial degradation 
promoted by PINK1 and PARK2. We therefore analyzed the 
consequences of moderate depletion of specific TOMM subunits 
on the clearance of mitochondrial markers in COS7 cells treated 
with CCCP (Fig. 4). As expected, PARK2 promoted degradation 
of the dysfunctional mitochondrial network, as illustrated by the 
disappearance of OMM (VDAC1) and mitochondrial matrix 
markers (PMPCB) in cells in which it was overproduced (Fig. 4A 
and B).8 The depletion of TOMM subunits did not further 
enhance the mitochondrial loss triggered by PARK2 (Fig. 4B). 
However, the partial silencing of TOMM22 or TOMM40 alone, 
but not of TOMM20 or TOMM70A, mimicked the effect 
of PARK2 on VDAC1 and the intermembrane space protein 
CYCS/cytochrome c, leading to their loss (Fig. 4A and B;  
Fig. S4A). Decreases in TOMM22 or TOMM40 levels did 
not result in the loss of PMPCB in the absence of exogenous 
PARK2, although staining for this marker was systematically 

fragmented and fainter than in control cells, indicating that 
PARK2 is indispensable for complete mitochondrial degradation 
(Fig. 4A and B; Fig. S4B).

To control for the specificity of the observed effects, we 
designed “rescue” experiments by overexpressing cDNAs 
resistant to siRNA. As expected, reintroduction of TOMM40 or 
TOMM22 in the corresponding paradigms of downregulation 
significantly reduced the loss of VDAC1 triggered by CCCP 
(Fig. 4C; Fig. S4C). Importantly, overproduction of TOMM40 
or TOMM22, but not TOMM70A, significantly reduced the 
loss of VDAC1 and PMPCB triggered by PARK2 following 
CCCP treatment. Altogether, these findings indicate that 
degradation of the core structure of the TOMM machinery is a 
crucial step in the mitochondrial clearance program, downstream 
of mitochondrial recruitment of PARK2 by PINK1.

PARK2, but not PINK1, is indispensable for the degradation 
of whole mitochondria

We then asked whether PINK1 plays a role beyond 
recruitment of PARK2 to mitochondria and the degradation 
of subunits of the TOMM machinery in mitochondrial 
clearance. We, therefore, investigated whether the requirement 
for PINK1 in mitochondrial degradation could be bypassed by 
silencing TOMM40 (Fig. 5). The concomitant downregulation 
of TOMM40 and PINK1 did not prevent OMM clearance, 
as demonstrated by the loss of VDAC1 and CYCS staining in 
similar proportions of cells in the presence and absence of PINK1 
(Fig. 5A and B; Fig. S5A). Of note, PINK1 was also dispensable 
for the degradation of whole organelles, which, in this model, 
was only accomplished in the presence of exogenous PARK2, 
as illustrated by clearance of the matrix marker PMPCB. As 
expected, PINK1 was indispensable for mitochondrial clearance 
induced by PARK2 in cells not treated with TOMM40 siRNA 
exposed to CCCP (Fig. 5A and B).9-13

As previously mentioned, complete disappearance of PMPCB 
staining was never observed in cells with lower TOMM40 levels 
in the absence of exogenous PARK2. However, the staining was 
always less widespread than in control cells after CCCP treatment, 
possibly reflecting mitochondrial clearance promoted by 
endogenous PARK2. Therefore, we measured the area occupied 
by mitochondrial staining in cells in different conditions (Fig. 5C 
and D). This is a more quantitative method for estimating 
mitochondrial loss than the simple scoring of cells with or 
without labeling, a method commonly used by researchers in the 
field.8-10,14,15,18,28-31 With this method, CCCP treatment decreased 
PMPCB staining in cells overproducing PARK2 by nearly 80%, 
validating the approach and demonstrating that it is more sensitive 
than cell scoring. This decrease was completely reversed when 
PINK1 was downregulated. Remarkably, depletion of TOMM40 
resulted in a nearly 50% decrease in the area covered by PMPCB 
staining after CCCP treatment in the absence of exogenous 
PARK2. As expected from our above-mentioned results, the 
absence of PINK1 did not prevent loss of PMPCB staining under 
these conditions. In addition, we observed a nearly 20% reduction 
in PMPCB staining in the absence of CCCP in cells depleted of 
TOMM40, which was again unaffected by the downregulation 
of PINK1, but completely reversed by knockdown of endogenous 
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Figure 3. For figure legend, see page 7.
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PARK2 (Fig. 5E). Altogether, these findings support the idea 
that the degradation of TOMM subunits is an event intrinsic to 
the PINK1-PARK2 pathway, situated temporally downstream 
of the PINK1-dependent recruitment of PARK2 to the OMM 
and upstream of the PARK2-dependent degradation of whole 
organelles.

To confirm that TOMM is a primary target of PINK1 
and PARK2 in OMM clearance, and exclude nonspecific 
triggering of the process by depletion of any protein involved 
in maintenance of mitochondrial import, we investigated 
mitochondrial loss following downregulation of PMPCB, 
encoding the catalytic subunit of the mitochondrial matrix 
protease PMPC (Fig. 6; Fig. S5B). PMPC processes 
mitochondrial preproteins by cleaving their MTS; it is thought 
to be essential for mitochondrial import, including that of 
PINK1.22,23,32 Contrary to downregulation of TOMM40 or 
TOMM22, moderate downregulation of PMPCB did not 
result in a massive loss of mitochondrial markers after CCCP 
treatment: no more than 15–20% of the cells lacked VDAC1 
or the matrix enzyme HSD17B10 in the absence of exogenous 
PARK2. Moreover, loss of these markers was further limited by 
the simultaneous silencing of PINK1 in cells with lower PMPCB 
levels, demonstrating complete dependence on the PINK1-
PARK2 pathway. Again, the downregulation of TOMM40 
was sufficient to trigger PARK2-dependent elimination of 
mitochondrial markers in the absence of PINK1 in this model 
(Fig. 6, graph). In addition, the effects of PMPCB silencing, 
TOMM40 downregulation and PARK2 overproduction were 
not additive, demonstrating that mitochondrial degradation in 
this context occurs within the PINK1-PARK2 pathway.

Downregulation of TOMM40 triggers PARK2-dependent 
mitophagy

To formally demonstrate that the loss of mitochondrial 
markers observed following downregulation of TOMM40 
is indeed caused by autophagy, we quantified the relative 
proportion of LC3-positive vesicles associated with mitochondria 
in cells overproducing the fluorescent autophagosome marker 
LC3-dsRed (Fig. 7A). As expected, in cells treated with CCCP, 
overproduction of PARK2 resulted in a nearly 100% increase 
in the number of LC3-positive vesicles covering mitochondria 
compared with control cells not treated with CCCP or not 
overproducing PARK2. In cells with low TOMM40 levels, this 
increase was 200% in the presence of CCCP and already 50% 
in its absence, supporting the involvement of autophagy in the 
clearance of mitochondrial markers previously observed in these 
paradigms (Fig. 5B).

To strengthen these findings, we tested the involvement of 
specific degradation pathways by treating the cells with (1) the 
proteasomal inhibitor epoxomycin, (2) 3-methyladenine, to 

block autophagosome formation, and (3) the lysosome inhibitor 
bafilomycin A

1
 (Fig. S6). All three treatments prevented PINK1 

and PARK2-dependent clearance of mitochondrial markers, 
demonstrating the cooperation among these pathways in this 
process already reported.8,14-16 In addition, these treatments 
prevented the loss of VDAC1 and CYCS in cells with low 
TOMM40 levels.

We then explored the role of key components of the autophagy 
pathway, ATG5, ATG7 and AMBRA1, by siRNA-mediated gene 
silencing (Fig. 7B). As previously shown, scoring the proportion 
of cells without mitochondrial markers demonstrated that the 
three proteins are essential for PARK2-mediated mitophagy, as 
illustrated by the loss of the matrix marker PMPCB.8,9,16,30 In 
contrast, the clearance of the OMM marker VDAC1 did not 
depend on these proteins in cells with exogenous PARK2 or with 
low TOMM40 levels after CCCP treatment, in agreement with 
the role of the proteasome in the digestion of OMM proteins (Fig. 
S6).15,16 To demonstrate that the reduction in PMPCB staining 
(Fig. 5C) is also due to mitophagy, we further evaluated the 
effect of the downregulation of ATG5, ATG7, and AMBRA1 in 
cells with low TOMM40 levels, by quantifying the relative area 
occupied by PMPCB staining in this model (Fig. 7C). Again, 
loss of this staining was prevented in all cases, demonstrating the 
involvement of authophagy; this provides further evidence that 
the mechanism underlying mitochondrial degradation triggered 
by downregulation of TOMM40 is the same as those underlying 
PARK2-dependent mitophagy.

Discussion

We provide evidence that PINK1 and PARK2 constitute 
a molecular quality control sensor-effector system, coupling 
mitochondrial import efficiency with the clearance of 
dysfunctional mitochondria (Fig. 8). We showed that PARK2 
translocates to the OMM in two models in which protein import 
is impaired, associated with a less dramatic mitochondrial 
depolarization than that caused by CCCP. These observations 
are consistent with the recent demonstration that depletion of 
PMPCB is sufficient to stabilize PINK1 and recruit PARK2 
to mitochondria in the absence of ΔΨ loss, and suggest that 
impaired mitochondrial import through the TOMM machinery 
is the primary signal for PINK1 and PARK2-mediated 
mitochondrial elimination.32 In support of this hypothesis, 
Lazarou et al. have discovered, using biochemical approaches, 
that PINK1 interacts with TOMM20 in the TOMM machinery 
following CCCP treatment.18 PARK2 was not identified in this 
complex, but, as the authors of the study stated, this does not 
exclude association; it rather reflects experimental conditions 
in which transient or labile interactions are not preserved. By 

Figure 3 (See opposite page). PD-causing PARK2 mutations disrupt the molecular interaction between PARK2 and the TOMM machinery. (A) FRET effi-

ciencies and percentages of cells displaying FRET for the indicated donor (endogenous TOMM subunits)-acceptor (exogenous PARK2 variants) pairs in 

COS7 cells treated with CCCP. n = 10 to 20 cells from one experiment representative of two (TOMM40) or three (TOMM70A). (B) FLIM analysis of TOMM70A 

(donor) in the presence of PARK2 (acceptor) variants in COS7 cells treated with CCCP. Pseudocolor scale, τ: individual and mean lifetimes within the ROI 

(red frame). No PARK2: immunostaining procedure excluded fluorophore-conjugated secondary antibody for PARK2. n = 20 ROIs per condition from 

three independent experiments. Comparisons were made with normal PARK2 in (A) or with TOMM70A-No PARK2 (*) or TOMM70A-PARK2 (a) in (B). *,aP < 

0.05, **P < 0.01, ***P < 0.001. Scale bar: 10 µm.
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Figure 4. For figure legend, see page 9.
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Figure 5. Depletion of TOMM core complex subunits bypasses the requirement for PINK1, but not PARK2, in mitochondrial clearance. (A) Immunostaining 

and (B) corresponding quantifications illustrating the effect of PINK1 depletion on the fate of VDAC1 and PMPCB in COS7 cells with low TOMM40 levels, 

with or without exogenous PARK2, or in cells with exogenous PARK2 only. Arrows: loss of mitochondrial markers. n = 3 independent wells from one 

experiment representative of five. (C) Images illustrating the relative loss of PMPCB immunostaining in representative conditions. The right panels show 

PMPCB staining after application of a threshold mask, with A corresponding to mitochondrial area relative to total cell area (%). (D and E, left graph) 

Quantification of the cell area covered by PMPCB (relative mitochondrial area), estimated as in (C), in the indicated conditions. n = 3 independent wells 

from one experiment representative of three. (E, right graph) Effect of siRNA-mediated silencing of endogenous PARK2, estimated by real-time PCR with 

two different primer pairs on mRNA extracted from COS7 cells and retrotranscribed into cDNA. n = 3 independent wells from one representative experi-

ment out of two. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the corresponding control condition: “+ PARK2” in (B),” Control siRNA” (D and E). aP < 0.001 vs. the 

corresponding “TOMM40 siRNA” condition in (B). Scale bar: 10 µm.

Figure 4 (See opposite page). Depletion of TOMM core complex subunits initiates the mitochondrial clearance program mediated by the PINK1-PARK2 

pathway. (A) Fate of VDAC1 or PMPCB after CCCP treatment in COS7 cells overproducing PARK2 or with low levels of the indicated TOMM subunits. 

Arrows: loss of mitochondrial markers. Western blot analyses and corresponding quantifications: efficacy of downregulation for each TOMM subunit in 

total cell extracts. n = 3 independent wells from one representative experiment. ATP5A1, ACTA1: loading controls. (B) Quantification of the proportion of 

cells in which the indicated mitochondrial marker proteins were absent, in the experiment shown in (A) or (C) from COS7 cells with exogenous PARK2 or 

treated with the indicated siRNAs, after overproduction of the indicated TOMM subunits and CCCP treatment. n = 3 independent experiments. *P < 0.05, 

***P < 0.001 vs. (A) “Control siRNA”; (B) the corresponding condition with exogenous PARK2; or (C) “Empty vector” within the “+ PARK2” or “- PARK2” 

condition. ns: not significant. Scale bar: 10 µm.
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using FRET-based microscopy, we confirmed here that PINK1 
accumulates at the TOMM machinery when mitochondrial 
import is blocked. In addition, we demonstrated that PARK2 is 
brought into proximity to this complex, highlighting the power 
of FRET imaging techniques for detecting localized, endogenous 
protein-protein interactions.

TOMM70A may be the preferential target of PARK2 in 
the complex, since FRET levels were consistently higher for 
the TOMM70A-PARK2 pair than for the other pairs tested, 
and TOMM70A but no other TOMM subunit was retrieved 
by GST pulldown. Accordingly, two independent mass 
spectrometry studies have recently identified the TOMM70A 
receptor as one of the proteins binding to and ubiquitinated by 
PARK2 following CCCP treatment.34,35 Remarkably, the nine 
PD-causing missense PARK2 mutations analyzed significantly 
reduced fluorescence energy transfer between TOMM70A and 
PARK2, indicating that this interaction is of physiopathological 
relevance. In addition, these mutations abolished FRET between 
TOMM40 and PARK2. This further supports the hypothesis 
that TOMM70A is the physical target of PARK2, and that 
weakening of this primary association modifies the relative 
configuration of the partners of the complex, precluding FRET 
from TOMM40 to PARK2. Indeed, although the presence 
of energy transfer in FRET experiments is unlikely to be an 
artifact, lack of FRET does not necessarily indicate an absence 

of molecular proximity; it may also reflect nonpermissive 
orientations of the donor and acceptor.18 Such a situation may 
explain why we did not detect FRET between VDAC1 and 
PARK2, which based on previous studies should interact.11,31,34,35

Our findings provide evidence that the TOMM machinery 
is a switch in the mitochondrial clearance program regulated 
by the PINK1-PARK2 pathway. They suggest that proteolytic 
destabilization of the TOMM core complex follows upon 
the recruitment of PARK2 and acts as the molecular trigger 
that initiates the degradation of proteins of the OMM and 
intermembrane space. The degradation of TOMM70A, which 
precedes that of other TOMM subunits according to previous 
studies,15,16 may permit the subsequent degradation of the 
core structure, with the intervention of PINK1 and PARK2. 
Consistent with this hypothesis, Sarraf et al., using anti-HA 
affinity purification-mass spectrometry to identify proteins 
associated with HA-tagged PARK2, have found TOMM70A 
after 1h of CCCP treatment and TOMM22 after 8h.35 Future 
studies are required to define the specific mechanisms underlying 
the degradation of the different subunits of the TOMM complex 
and their spatiotemporal regulation.

Intriguingly, Lazarou et al. excluded that the TOMM complex 
is a key regulator of mitochondrial clearance.18 They showed that 
an exogenous PINK1 protein lacking the N-terminal MTS and 
targeted to the OMM by an artificial mitochondrial anchor was 

Figure 6. PMPCB downregulation does not prime mitochondria for OMM clearance. Effect of PMPCB downregulation on the clearance of VDAC1 and 

HSD17B10 (matrix marker) in COS7 cells with or without PINK1 or exogenous PARK2. n = 3 independent wells from one experiment representative of 

three. ***P < 0.001 vs. the corresponding “+ PARK2 condition”. Scale bar: 10 µm.
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Figure 7. TOMM40 downregulation triggers PARK2-dependent mitophagy. (A) Representative images illustrating LC3-positive vesicles associated with 

PMPCB staining in COS7 cells, in the indicated conditions. Right graphs: quantification of the number of LC3-positive vesicles costained for PMPCB rela-

tive to the total number of LC3 vesicles in cells, as explained in the Materials and Methods section. The control conditions were arbitrarily set at 1. n = 20 

cells from three independent experiments. (B) Quantification of the proportion of cells without VDAC1 or PMPCB staining after overproduction of PARK2 

or downregulation of TOMM40, and silencing of ATG5, ATG7, or AMBRA1, as indicated. Cells were treated with CCCP in all conditions. n = 3 independent 

wells from one experiment representative of three. (C) Images showing the relative loss of PMPCB immunostaining and (graph) quantification of the rela-

tive mitochondrial area covered by PMPCB staining, estimated in the indicated conditions as explained in the legend of Figure 5C. A: relative mitochon-

drial area (%). n = 30 cells from one experiment representative of three. **P < 0.01, ***P < 0.001 vs. (A) the corresponding control condition within “CCCP 

+” or “CCCP -”; (B and C) the corresponding “Control siRNA” condition. aP < 0.01, bP < 0.001 vs. the corresponding “CCCP -” condition. Scale bar: 10 µm.
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able to recruit PARK2 and initiate organelle degradation, despite 
the absence of stable associations with the TOMM complex. 
However, stable association might not be essential for PINK1 
and PARK2 to degrade the machinery, and previous data do not 
rule out the possibility that ectopically targeted mitochondrial 
PINK1 is located close to the TOMM machinery. It remains to 
be determined how PINK1 targeted to peroxisomes can recruit 
PARK2 and activate pexophagy in the absence of a TOMM 
complex. However, since the roles of ubiquitin signaling in 
pexophagy and mitophagy are different, intrinsically distinct 
programs might be involved.29,36

The investigation of the role of key elements of the autophagy 
machinery in our study confirmed that OMM proteolysis 
triggered by PINK1 and PARK2 relies on the ubiquitin-
proteasome pathway; in addition, it demonstrated that PARK2 
cooperates subsequently with ATG5, ATG7, and AMBRA1 
in the absence of PINK1 to promote the degradation of 
mitochondrial remnants. As PINK1 is dispensable for this 
second phase, physical association of PARK2 with mitochondria 
may not be necessary at this stage, or PARK2 may bind other 
mitochondrial proteins. VDACs are excellent candidates, since 
they have been identified as major partners of PARK2 in cells 
treated with CCCP and may play a role in mitophagy.11,31,34,35

These channels are abundant OMM proteins and may thus 
still be available to interact with PARK2 once the initial phase 
of mitochondrial degradation is launched. The degradation of 
the entire OMM may indeed not be necessary for entry into the 
second phase, since mitochondria with a largely intact OMM 
are found inside autophagosomes in cells treated with CCCP.16

The requirement for both the proteasome and autophagy 
machinery for efficient mitochondrial clearance also supports 
the view that the two phases of the mitochondrial degradation 
program are closely interlinked; rupture of the OMM caused 
by the degradation of critical OMM components may act as a 
signal for massive recruitment of the ubiquitin-proteasome and 

autophagy-dependent pathways. Permeabilization and rupture 
of the OMM are key events in mitochondrion-dependent 
apoptosis,37,38 but no apoptotic features are observed after the 
triggering of mitochondrial degradation by the PINK1-PARK2 
pathway,16 consistent with the existence of reciprocal regulations 
between mitochondrial clearance and cell death programs.39

In summary, our findings suggest that mitochondrial quality 
control by the PINK1-PARK2 pathway becomes essential 
when protein flux through the TOMM machinery is impaired. 
TOMM40 influences the age at onset of Alzheimer disease and 
changes in protein import efficiency have been reported in 
neurodegenerative conditions in humans and animal models, 
including pink1-deficient mice.40-42 The loss of functional 
coupling between mitochondrial import and the neuroprotective 
degradation of dysfunctional OMM components or mitochondria 
may therefore be a primary pathogenic mechanism in autosomal 
recessive PD caused by PARK2 or PINK1 mutations.

Materials and Methods

Mammalian expression vectors, siRNAs, cell culture, and 
transfection

The vectors used were: pcDNA3-HA encoding human 
PARK2 or PARK2 variants,43 TOMM70A and siRNA-resistant 
TOMM22, and TOMM40 ; pCB6 encoding an HA-tagged GFP 
fused to the N-terminal MTS of COX8A (kindly provided by M 
Rojo), and pDsRed2-LC3 (kindly provided by G Kroemer). The 
TOMM70A cDNA was cloned by PCR from a human cDNA 
bank obtained from HeLa cells (F Lacroute) and inserted into 
pcDNA3-V5-His-TOPO TA (Invitrogen, K4800-01). siRNAs-
resistant cDNAs for human TOMM22 and TOMM40 were 
produced by Genosphere Biotechnologies (synthesis according 
to our indications) and cloned into the HindIII/BamHI sites 
of pcDNA3-HA (A Fournier). The siRNA-resistant cDNA 
for TOMM40 was designed by targeting the corresponding 

Figure 8. Model illustrating putative steps in the mitochondrial clearance program mediated by the PINK1-PARK2 pathway. PINK1 is imported into 

healthy mitochondria through the TOMM and TIMM complexes, and processed by PMPC and the presenilin-associated rhomboid-like protease PARL 

(1).33 Loss of mitochondrial import efficiency, associated or not with ΔΨ collapse, leads to accumulation of PINK1 at the OMM, recruitment of PARK2 in 

proximity of the TOMM complex (2), destabilization of the machinery, possibly caused by proteasomal degradation of key subunits, OMM rupture and 

proteolysis (3) and elimination of whole mitochondria by the proteasome and lysosome-dependent pathways (4). PINK1 and PARK2 are both required 

to trigger step 3, whereas only PARK2 is essential for step 4.
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siRNA-binding site (validated siRNA, Qiagen, SI00301966) with 
the following sequence: 5́ -aacaattggt tagctaccgta-3 ,́ carrying 
four silent mutations in the original cDNA sequence starting at 
position +768 from the ATG codon. As the binding site of the 
siRNA for TOMM22 (validated siRNA, Qiagen, SI00125650) 
was located in the 3´ UTR, the corresponding coding sequence was 
by itself resistant. Other siRNAs used were: validated TOMM20 
(SI00301959), TOMM70A (SI00301973), ATG5 (SI02655310), 
ATG7 (SI02655373), and AMBRA1 (SI00397306) siRNAs 
(Qiagen); PARK2 (HSS107593) and PINK1 (HSS127945) stealth 
siRNAs (Invitrogen); PMPCB siRNA (Dharmacon, L-004747-
00-0005); AllStars negative control siRNA (Qiagen, 1027281). 
HeLa-tet-on-shLONP1 cells were generated by annealing a 
68-base oligonucleotide starting at position 476 of the LONP1 
coding sequence (5́ -gatctccgtt cgtctcgccc agccttttca agagaaaggc 
tgggcgagac gaactttttg gaaagctt-3´) to its complementary sequence 
and inserting the resulting sequence into pENTR/H1/T0+ 
(Block-it, Invitrogen, K4920-00). HeLa T-Rex cells (Invitrogen 
R71407) were transfected, by the calcium phosphate method, 
with the siRNA construct and stable clones were selected in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 41966-
052) supplemented with 10% fetal bovine serum (Gibco, 10270-
106), 5 µg/ml blasticidin (Invitrogen R210-01), and 200 µg/
ml zeocin (Invitrogen, R250-01). Production of the LONP1 
protease was controlled by adding Dox to the culture medium  
(2 µg/ml, Sigma, D-9891). COS7 cells and HEK293T cells were 
grown in DMEM supplemented with 10% fetal bovine serum, 
1% L-glutamine (Invitrogen, 25030024), and 1% penicillin-
streptomycin (Invitrogen, 15140-122). Cells were plated, 
at 80% confluence, on glass coverslips (Thermo Scientific, 
CB00140RA1) in 24-well cell plates for immunocytochemistry, 
in 6-well plates for western blot analyses of total cell lysates, or 
on 15 cm petri dishes for subcellular fractionation. Transfections 
were performed by the calcium phosphate method (HeLa cells) 
or with Lipofectamine 2000 (Invitrogen, 11668019), according 
to the manufacturer’s instructions. Moderate downregulation 
of TOMM subunits was achieved with the corresponding 
siRNAs (0.2 µM). Where indicated, the cells were incubated 
with dimethylsulfoxide (DMSO, Sigma, D5879), 100 nM 
bafilomycin A

1
 (Sigma, B1793) for 6 h (LC3-positive vesicles) 

or 48 h (clearance of mitochondrial markers), 10 mM 3-MA 
(Sigma, M9281) and 50 nM epoxomycin (Sigma, E3652) for 48 
h, or with 10 µM CCCP (Sigma, C2759) for 6 h (mitochondrial 
translocation of PARK2, FRET, and FLIM analyses, 
quantification of LC3-positive vesicles) or 48 h (clearance of 
mitochondrial markers).

Quantitative real-time RT-PCR
To demonstrate the efficiency of the siRNA-mediated 

silencing of endogenous PARK2 in COS7 cells, total RNA was 
isolated from cells transfected with control or PARK2 siRNA 
using the RNeasy plus Mini Kit (Qiagen, 74134). RNA from 
each sample (1 µg) was reverse-transcribed into cDNA. Real-time 
PCR was performed with the LightCycler® 480 System (Roche 
Applied Science) and LightCycler® 480 DNA SYBR Green I 
Master kit (Roche Applied Science, 04707516001). Results were 
analyzed using LightCycler 480 sw 1.5 quantification Software 

(Roche Applied Science). RPL13 was used as the reference gene 
for normalization. Primers used for PARK2 were as follows: 
forward 1, 5́ -cgcaacaaat agtcggaac-3 ;́ reverse 1, 5́ -gagggtcgtg 
aacaaactg-3 ;́ forward 2, 5́ -gaccctcaac ttggctactc-3 ;́ reverse 2, 
5́ -acgcttcttt acattcccg-3 .́

Subcellular fractionation, trypsin digestion assay, GST 
pulldown, and western blot analyses

Total protein fractions were obtained from cells lysed in  
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1 mM 
EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 0.5 mM DTT 
supplemented with phosphatase inhibitors (0.2 mM Na

3
VO

4
, 

4 mg/ml NaF, 5.4 mg/ml β-glycerophosphate) and protease 
inhibitors (Complete Cocktail, 11836145001, Roche), after 
centrifugation at 12,500 g for 20 min at 4 °C. Alternatively, 
cells were lysed in 20 mM HEPES (pH 7.0), 225 mM 
mannitol, 75 mM sucrose, 1 mM EGTA, 0.5 mM DTT, with 
phosphatase and protease inhibitors, and passed through a 22 
G needle. Mitochondrion-enriched fractions were obtained 
by differential centrifugation, from cells homogenized with 
a Dounce homogenizer (80 manual strokes), as previously 
described,32 or with a mitochondrion isolation kit used according 
to the manufacturer’s instructions (human, 130-094-532 and 
separation columns, 130-042-401, MACS, Miltenyi Biotech). 
Mitochondrion-enriched fractions obtained by differential 
centrifugation were digested with 1 µg of trypsin (Sigma, 
T1426) per mg of protein for 20 min at 37 °C, where indicated. 
GST pulldown was performed as previously described.43 Protein 
concentrations were determined with the BCA (Pierce, 23225) 
or Bradford (Bio-Rad, 500-0006) protein assays. Samples 
were boiled in protein sample buffer, resolved by SDS-PAGE, 
transferred onto a nitrocellulose membrane (Protran, GE 
10401196, Whatman) and analyzed by western blotting with 
selected primary and secondary antibodies (Table 1). Membranes 
were incubated with enhanced chemiluminescence substrate 
(Pierce, 34076) and chemiluminescence and fluorescence 
signals were revealed on a film (ECL, Amersham Hyperfilm, 
28906837), or captured with a KODAK Image Station 4000 
MM (Carestream Health), with the MF-ChemiBIS Gel (DNR 
Bio-Imaging Systems) or Odyssey Imaging (Li-COR) systems 
and quantified with ImageJ software (NIH).

Immunocytochemistry and confocal microscopy
Cells were fixed in 4% formaldehyde (FA, Sigma, 252549, 

500 ml) and stained with standard procedures. Mitochondrion-
enriched fractions obtained by differential centrifugation were 
fixed in 4% FA, washed in phosphate-buffered saline (PBS), 
incubated overnight in a suspension of primary antibodies in 
PBS supplemented with 2% normal goat serum (NGS-PBS; 
Gibco, 16210-072) and then with secondary antibodies diluted 
in NGS-PBS for 45 min. The mitochondrial pellet was obtained 
by centrifugation at 660 g for 5 min, rinsed in PBS, resuspended 
and mounted in ProLong Gold Antifade reagent (Molecular 
Probes, P36930). The antibodies used for staining are indicated 
in Table 2. Mitochondrial dyes were obtained from Invitrogen 
and used at a concentration of 10 nM (TMRM, T-668) and 
500 nM (MitoTracker DeepRed, M22426/CMXRos, M7512) 
according to the manufacturer’s instructions. TMRM intensities 
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were quantified with ImageJ software, on images of at least 
200 live cells per condition cells taken with an inverted Zeiss 
Axiovert 200 videomicroscope (Zeiss) and a 20× oil immersion 
objective. Mitochondrial translocation of PARK2 or the lack 
of specific mitochondrial markers were quantified with a 
Zeiss Axioplan 2 microscope (Zeiss) driven by ExploraNova 
FluoUp Imaging software (4.2.2, Explora Nova) and a 100× 
oil immersion objective (N.A. 1.40), with 60 to 90 cells scored 
per well. The relative mitochondrial area was calculated with 
ImageJ software on images from at least 30 cells per experiment, 
acquired as above; it was expressed as the ratio between the 
area covered by the PMPCB stain, selected with an automatic 
threshold mask, and the total cell area. Colocalization images 
were taken with an Olympus FV-1000 confocal microscope 
(Olympus) driven by Olympus FV-1000 Software, or with 
a Leica SP5 confocal microscope (Leica) (63× oil immersion 
objective, N.A 1.40) driven by Leica Imaging Software. For 
FRET analysis, a ROI was photobleached with a 543 nm 
helium/neon laser for 20 ms. Images of donor and acceptor 
fluorescence were acquired before and after photobleaching 
with a 60× (N.A. 1.35) oil immersion objective. Images of the 
donor after the photobleaching procedure were corrected with 
ImageJ software for the general decrease in fluorescence intensity 
due to the acquisition process and quantified as described.27 To 
quantify the number of LC3 vesicles per mitochondrial surface 

unit (µm2), Z-stacks were acquired from 20 cells per condition 
and processed with ImageJ software. After applying median and 
background elimination filters, a manually determined threshold 
mask was created for PMPCB and LC3-specific fluorescent 
stains. The particles counted were then selected by pixel size 
(from 0.1 to infinity) and by circularity (from 0.00 to 1.00), 
before applying watershed segmentation. The relative number 
of vesicles per mitochondrial surface unit was calculated as the 
ratio of the number of PMPCB-positive LC3 vesicles relative to 
the total number of LC3 vesicles per cell in cells treated with 
bafilomycin A

1
, normalized to the same ratio in untreated 

cells. FLIM measurements were performed in the frequency 
domain, by phase modulation on a custom-built system based 
on a commercial module (Lifa, Lambert Instruments) attached 
to a Nikon TE-2000 inverted microscope (Nikon) with a 100× 
(N.A. 1.49) TIRF oil immersion objective (CFI Apochromat), 
a Coolsnap HQ CCD camera (Photometrics), a 473 nm 
modulated laser diode (Omicron) and a TIRF module for wide-
field laser illumination. Fluorescence emission was selected with 
a band-pass filter (500 to 550 nm). Cells were analyzed with 
Li-FLIM software (Lambert Instruments).

Statistical analyses
Two-way ANOVA and the Holm-Sidak method were used 

to analyze the effects of siRNAs and PARK2 overproduction 
on mitochondrial marker loss (Fig. 4B); the effect of donor 

Table 1. Antibodies used for western blotting

Primary antibodies

Type Company Catalog # Host Dilution

PARK2, clone Park8 Millipore MAB5512 mouse 1:2000

Respiratory chain complexes (Total OXPHOS) Mitosciences 458099 mouse 1:1000

GFP Abcam Ab290 rabbit 1:4000

VDAC1 Abcam Ab15895 rabbit 1:1000

TOMM70A Abcam Ab106193 mouse 1:5000

TOMM40 clone H7 Santa Cruz Sc-365466 mouse 1:500

TOMM20 Santa Cruz Sc-11415 rabbit 1:500

TOMM22 Abcam Ab10436 mouse 1:500

LONP1 (G. Isaya, Mayo Clinic Foundation Rochester, MN) - - rabbit 1:1000

ACTA1 Sigma A2066 rabbit 1:2000

PMPCB Proteintech 16064-1-AP rabbit 1:4000

Secondary antibodies

CY3-conjugated anti-mouse/rabbit Sigma C2181/C2306 sheep 1:1000

Alexa Fluor 488-conjugated anti-mouse/rabbit Invitrogen A11070/A11029
goat 1:1000

IRDye 800CW-conjugated anti-mouse/rabbit Li-Cor 926-32211/926-32210 goat 1:10000

IRDye 680RD-conjugated anti-mouse/rabbit Li-Cor 926-68071/926-68070 goat 1:10000

horseradish peroxidase-conjugated anti-mouse/rabbit
Jackson 

ImmunoResearch
115-035-146/111-035-144 goat 1:50000
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and treatment on FRET efficiencies for given donor-PARK2 
pairs (Fig. 2C; Fig. S2A) or the effects of CCCP and PARK2 
overproduction or TOMM40 downregulation on the relative 
number of LC3-positive vesicles (Fig. 7A). One-way ANOVA 
and the Holm-Sidak method were used to analyze the effects 
of: TOMM40 siRNA in the trypsin digestion assay (Fig. 1A); 
donors or acceptors on FRET efficiencies for given donor-
acceptor pairs (Fig. 2B; Figs. S2B and S3B); PARK2 mutations 
on FRET efficiencies and FLIM values (Fig. 3A and B); 
pharmacological treatments on the loss of mitochondrial markers 

after PARK2 overproduction or TOMM40 downregulation (Fig. 
S6); the overproduction of siRNA-resistant TOMM subunits on 
clearance of mitochondrial markers within the “+ PARK2” or 
“- PARK2 conditions” (Fig. 4C); ATG5, ATG7, or AMBRA1 
gene silencing strategies on the clearance of mitochondrial 
markers and on relative mitochondrial surface after PARK2 
overproduction or TOMM40 downregulation (Fig. 5D and 
E; Fig. 7B and C). ANOVA on ranks and the Tukey test 
were used to compare the effects of PINK1 downregulation 
on mitochondrial marker loss (Figs. 5A and 6; Fig. S5A). The 

Table 2. Antibodies used for immunocytochemical staining

Primary antibodies

Type Company Catalog # Host Dilution

PARK2, clone Park8 Millipore MAB5512 mouse 1:1000

TOMM20 Abcam Ab56783 mouse 1:1000

TOMM20 Santa Cruz Sc-11415 rabbit 1:500

TOMM22 Abcam Ab10436 mouse 1:5000

TOMM22 Atlas Antibodies HPA003037 rabbit 1:1000

TOMM22 Santa Cruz Sc-14894 goat 1:200

CYCS, clone 7H8.2C12 BD PharMingen 556432 mouse 1:1000

HSD17B10 Abcam Ab10260 mouse 1:2000

PARK2 Millipore MAB5112 rabbit 1:7000

TOMM70A Sigma HPA014589 rabbit 1:200

TOMM70A Abcam Ab106193 mouse 1:2000

TOMM40 Santa Cruz Sc-11414 rabbit 1:100

TOMM40 clone D2 Santa Cruz Sc-365467 mouse 1:200

TOMM40 Santa Cruz Sc-11022 goat 1:100

PMPCB Proteintech 16064-1-AP rabbit 1:400

VDAC1 Abcam Ab15895 rabbit 1:200

LONP1 (G. Isaya, Mayo Clinic Foundation Rochester, MN) - - rabbit 1:3000

PINK1 Novus Biologicals BC100-494 rabbit 1:2500

ATG5 Novus Biologicals NB110-53818 rabbit 1:500

ATG7 Abcam Ab53255 rabbit 1:500

AMBRA1 Novus Biologicals FLJ20294 rabbit 1:250

Secondary antibodies

Alexa Fluor 488 anti-mouse/rabbit Invitrogen A11070/A11029 goat 1:2000; 1:10000*

Alexa Fluor 568 anti-mouse/rabbit Invitrogen A11036/A11031 goat 1:10000*; 1:30000*

Alexa Fluor 633 anti-mouse/rabbit Invitrogen A21050/A21070 goat 1:500

CY3-conjugated anti-mouse/rabbit Sigma C2181/C2306 sheep 1:2000

*Dilution used for FRET and FLIM studies
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Mann-Whitney U test was used to compare TMRM intensities 
between conditions within each cell type (Fig. 1C). The Student 
t-test was used to analyze the effect of CCCP (Fig. 1A) or Dox 
treatment (Fig. S1A) on the relative mitochondrial abundance of 
mitoGFP; PARK2 recruitment to mitochondria in each cell type 
(Fig. 1B); the effect of CCCP treatment on FRET efficiencies 
for donor-acceptor pairs in cells stained with secondary 
antibodies (Fig. S2C); the effect of PINK1 downregulation 
on loss of mitochondrial markers in cells with or without 
TOMM40 siRNA (Fig. 5B); the efficacy of the siRNA-mediated 
downregulation of PARK2 by quantitative real-time RT-PCR 
(Fig. 5C), or of genes encoding TOMM subunits by western 
blot (Fig. 4A). Parametric statistical tests were used unless the 
data were not normally distributed.
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Figure S1. Mitochondrial import blockade recruits PARK2 to mitochondria. (A) Mitochondrial 

redistribution of PARK2 (left panels) in LONP1-depleted HeLa cells and quantification of the abundance 

of the imported mitoGFP protein in total cell lysates (western blot and graph). (n = 3 independent 

experiments). Mitochondria (left panels) were visualized with MitoTracker CMXRos and anti-VDAC1 

staining. Loading controls in western blots: ATP5A1, ACTA1. (B) Representative immunofluorescent 

images illustrating the efficiency of the gene silencing strategy for LONP1 in HeLa-T-Rex-shLONP1 

cells treated with Dox, and for TOMM40 in HEK293T cells. Mitochondria were labeled with MitoTracker 

DeepRed. Scale bar, 10 μm. **p < 0.01. 

 

 

 

 

 



 

Figure S2. PARK2 interacts with the TOMM machinery in various models of mitochondrial import 

blockade. Representative FRET images and quantitative analysis of FRET efficiencies for the indicated 

donor-acceptor pairs in (A) HeLa-T-Rex-shLONP1 cells with and without Dox treatment or (B) COS7 

cells with and without CCCP treatment. Comparisons were made with the TOMM40-PARK2 pair in the 

“Dox -” condition (*) or versus the corresponding “Dox +” condition (a) in (A), and with the VDAC1-

PARK2 donor-acceptor pair (*) or the corresponding “CCCP +” condition (b) in (B). Pseudocolor scale: 

pixel-by-pixel FRET efficiencies. E: mean FRET efficiency within the ROI. N: nucleus. n = 10 to 20 cells 

per condition from one experiment representative of three. *, a, bp < 0.05, ***p < 0.001. (C) FRET 



analysis of COS7 cells overproducing PARK2, treated or untreated with CCCP and immunostained with 

secondary antibodies only. M: anti-mouse IgG; R: anti-rabbit IgG. n = 10 cells from one representative 

experiment out of three. (D) Specific pull-down of TOMM70A but not TOMM40 or VDAC1 by a 

recombinant GST-tagged PARK2 protein incubated with total lysates from COS7 cells. Ponceau S 

illustrates the recombinant GST and GST-PARK2 proteins in the pull-down assay (5 µg). Input 

corresponds to an aliquot of the lysate (40 µg) prior to pull-down. w/o: pull-down without cell lysate. 

Results from one representative experiment out of three. Scale bar, 10 µm. 

 

 



 

Figure S3. PARK2 interacts with the TOMM machinery in mitochondrion-enriched fractions. (A) 

Representative images and western blots showing mitochondrial accumulation of endogenous PINK1 

and PARK2 in mitochondrion-enriched fractions from HEK293T cells treated with CCCP. (T): total 

protein extracts; (M): mitochondrion-enriched fraction. Western blotting for ATP5A1 confirms 

mitochondrial enrichment in M. (B) Representative FRET images, quantitative analysis of FRET 

efficiencies and percentage of ROIs with FRET in enriched mitochondrial fractions from HEK293T cells. 

n = 5 to 10 ROIs per condition from one experiment representative of two. Comparisons were made with 

VDAC1-PARK2 in “CCCP+” conditions (*) or corresponding “CCCP-” condition (a). **, ap < 0.01, ***p < 

0.001. Scale bar, 3 µm. 

 

  



Figure S4. Silencing of TOMM40 or TOMM22 initiates mitochondrial clearance. (A) Fate of CYCS in 

cells with low TOMM22 or TOMM40 levels. (B) Representative images and corresponding 

quantifications illustrating the concomitant loss of CYCS and VDAC1 (arrows), but not 

PMPCB (arrowheads), in cells treated with the indicated siRNAs. n = 3 to 5 independent wells from one 

experiment representative of three. (C) Representative images illustrating the presence of mitochondria 

immunostained for PMPCB after CCCP treatment in cells silenced for TOMM22 or TOMM40 and 

transfected to express the corresponding siRNA-resistant cDNAs. Arrows: PARK2-positive cells not 



overproducing the corresponding TOMM subunit and showing loss of PMPCB staining. Scale bar, 10 

µm. 

 

 

  



 

Figure S5. Depletion of subunits of the TOMM machinery leads to CYCS clearance in cells silenced for 

PINK1. (A) Representative images illustrating the fate of the mitochondrial markers CYCS or 

HSD17B10 (matrix marker) in COS7 cells with low TOMM40 levels and with or without PINK1 silencing, 

and corresponding quantitative analysis. Arrows: loss of CYCS. n = 3 to 5 independent wells from one 

experiment representative of three. ***p < 0.001 versus the “CYCS” condition. (B) Representative 

images illustrating the efficacy of PMPCB gene downregulation in COS7 cells. Mitochondria were 

labeled with MitoTracker DeepRed. Western blot analyses: mitochondrial import impairment of mitoGFP 

in total extracts from COS7 cells with lower PMPCB levels. Loading controls: ATP5A1, ACTA1.  Scale 

bar, 10 µm.  



 

 

Figure S6. The proteasome and lysosome are required for OMM proteolysis and whole-organelle 

clearance. (A) Representative images illustrating the fate of mitochondrial markers in COS7 cells 

overproducing PARK2 or with low TOMM40 levels after CCCP treatment and the addition of the vehicle 

DMSO, the proteasome inhibitor epoxomicin or the lysosome inhibitor bafilomycin A1, to the culture 



medium. Arrows: loss of mitochondrial markers. (B) Percentage of cells without VDAC1 or 

PMPCB immunostaining in cells transfected and treated as in (A) or with the inhibitor of autophagosome 

formation, 3-methyladenine. n = 3 independent wells from one experiment representative of four. ***p < 

0.001 versus all other conditions in each paradigm. Scale bar, 10 µm. 

 

Figure S7. siRNA-mediated silencing of TOMM40 initiates PARK2-dependent mitophagy. 

Representative images illustrating the efficacy of the downregulation strategies in COS7 cells 

transfected with the indicated siRNAs and stained for CYCS and the corresponding autophagy marker. 

Scale bar, 10 µm. 
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Parkin maintains mitochondrial levels of the
protective Parkinson’s disease-related enzyme
17-β hydroxysteroid dehydrogenase type 10

G Bertolin1,2,3,4,10, M Jacoupy1,2,3,4,10, S Traver5,10, R Ferrando-Miguel1,2,3,4, T Saint Georges1,2,3,4, K Grenier6, H Ardila-Osorio1,2,3,4,

M-P Muriel1,2,3,4, H Takahashi7, AJ Lees8, C Gautier9, D Guedin9, F Coge9, EA Fon6, A Brice1,2,3,4 and O Corti*,1,2,3,4

Mutations of the PARK2 and PINK1 genes, encoding the cytosolic E3 ubiquitin-protein ligase Parkin and the mitochondrial serine/

threonine kinase PINK1, respectively, cause autosomal recessive early-onset Parkinson’s disease (PD). Parkin and PINK1

cooperate in a biochemical mitochondrial quality control pathway regulating mitochondrial morphology, dynamics and clearance.

This study identifies the multifunctional PD-related mitochondrial matrix enzyme 17-β hydroxysteroid dehydrogenase type 10

(HSD17B10) as a new Parkin substrate. Parkin overproduction in cells increased mitochondrial HSD17B10 abundance by a

mechanism involving ubiquitin chain extension, whereas PARK2 downregulation or deficiency caused mitochondrial HSD17B10

depletion in cells and mice. HSD17B10 levels were also found to be low in the brains of PD patients with PARK2 mutations.

Confocal and Förster resonance energy transfer (FRET) microscopy revealed that HSD17B10 recruited Parkin to the translocase

of the outer membrane (TOM), close to PINK1, both in functional mitochondria and after the collapse of mitochondrial membrane

potential (ΔΨm). PD-causing PARK2 mutations impaired interaction with HSD17B10 and the HSD17B10-dependent mitochondrial

translocation of Parkin. HSD17B10 overproduction promoted mitochondrial elongation and mitigated CCCP-induced

mitochondrial degradation independently of enzymatic activity. These effects were abolished by overproduction of the fission-

promiting dynamin-related protein 1 (Drp1). By contrast, siRNA-mediated HSD17B10 silencing enhanced mitochondrial fission and

mitophagy. These findings suggest that the maintenance of appropriate mitochondrial HSD17B10 levels is one of the mechanisms

by which Parkin preserves mitochondrial quality. The loss of this protective mechanism may contribute to mitochondrial

dysfunction and neuronal degeneration in autosomal recessive PD.

Cell Death and Differentiation advance online publication, 16 January 2015; doi:10.1038/cdd.2014.224

Parkinson's disease (PD) is the most common neurodegen-

erative movement disorder. It is caused by progressive loss of

the dopaminergic neurons of the substantia nigra pars

compacta. It is mostly sporadic, but about 10% of cases are

familial forms with Mendelian inheritance.1 Autosomal reces-

sive forms of PD are caused by mutations of PARK2/parkin,

PINK1,DJ-1 and ATP13A2. PARK2mutations are responsible

for almost 40% of cases beginning before the age of 45. Parkin

is a cytosolic RING-in-between-RING ubiquitin ligase with

HECT-like enzyme activity;2 it has versatile ubiquitylation

activities and various putative protein substrates with diverse

functions, involved in different cellular processes.1 Genetic

studies in Drosophila have shown Parkin and the mitochon-

drial serine/threonine kinase PINK1 to be components of a

molecular pathway maintaining mitochondrial physiology.3–7

In mammalian cells, PINK1 and Parkin cooperate in the

clearance of dysfunctional mitochondria. The disruption of

mitochondrial membrane (MM) potential (ΔΨm) by uncouplers

or oxidative stress leads to PINK1 accumulation on the outer

MM (OMM), the PINK1-dependent recruitment and activation

of Parkin, the ubiquitylation and proteasome-dependent

degradation of nearby substrates, and the initiation of

mitophagy.1,8–12 A series of mitochondrial targets interact with

or are ubiquitylated by Parkin early in mitochondrial

clearance.9,13–19 There is considerable interest in the possible

direct role of some of these proteins in Parkin-dependent

mitochondrial degradation, particularly for Mitofusin 1/2,13,20

VDACs,9,17 hexokinases 1/216,19 and subunits of the translo-

case of the OMM (TOM).21,22 Moreover, the constitutive

association of some Parkin with the OMM raises the question

1Inserm, U1127, 75013 Paris, France; 2CNRS, UMR 7225, 75013 Paris, France; 3Sorbonne Universités, UPMC Univ Paris 06, UMR S 1127, 75013 Paris, France; 4Institut
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of a potential role of this protein in functions unrelated to

mitophagy, such as regulating the degradation or targeting of

specific mitochondrial proteins.23

We report here the identification of a new mitochondrial

Parkin substrate, the nucleus-encoded mitochondrial matrix

17-β hydroxysteroid dehydrogenase type 10 (HSD17B10),

also known as endoplasmic reticulum-associated amyloid-

beta-binding protein (ERAB), Aβ-binding alcohol dehydrogen-

ase (ABAD) and 3-hydroxyacyl-CoA dehydrogenase type II

(HADH2).24,25 HSD17B10 is a ubiquitous NADH-dependent

multifunctional enzyme essential for mitochondrial mainte-

nance and cell viability.25,26 It is involved primarily in isoleucine

catabolism, in which it dehydrogenates 2-methyl-3-hydroxy-

butyryl-CoA (MHB),27 but it has other substrates, including

fatty acids and steroids, in several pathways.25 It is one of the

three protein components of human mitochondrial RNAse P,

which is required for the processing of mtDNA transcripts.28

HSD17B10 mutations cause a rare X chromosome-linked

inborn error of metabolism, with classical neonatal and

infantile forms associated with rapid, progressive neurode-

generation, and atypical juvenile and asymptomatic

forms.24,27 HSD17B10 is also thought to have a role in adult-

onset neurodegenerative disorders, such as Alzheimer’s

disease, in which it may mediate amyloid β-driven mitochon-

drial toxicity,25,29,30 and PD, in which it is downregulated in the

ventral midbrain.31

We and others have generated and characterized PARK2

knockout mice. These models did not show overt signs of

neurodegeneration, but they presented neurochemical, bio-

chemical and behavioral alterations reminiscent of preclinical

dysfunction.32–38We identifiedHSD17B10as oneof theproteins

differentially expressed between PARK2 knockout and wild-type

mice.37 Here, we provide evidence that Parkin increases the

mitochondrial availability of HSD17B10 in a ubiquitin-dependent

manner.HSD17B10promotedmitochondrial elongation, sparing

these organelles fromdegradation triggered by the protonophore

carbonyl cyanide m-chlorophenylhydrazone (CCCP). Our

results suggest that the maintenance of appropriate HSD17B10

levels may be a new mechanism by which Parkin preserves

mitochondrial homeostasis.

Results

HSD17B10, a mitochondrial enzyme displaying abun-

dance changes in Parkin-deficient mice, is a Parkin

substrate. Using fluorescence two-dimensional difference gel

electrophoresis and mass spectrometry, we previously identi-

fied HSD17B10 as a protein moderately upregulated (30%) in

total fractions from the cortex and striatum of young and aged

non-symptomatic PARK2 knockout mice (Periquet et al.37 and

data not shown). For confirmation of these findings, we carried

out western blots to compare the abundance of HSD17B10 in

pure mitochondrial fractions from the whole brains of PARK2-

deficient and wild-type mice. HSD17B10 levels in knockout

mice were half those in wild-type mice, but were slightly higher

in total brain fractions (Figure 1a), as in our previous proteomic

study, possibly reflecting an adaptive mechanism aimed at

restoring normal protein levels.37 Consistent with previous

reports in sporadic PD,31 HSD17B10 levels also tended to be

lower in total striatal extracts from two PD patients with PARK2

mutations than in those of unaffected subjects (Figure 1b),

indicating that at this stage of overt neurodegeneration,

compensation may become inefficient.

We then investigated whether Parkin interacted directly with

HSD17B10, promoting its ubiquitylation. A recombinant GST-

tagged Parkin protein precipitated endogenous HSD17B10

from whole-cell lysates (Figure 1c). In a purely in vitro assay,

GST-Parkin promoted the generation of a HSD17B10-

immunoreactive species with an apparent molecular mass

compatible with monoubiquitylated HSD17B10 (Figure 1d).

No such effect was observed with the enzymatically inactive

C431F variant. COS7 cells coproducing HSD17B10, ubiquitin

and Parkin, also generated ubiquitylated species of sizes

consistent with mono- and polyubiquitylated HSD17B10

(Figure 1e).

Parkin increases the mitochondrial abundance of

HSD17B10 in a ubiquitin-dependent manner. We investi-

gated whether changes in HSD17B10 abundance reflected

direct regulation by Parkin rather than compensatory mechan-

isms in response to chronic Parkin deficiency, by studying the

effect of dynamic modulations of Parkin abundance on the

mitochondrial targeting of exogenous HSD17B10 in mamma-

lian cells. Human HSD17B10 and a mitochondrion-targeted

green fluorescent protein (mitoGFP) were overproduced in rat

PC12 cells producing human Parkin under the control of the

tet-off gene regulatory system (PC12-tet-off-Parkin).23 Quanti-

tative western blot analysis revealed a doubling of the ratio of

HSD17B10 to mitoGFP levels in mitochondrion-enriched

fractions from cells overproducing Parkin (Figure 2a, Dox− ).

This difference was abolished by treating the cells with CCCP,

which dissipates the ΔΨm required for protein import.

Parkin silencing decreased intramitochondrial HSD17B10

levels by 15% in HEK293T cells (Figure 2b; Supplementary

Figure S1a). PINK1 silencing resulted in a similar decrease

(Supplementary Figures S1b and S2d). We investigated the

role of ubiquitylation, by evaluating the impact of overprodu-

cing a lysine-less ubiquitin variant (UbiK0) inhibiting ubiquitin

chain extension, or of the proteasome inhibitor epoxomicin.

UbiK0 decreased mitochondrial HSD17B10 levels to a similar

extent to PARK2 downregulation (Figure 2b). It also exacer-

bated the effect of Parkin depletion, resulting in a decrease in

HSD17B10 levels of almost 50%. Epoxomicin treatment

increased the abundance of HSD17B10 in the cytosol but

had no effect on mitochondria (Supplementary Figure S1c).

UbiK0 overproduction led to the generation of an

HSD17B10 protein with a molecular mass compatible with

monoubiquitylation, consistent with impaired ubiquitin chain

extension (Figure 2c). This protein was found in the

mitochondrial fraction but not in the cytosol, and was absent

from cells treated with epoxomicin, even after long exposure

times (Figures 2c and d). It also disappeared following the

limited trypsin digestion of mitochondrial fractions to eliminate

proteins associated with theOMM (Supplementary Figure 1d).

HSD17B10 recruits Parkin to the mitochondrion in a

PINK1-dependent manner, without promoting mitophagy.

We then analyzed the subcellular distribution of HSD17B10

and Parkin in COS7 cells. When overproduced alone,

Parkin regulates mitochondrial HSD17B10 levels
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HSD17B10 was associated with the mitochondrial reporter

MitoTracker DeepRed, whereas exogenous Parkin was

predominantly cytosolic (Supplementary Figure S2a). When

coproduced with HSD17B10, but not with the Krebs cycle

enzyme dihydrolipoamide S-succinyl transferase (DLST) or

with mitoGFP, Parkin was recruited to the mitochondria in a

large proportion of cells, resulting in the perinuclear

aggregation and ubiquitylation of the organelles (Figures 3a

and b; Supplementary Figures S2b and c). PD-causing

PARK2 mutations prevented these events, possibly due to

weakened interaction between HSD17B10 and Parkin, or

lack of ubiquitylation (Figure 3c). Recruitment of Parkin by

HSD17B10 was also abolished in cells depleted for PINK1

(Figure 3d; Supplementary Figure S2d). Moreover, ubiquitin

overproduction mitigated mitochondrial aggregation, whereas

UbiK0 enhanced this process, suggesting that this aggrega-

tion was due to the impairment of downstream mechanisms

(Figure 3e).

The mitochondrial recruitment of Parkin and organelle

clustering resemble the events observed after ΔΨm

collapse.8However, in cells overproducing HSD17B10, Parkin

was translocated to mitochondria in which ΔΨm was

Figure 1 Parkin modulates the levels of its substrate HSD17B10 in the brain. (a, b) Abundance of HSD17B10 or of respiratory chain complex subunits (Complex V subunit α,
C-V-α; Complex III subunit Core 2, C-III-Core 2; Complex II subunit 30 KDa, C-II-30) in (a) pure brain mitochondria (M) or total brain extracts (T) from PARK2 knockout (KO) and
wild-type (WT) mice (n= 11–15) or (b) extracts from the striatum of PD patients with PARK2 mutations (n= 2) and controls (n= 6). Loading controls were cytochrome c and/or
actin. The results in (a) are expressed as means±S.E.M. ***Po0.001. (c) GST pulldown assay illustrating the specific interaction between Parkin and HSD17B10 in lysates from
COS7 cells. No interaction was observed between Parkin and VDAC1 or the subunit VIb of mitochondrial complex IV. (d) Purely in vitro ubiquitylation assay, showing the
appearance of a HSD17B10 species compatible with monoubiquitylation in the presence of Parkin, but not in the presence of the enzymatically inactive C431F variant. This
species is not observed in the absence of the ubiquitin-activating enzyme E1. *Anti-ubiquitin western blot showing autoubiquitylated Parkin. (e) Ubiquitylation of HSD17B10 by
Parkin in COS7 cells overproducing the protein alone or with Parkin and/or HA-tagged ubiquitin. Ubiquitin-positive bands appear in affinity-purified HSD17B10 fractions only in the
presence of Parkin (arrows). Asterisks indicate light and heavy IgG chains. IP, immunoprecipitation; WB, western blot
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preserved, as shown by MitoTracker CMX-ROS or TMRM

staining (Figure 3a; Supplementary Figure S2e). Parkin is

recruited to mitochondria with preserved ΔΨm by PINK1,

particularly when mitochondrial import is blocked.22,39,40

PINK1 accumulated on mitochondria in cells overproducing

HSD17B10, indicating that mitochondrial import mechanisms

were overwhelmed (Supplementary Figure S2f). However,

LC3-positive autophagic vesicles and immunoreactivity to the

autophagic adaptor SQSTM1/p62 were rarely associated with

mitochondrial clusters in cells coproducing HSD17B10 and

Parkin, indicating an absence of mitophagy in these cells

(Supplementary Figure S3). CCCP-induced mitochondrial

aggregation is dependent on active transport along the

microtubule network toward the perinuclear region, facilitating

mitochondrial degradation by autophagy.12 By contrast, in

cells producing Parkin and HSD17B10, mitochondrial aggre-

gation was not affected by cytoskeleton disruption, suggesting

a passive process driven by protein–protein interactions at the

OMM, as previously described for the mitochondrial shaping

protein Mitofusin 2 (Supplementary Figure S4).41 Moreover,

ultrastructural analysis revealed morphologically normal

mitochondria in these cells (Figure 3f). Parkin is not imported

into mitochondria and HSD17B10 is synthesized in the

cytosol.25 These proteins may therefore interact at the OMM,

before HSD17B10 import. Both these proteins were detected

at the OMM in mitochondrial aggregates, at the interface

between adjacent organelles (Figure 3g). By contrast, outside

mitochondrial aggregates, HSD17B10 was found in the

mitochondrial matrix, associated with the inner MM in some

cases, consistent with the expected final destination of this

protein (Figure 3h).25,31

Our observations suggest that HSD17B10 overproduction

overwhelms mitochondrial protein import mechanisms, lead-

ing to PINK1 accumulation at the OMM. Parkin recruitment

and ubiquitylation may, in turn, facilitate HSD17B10 import.

HSD17B10 interacts with Parkin and PINK1 at the TOM

machinery and mitigates the Parkin-dependent mito-

phagy triggered by CCCP. HSD17B10 is imported into

mitochondria via the TOM complex, which is dedicated to the

Figure 2 Mitochondrial HSD17B10 levels are regulated by Parkin and ubiquitin. (a) Effect of Parkin on the mitochondrial abundance (M/T; means±S.E.M.) of newly
synthesized HSD17B10 relative to mitoGFP (n= 4 independent experiments), or of endogenous subunits of respiratory chain complex I or V relative to actin in PC12-tet-off-
Parkin cells (n= 7 independent experiments). M, mitochondrion-enriched fractions; T, total cell fractions; Dox, doxycycline. (b) Effect of the siRNA-mediated downregulation of
PARK2 or the overexpression of UbiK0 on the abundance of HSD17B10 relative to mitoGFP in mitochondrion-enriched fractions from HEK293T cells subjected to trypsin
digestion. The mitochondrial matrix protease PMPCB was used as a loading control. n= 4 independent experiments. Results are expressed as means± S.E.M.. *Po0.05,
**Po0.01; aPo0.01 versus PARK2 siRNA and HA-UbiK0. (c, d) Western blot analysis showing the appearance of a HSD17B10 species compatible with monoubiquitylation
specifically in mitochondrion-enriched fractions (1 min exposure) and not in cytosol (2 h exposure) from HEK293T cells overproducing UbiK0 but not in cells treated with
epoxomicin. #Signal corresponding to unmodified HSD17B10 on the V5 blot (c, d), or residual signal corresponding to α-tubulin on the HA blot in (d)
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import of most nucleus-encoded mitochondrial proteins,42

and Parkin and PINK1 associate with this complex.21,22 We

investigated whether these proteins interacted close to the

TOM machinery. We used Förster resonance energy transfer

(FRET) microscopy, involving the detection of changes in

donor fluorescence intensities after photobleaching of the

acceptor, with donor/acceptor protein pairs labeled with

appropriate secondary antibodies,22,43 to check for physical

proximity (≤10 nm). In tests of representative donor/acceptor

pairs in cells coproducing Parkin and HSD17B10, we

detected FRET compatible with the formation of a complex

between these proteins and PINK1 at the TOM machinery

(Figures 4a and b). UbiK0 overproduction compromised

FRET between these molecular partners, demonstrating the

need for ubiquitin chain extension (Figure 4c).

The association of Parkin and PINK1 at the TOM machinery

after mitochondrial import blockade is a key step initiating the

clearance of dysfunctionalmitochondria after CCCP treatment.22

We therefore investigated whether HSD17B10 was also

recruited to this complex in these conditions. Representative

interactions between Parkin, HSD17B10, PINK1 and the TOM

machinery were detected after CCCP treatment. These

Figure 3 Parkin is recruited to the mitochondria by HSD17B10, in a PINK1-dependent manner. (a) Representative immunocytochemical staining showing the recruitment of
exogenous Parkin to depolarized mitochondria in COS7 cells treated with CCCP for 6 h (upper panels; arrows), or to mitochondria with an intact membrane potential in cells
overproducing HSD17B10 (lower panels). The treatments and transfection conditions are indicated in italics. Mitochondria were visualized with the potentiometric mitochondrial
dye MitoTracker CMX-ROS and anti-VDAC1 or anti-HSD17B10 staining. Scale bar: 10 μm. (b) Mitochondrial translocation of Parkin, quantified as the proportion of cells with
Parkin-positive mitochondria. COS7 cells were transfected to overproduce Parkin alone or together with HSD17B10, DLST or mitoGFP. (c, d) Effect of PD-causing PARK2
mutations (c) or PINK1 silencing (d) on the mitochondrial recruitment of Parkin by exogenous HSD17B10 in COS7 cells, quantified as in (b). (e) Effect of exogenous ubiquitin or
UbiK0 on mitochondrial aggregation in COS7 cells overproducing Parkin and HSD17B10. Results are expressed as means± S.E.M. for one experiment representative of six
(b, c) or three (d, e) carried out, with n= 60–100 cells per condition. ***Po0.001 versus ‘+ Parkin’ in (b); ‘Parkin’ in (c); ‘Empty vector in (e). (f, g) Micrograph showing the
ultrastructure of mitochondria (f) the localization of Parkin and HSD17B10 on the outer surface of aggregated mitochondria, as revealed by immunogold staining (g), and
the localization of HSD17B10-APEX in isolated mitochondria, as revealed by incubation with the peroxidase substrate diaminobenzidine (DAB)58 (h) in COS7 cells. The arrow in
the higher magnification of the framed region in (h) indicates the association of the staining with the inner MM. N, nucleus. Scale bar: 200 nm
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interactions concerned exclusively endogenous proteins in

HEK293T cells, or exogenous Parkin and endogenous proteins

in PC12-tet-off-Parkin cells differentiated into neurons (Figures

4d and e; Supplementary Figure S5a).23 Several PD-causing

PARK2 mutations abolished or reduced FRET between endo-

genous HSD17B10 and Parkin, consistent with weakened

protein–protein interactions or altered protein configurations

within the complex (Supplementary Figure S5b).

We then investigated the role of HSD17B10 in the

degradation of dysfunctional mitochondria by Parkin. Parkin

was recruited to mitochondria in cells lacking HSD17B10, so

HSD17B10 was not required for this step (Figure 5a). More-

over, Parkin-dependent mitophagy occurred and was even

enhanced following HSD17B10 depletion, resulting in a larger

proportion of cells lacking the OMMmarker VDAC1 soon after

CCCP treatment, or lacking the matrix marker PMPCB at later

time points than in control cells (Figures 5b and c). Conversely,

HSD17B10 overproduction decreased mitochondrial clear-

ance, as illustrated by the significantly smaller proportion of

cells lacking mitochondrial markers after CCCP treatment

(Figure 5d). Consistent with the lack of recruitment of

autophagy markers (Supplementary Figure S3), no mitochon-

drial clearance was observed in cells overproducing Parkin

and HSD17B10 in the absence of CCCP.

HSD17B10 promotes mitochondrial elongation, protecting

against mitochondrial damage following ΔΨm collapse.

HSD17B10 overproduction was associated with a major

change in mitochondrial morphology, with mitochondria

appearing as long filaments extending across the cytoplasm

(Figure 6a). We analyzed the morphology of the mitochondrial

network by measuring two parameters widely used for this

purpose: aspect ratio, providing an indication of mitochondrial

length, and form factor, a combined evaluation of the length

and degree of branching of the network.44 HSD17B10

overproduction led to a large increase in aspect ratio and a

moderate decrease in form factor (Figure 6b). Conversely,

HSD17B10 silencing resulted in mitochondrial fragmentation,

Figure 4 Parkin interacts with HSD17B10 and PINK1 at the TOM machinery. (a) Representative FRET images for the indicated donor (green)–acceptor (red) pairs in COS7
cells overproducing Parkin and HSD17B10, Pseudocolor scale: pixel-by-pixel FRETefficiencies reflecting the increase in donor fluorescence after photobleaching of the acceptor.
(b, c) Quantitative FRETanalysis and percentage of cells displaying FRET for all donor–acceptor pairs analyzed in the indicated conditions. n= 10–20 cells from one experiment
representative of three (b) or two (c) carried out. (d, e) Representative FRET images (d) and quantitative FRET analysis for the indicated donor/acceptor pairs (e) in
HEK293T cells treated with CCCP for 6 h. n= 10–20 cells from one experiment representative of three carried out. E: Mean FRETefficiency within the region of interest (yellow,
ROI). N: nucleus. Scale bar: 10 μm. Results are expressed as means±S.E.M. *Po0.05, **Po0.01, ***Po0.001 versus VDAC1/Parkin for donor/Parkin pairs and TOMM70/
HSD17B10 for donor/HSD17B10 pairs in (b, e), or versus ‘−Ubiquitin’ and ‘+Ubiquitin’ in (c)
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as indicated by a significant decrease in both parameters

(Figures 6a and b).

Mitochondrial morphology is regulated by fusion and

fission processes mediated by conserved dynamin-related

GTPases:45 optic atrophy 1 (Opa1) and mitofusins (Mfn1/2),

involved in fusion of the inner and outer MMs; and dynamin-

related protein 1 (Drp1), which promotesmitochondrial fission.

Defective mitochondria are isolated from the healthy network

by the recruitment of Drp1 from the cytosol, triggering

mitochondrial fragmentation and efficient clearance.13,46

Using FRET microscopy, we showed that Drp1 was recruited

to the proximity of PINK1 following mitochondrial

depolarization.47 The changes in mitochondrial morphology

observed when HSD17B10 levels were modulated were not

associated with changes to steady-state levels of Opa1, Mfn2

and Drp1 (Figures 6c and d). However, lower levels of FRET

between PINK1 and Drp1 were observed in cells over-

producing HSD17B10, indicating interference with Drp1

recruitment to or assembly on depolarized mitochondria

(Figure 6e; Supplementary Figure S6).

Mitochondrial elongation is an adaptive prosurvival mechan-

ism associated with a better bioenergetic response to

stress.48–50 In starved cells, it spares mitochondria from

degradation by autophagy.49,50 Analysis of the mean TMRM

fluorescence intensity of mitochondria revealed consistently

higher signals in cells overproducing HSD17B10 and a later,

less severe decrease following CCCP treatment, consistent

with betterΔΨmpreservation (Figure 7a; Supplementary Figure

S2e). HSD17B10 may, therefore, protect mitochondria by

preserving a hyperfused network, resulting in lower levels of

mitophagy, an indirect indicator of mitochondrial health. We

explored this possibility by studying the effect of Drp1 on

HSD17B10-mediated hyperfusion and sparing frommitophagy.

We overproduced Drp1 or two Drp1 variants carrying

amino-acid substitutions affecting serine 637, which is involved

in regulating the subcellular distribution of the protein:51

Figure 5 HSD17B10 mitigates Parkin-dependent mitophagy. (a) Representative immunocytochemical staining illustrating the mitochondrial recruitment of Parkin triggered by
CCCP (6 h) in COS7 cells with and without HSD17B10 silencing. Mitochondria were visualized by staining with MitoTracker DeepRed and for HSD17B10. (b) Representative
immunofluorescence showing that mitochondrial loss triggered by CCCP (36 h) occurs in COS7 cells overproducing Parkin with and without the silencing of HSD17B10.
Mitochondria were stained with anti-PMPCB antibodies. Scale bar: 10 μm. (c, d) Percentage of cells devoid of the OMM marker VDAC1 or the matrix marker PMPCB at various
time points after the addition of CCCP to the culture medium, in the indicated transfection conditions. Results are expressed as means±S.E.M. n= 3 independent experiments,
with 180 cells scored per condition in each experiment (c) or n= 3 independent wells from one experiment representative of five carried out, with 90 cells scored from each well
(d). *Po0.05, **Po0.01, ***Po0.001 versus the ‘Control siRNA’ (c) or versus the ‘Parkin only’ condition (d) at each time point
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Drp1 S637A, which mimics the calcineurin-dependent depho-

sphorylation of this residue, leading to association of the protein

with mitochondria; and Drp1 S637D, which mimics phosphor-

ylation of the residue by protein kinase A, sequestering the

protein in the cytosol.51 Drp1 S637A and, to a lesser extent,

Drp1, significantly reduced mitochondrial hyperfusion and

decreased the ability of HSD17B10 to mitigate Parkin-

dependent mitophagy in cells treated with CCCP, whereas

Drp1 S637D had no effect (Figures 7b–e).

The mitochondrion-protecting function of HSD17B10

requires mitochondrial elongation and not the enzymatic

activity of the protein. The clinical symptoms of patients

with HSD17B10 mutations are not correlated with the activity

of the encoded enzyme.24,26 Moreover, the HSD17B10-

dependent preservation of mitochondrial structural and

functional integrity is independent of this activity, suggesting

that another, non-enzymatic function of HSD17B10 is

required.26 We explored the mechanisms by which

HSD17B10 preserves mitochondrial function, by investigating

the effects of three amino-acid substitutions in HSD17B10

with different impacts on catalytic activity (D86G, Q165H,

R130C).26 The three protein variants were, as expected,

located in the mitochondria, as indicated by the correspond-

ing Mander’s coefficients (Figures 8a and c); like the normal

protein, they were found in the mitochondrial matrix, some-

times associated with the inner MM (Figure 8d). However, the

Q165H and R130C variants, which had no enzymatic activity

and a residual activity of 60%, respectively, were unable to

promote mitochondrial elongation and to mitigate Parkin-

dependent mitochondrial clearance. By contrast, the D86G

variant (residual activity of 30%) behaved like the normal

Figure 6 HSD17B10 promotes mitochondrial elongation. (a) Representative immunocytochemical staining illustrating mitochondrial networks in COS7 cells transfected with
siRNAs targeting the HSD17B10 gene or overproducing the protein. Mitochondria were visualized with anti-PMPCB and anti- HSD17B10 antibodies. Scale bar: 10 μm. (b)
Quantitative confocal analysis of aspect ratio (length) and form factor (length and branching) of mitochondria in COS7 cells transfected as indicated. n= 30 cells from three
independent experiments. (c, d) Western blot analysis (c) and corresponding quantification (d) illustrating the effect of HSD17B10 downregulation or overproduction on the
abundance of mitochondrial shaping proteins in COS7 cells. n= 3 independent experiments. (e) Quantitative FRETanalysis illustrating the effect of HSD17B10 overproduction on
the molecular proximity between PINK1 and Drp1. n= 15–20 cells from one experiment representative of three carried out. Results are expressed as means± S.E.M.
***Po0.001 versus ‘Empty vector+control siRNA’ in (b); ‘control siRNA’ in (d); and ‘- HSD17B10+CCCP’ in (e)
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protein (Figures 8a and c). These results suggest that the

mitochondrion-protecting function of HSD17B10 is directly

correlated with the ability of this protein to promote

mitochondrial elongation, and independent of its catalytic

activity.

Discussion

We identified the multifunctional mitochondrial matrix enzyme

HSD17B10 as a new Parkin substrate. Using affinity

purification-mass spectrometry to identify the repertoire of

Parkin substrates in response to mitochondrial depolarization,

Sarraf et al.18 also identified HSD17B10 as a protein directly

interacting with Parkin. Contrary to reports for other mitochon-

drial proteins, this interaction was not amplified by CCCP

treatment, suggesting that its occurrence is not related to the

initiation of mitophagy. Instead, Parkin seems to maintain

appropriate levels of HSD17B10 in the mitochondria by

promoting the mitochondrial import of this protein: (i) the

abundance of endogenous HSD17B10 was halved in

mitochondrion-enriched fractions from Parkin-deficient mice;

(ii) the mitochondrial targeting of an exogenous HSD17B10

protein was significantly reduced by PARK2 or PINK1 down-

regulation, whereas it was enhanced by Parkin overproduction

in various cell models; (iii) Parkin and HSD17B10 associated

with the TOM machinery, close to PINK1, on functional

organelles that did not undergo mitophagy; (iv) interaction

with the TOM complex was detected under conditions

associated with PINK1 accumulation on the OMM

(HSD17B10 overproduction or CCCP treatment), consistent

with unmasking due to the mitochondrial import mechanism

being overwhelmed. Whether other conditions of relevance for

neurodegeneration in PD would also unmask this quality

control function of Parkin – e.g. mitochondrial complex I

inhibition, which has also been shown to trigger Parkin

recruitment to mitochondria,52 – remains to be investigated.

The precise mechanisms by which Parkin facilitates the

intramitochondrial translocation of HSD17B10 remain unclear,

Figure 7 HSD17B10-mediated mitochondrial hyperfusion protects mitochondria against CCCP, sparing them from Parkin-dependent clearance. (a) Analysis of the relative TMRM
fluorescence of mitochondria in COS7 cells transfected with a control plasmid or a plasmid encoding HSD17B10, illustrating the HSD17B10-mediated attenuation of the decrease in
ΔΨm triggered by CCCP. n= 20–30 cells from one experiment representative of three carried out. (b–d) Representative immunofluorescence staining of COS7 cells, illustrating the
effect of Drp1 variants on the ability of HSD17B10 to promote mitochondrial elongation (b), and quantification of these effects by evaluations of the proportion of cells with elongated
mitochondria (n= 200–300 cells from three independent experiments) (c) and the aspect ratio of mitochondria (n= 20 cells from one experiment representative of three carried out)
(d). Scale bar: 10 μm. (e) Quantification of Parkin-dependent mitophagy by analysis of the loss of the matrix marker PMPCB triggered by CCCP, in the indicated transfection
conditions. n= 100–200 cells from two independent experiments carried out. Results are expressed as means±S.E.M. **Po0.01, ***Po0.001 versus ‘−Drp1’ in (c, d)
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but our results suggest that the protein is ubiquitylated at the

OMM before import. The cytosolic degradation, by the

ubiquitin-proteasome system, of proteins targeted to the

mitochondrial intermembrane space regulates the biogenesis

of these proteins.53 Our data are not consistent with a role for

the ubiquitin-proteasome system in regulating HSD17B10

levels in mitochondria, instead suggesting that modification by

ubiquitin chains that are not recognized by the proteasome on

the OMM upregulates HSD17B10 biogenesis. It remains

unclear whether HS17B10 is imported in a ubiquitylated state

by the TOM complex.

Ubiquitin-dependent regulation of the TOM-dependent

import of HSD17B10 by Parkin, possibly in cooperation with

PINK1, may ensure the correct maintenance of HSD17B10

homeostasis in conditions of low mitochondrial import effi-

ciency. The impairment of this regulatory loop may have

detrimental consequences, as HSD17B10 is essential for

mitochondrial physiology: the in vivo depletion of HSD17B10

in Xenopus and mice leads to ultrastructural and functional

abnormalities of the mitochondria, and constitutive knockout

of the gene results in early embryonic lethality in mice.26

Conversely, mice transgenic for human HSD17B10 are

protected against MPTP-mediated dopaminergic neurode-

generation.31 HSD17B10 levels are low in post-mortem ventral

midbrain samples from patients with sporadic PD,31 and we

show here that they also tend to be low in caudate and putamen

samples from PD patients with PARK2 mutations.

HSD17B10 transcripts are abundant in various nuclei of the

basal ganglia and in regions of the human brain enriched in

dopaminergic neurons.54 These transcripts are more abun-

dant in the substantia nigra than in the less vulnerable ventral

tegmental area (Supplementary Figure S7). HSD17B10

expression levels are particularly high in the locus coeruleus

and in the dorsal motor nucleus of the vagus nerve, which are

also affected by neurodegeneration in PD. HSD17B10

depletion beyond a certain threshold may therefore contribute

to neuronal vulnerability in PD. Consistent with this possibility,

Tieu et al.31 showed that the period after MPTP intoxication in

mice during which the apoptotic response was strongest was

accompanied by a significant, but reversible decrease in

HSD17B10 abundance.

Of note, HSD17B10 levels are increased in the brains of

individuals with Alzheimer’s disease, indicating that mainte-

nance of HSD17B10 homeostasis is crucial to cell

physiology.25,29 The mechanisms by which HSD17B10 con-

tributes to amyloid β-mediated neurotoxicity are poorly under-

stood. However, it is not surprising thatmodest alterations of the

levels or activity of this multifunctional enzyme can contribute to

neurodegeneration in different pathological contexts.25

What molecular mechanisms underlie the mitochondrion-

protecting function of HSD17B10? We provide strong

evidence for a key role of mitochondrial elongation.

HSD17B10 may promote this process, possibly by interfering

with Drp1 recruitment to mitochondria. This morphological

change has been shown to optimize ATP production under

critical circumstances, but the underlying mechanisms remain

unclear.48–50 Tieu et al.31 reported higher levels of mitochon-

drial respiration and ATP production in brainmitochondria from

HSD17B10-transgenic mice than in those fromwild-type mice,

following the partial inhibition of mitochondrial complex I. This

effect was not associated with changes to the enzymatic

activities of the respiratory chain complexes, but was

accompanied by a redistribution of HSD17B10 from the

mitochondrial matrix to the inner MM. The authors suggested

that HSD17B10 might associate with mitochondrial complex I

under such conditions. The submitochondrial localization of

the protein reported here is consistent with HSD17B10 having

functions both in the mitochondrial matrix and in association

with the inner MM. HSD17B10 may also participate in the

activation of ATP synthase, which is also present in the inner

MM and has been reported to be activated in elongated

mitochondria resistant to autophagic degradation.49 Finally,

HSD17B10 may protect mitochondria through its role as a

component of the mitochondrial RNAse P complex, which

promotes the processing of mitochondrial tRNAs through

mechanisms independent of the catalytic activity of

HSD17B10 and NADH binding.28,55 The link between these

functions and the mitochondrial elongation promoted by

HSD17B10 remains unclear. Interestingly, a recent study

reported identification of a new mitophagy-independent path-

way linking Parkin function to linear ubiquitylation of the NF-kB

modulator NEMO, upregulation of Opa1 and protection

against stress.56 Although modulation of HSD17B10 expres-

sion did not modify Opa1 levels in our study, it will be important

to evaluate whether HSD17B10 has a role in this pathway.

In summary, this work suggests that the maintenance of

appropriate HSD17B10 levels in the mitochondria may be a

novel mitochondrial quality control mechanism regulated by

Parkin. The loss of this protective function may, together with

the impaired degradation of dysfunctional mitochondria, con-

tribute to neuronal dysfunction in autosomal recessive PD.

Further studies are required to dissect the precise mechanisms

by which Parkin preserves mitochondrial HSD17B10 levels,

and to determine the extent to which they involve functional

cooperation with PINK1 and the direct regulation of mitochon-

drial import through the TOM machinery.

Materials and Methods
Mammalian expression vectors, cell culture and transfection.
The human HSD17B10 cDNA (UniProt Q99714) was inserted into pcDNA3; the
HSD17B10 variants D86G, R130C and Q165H, kindly provided by J Zschocke,

were inserted into pSMART. The other vectors used were pcDNA3 (Invitrogen,

Figure 8 Mitochondrial elongation rather than catalytic activity determines the ability of HSD17B10 to spare mitochondria from the degradation triggered by CCCP. (a–c)
Representative immunofluorescence staining of COS7 cells, illustrating the degree to which HSD17B10 variants with various levels of residual activity can promote mitochondrial
elongation (a), and protect against CCCP-induced mitochondrial dysfunction (b), as illustrated by the qualitative and quantitative estimates provided in the table (c). Mitochondria
were visualized with HSD17B10 and PMPCB. Mander’s coefficients indicate the colocalization of HSD17B10 and PMPCB staining (n= 30 cells from three independent
experiments). The percentages of COS7 cells coproducing Parkin and the indicated HSD17B10 variants displaying a loss of PMPCB 36 h after the addition of CCCP to the culture
medium are represented as means± S.E.M. (n= 3 independent experiments, with 60 cells scored per condition in each experiment). (d) Representative electron micrographs
showing the submitochondrial localization of the HSD17B10 variants. Contrast was generated by treatment with diaminobenzidine. The arrow in the higher magnification of the
framed region shows the association of HSD17B10 with the inner MM. Scale bar: 10 μm in (a, b) and 200 nm in (d)
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Life Technologies, Saint-Aubin, France) encoding human HA- or FLAG-tagged
Parkin, Parkin variants, p38/JTV-1/AIMP,57 HA-, Myc- or V5-tagged HSD17B10, or
FLAG-tagged DLST (provided by Z Ronai); pTrc–His (Invitrogen) encoding
HSD17B10; pET (Clontech, Takara Bio Europe, Saint-Germain en-Laye, France)
encoding HA-tagged ubiquitin; pDsRed-LC3 (provided by G Kroemer); pCB6-HA-
mitoGFP (COX VIII MTS) and pCB6-Myc-Drp1 (provided by M Rojo); pCB6-Myc-Drp1
S637D/S637A, produced by site-directed mutagenesis from pCB6-Myc-Drp1; pCI
(Promega, Charbonnières, France) encoding C-terminally APEX (pea L-ascorbate
peroxidase K14D, W41F, E112K mutant)58-tagged HSD17B10 and HSD17B10
variants D86G, Q165H and R130C; pEF-HA-UbiK0/Ubi (provided by Y Yarden). The
resulting cDNAs were then inserted into the pCI expression vector (Promega) via the
NheI and NotI restriction sites. The sequences of three plasmid constructs were
checked with an ABI3730 XL. The siRNAs used were validated HSD17B10-specific
siRNAs and AllStars negative control siRNA (Qiagen, Courtaboeuf, France; 20 nM),
PINK1- and PARK2- specific stealth siRNAs (Invitrogen, 20 nM). PC12-tet-off-Parkin,
HEK293T and COS7 cells were grown as previously described.22,23 Cells were
transfected in the presence of DMRIE-C (Invitrogen; COS7, PC12) or in the presence
of Lipofectamine 2000 (Invitrogen; COS7, HEK293T) for siRNA. Cells were incubated
with 10 μM CCCP (Sigma-Aldrich, Saint Quentin Fallavier, France) for the indicated
time points; 15 μg/ml nocodazole (Calbiochem, Millipore, Guyancourt, France) or
400 nM cytochalasin D (Sigma-Aldrich) for 16 h; 1 μM epoxomicin (Sigma-Aldrich) for
16 h; 50 nM doxycycline (Dox; Sigma-Aldrich); 5 μg/ml oligomycin (Sigma-Aldrich).

Quantitative real-time RT-PCR. We checked the efficacy of the siRNA-
mediated silencing of endogenous PARK2 in HEK293T cells, by isolating total RNA
from cells transfected with control or PARK2 siRNA, using the RNeasy plus Mini Kit
(Qiagen). RNA from each sample (1 μg) was reverse-transcribed to generate cDNA.
Real-time PCR was performed with the LightCycler 480 System (Roche Applied
Science, Penzberg, Germany) and the LightCycler 480 DNA SYBR Green I Master
kit (Roche Life Science, Meylan, France). Results were analyzed with LightCycler
480 sw 1.5 quantification software. We used the actin gene for normalization. The
primers used for PARK2 were as follows: forward 1, 5′-acaccaagcatcttccagctcA-3′;
reverse 1, 5′-tttctccacggtctctgcac-3′; forward 2, 5′-cgcaacaaatagtcggaac-3′; reverse
2, 5′-gagggtcgtgaacaaactg-3′.

GST pulldown, subcellular fractionation and western blot
analyses. GST pulldown assays were carried out as previously described.57

Cells were lysed in 20 mM Hepes, 225 mM mannitol, 75 mM sucrose, 1 mM EGTA,
0.5 mM DTT, with phosphatase (0.2 mM Na3VO4, 1 mg/ml NaF, 5.4 mg/ml
ß-glycerophosphate) and protease inhibitors (Complete Cocktail, Roche), pH 7.0
and the lysate was passed through a 22G needle to obtain total protein extract
(COS7, HeLa cells). For ubiquitylation assays, COS7 cells were lysed 48 h after
transfection, in a co-IP buffer (50 mM Tris–HCl pH 8, 150 mM NaCl, 5% glycerol,
0.5% NP40, 0.2 mM Na3VO4, 4 mg/ml NaF, Complete protease inhibitor cocktail;
Roche). Lysates were centrifuged at 4 °C for 30 min at 13 000 × g. Supernatants
were precleared by incubation with protein G Sepharose (Amersham, Dominique
Dutscher, Brumath, France) for 1 h at 4 °C, and incubated with 2 μg of monoclonal
anti-myc antibodies conjugated to protein G-Sepharose beads for 2 h at 4 °C, with
gentle shaking. Immunoprecipitated proteins were washed four times in the co-IP
buffer and once in PBS and analyzed by western blotting with monoclonal anti-HA
antibodies. Lysates were subjected to western blotting with an anti-myc or a
monoclonal anti-Parkin antibody. In vitro ubiquitylation assays were performed as
previously described.59 Mitochondrion-enriched fractions were obtained by
differential centrifugation, from cells homogenized with a Dounce homogenizer
(80 manual strokes) as previously described,22 or with a mitochondrion isolation kit
used according to the manufacturer’s instructions (MACS, Miltenyi Biotec, Mercoeur,
France; Pierce Mitochondria Isolation kit, Pierce, Thermo Fisher Scientific, Villebon-
sur-Yvette, France). Cytosolic fractions were obtained by ultracentrifugation of the
supernatants obtained after isolation of the mitochondrion-enriched fractions at
186 000 × g for 1.5 h at 4 °C. Pure mitochondrial fractions were obtained from
mouse brains that had been ground, washed and homogenized with a Potter
homogenizer, in 6 ml of isolation buffer (225 mM mannitol, 75 mM sucrose, 1 mM
EGTA, 5 mM Hepes, 1 mg/ml BSA; pH 7.2), and centrifuged at 1700 × g for 10 min
at 4 °C. The supernatant was layered on top of a Ficoll gradient (5 ml of 10% Ficoll
and 5 ml of 7.5% Ficoll) in sucrose buffer (0.3 M sucrose, 25 mM EGTA, 5 mM
Hepes) and centrifuged at 80 000 × g for 30 min at 4 °C. Mitochondrial pellets were
resuspended in isolation buffer. Human brain protein extracts from PD patients and
controls were obtained from lyophilized tissue37 resuspended in 50 mM HEPES pH
7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 100 mM MgCl2, 0.1 M Na4VO3,

10 mM Na4P2O7 × 10 H2O, 100 mM NaF, 1 mM EGTA, with protease inhibitors,
homogenized in a Piston Pellet Eppendorf, and centrifuged at 4 °C for 5 min at
9000 × g and for 45 min at 100 000 × g. The mitochondrial abundance of exogenous
HSD17B10 was calculated as the ratio of HSD17B10 to mitoGFP in mitochondrion-
enriched fractions, divided by that in total cell fractions ([HSD17B10/mitoGFP]M/
[HSD17B10/mitoGFP]T), and the mitochondrial abundance of subunits (S) of
respiratory chain complexes was calculated as [S/actin]M/[S/actin]T. The mean
values for the Dox – /CCCP – conditions were arbitrarily set at approximately 1.
Mitochondrion-enriched fractions, obtained by differential centrifugation, were
digested with 1 μg of trypsin (Sigma-Aldrich) per mg of protein for 20 min at 37 °C.
The antibodies used for western blotting are indicated in Supplementary Table 1.
Proteins were visualized with fluorescent antibodies or by enhanced chemilumines-
cence (Pierce). Chemiluminescence/fluorescence signals were detected on a film
(ECL, Amersham Hyperfilm) or captured with a KODAK Image Station 4000 MM
(KODAK, Rochester, NY, USA) or Odyssey Imaging (Li-COR Biosciences, Lincoln,
NE, USA) system, and quantified with KODAK MI Software 4.0, ImageJ software
(NIH, Bethesda, MD, USA) or Li-COR Image Studio.

Immunocytochemistry, epifluorescence, confocal and electron
microscopy. Cells were fixed and stained by standard procedures. The
antibodies used are indicated in Supplementary Table 2. MitoTracker (DeepRed/
CMX-ROS; final concentration 500 nM) and TMRM (final concentration 10 nM) were
purchased from Invitrogen and used according to the manufacturer’s instructions.
Mitochondrial aggregates, the translocation of p62, LC3-DsRed or Parkin, and
mitophagy were quantified with a Zeiss Axioplan 2 imaging epifluorescence
microscope equipped with ExploraNova FluoUp Imaging software (4.2.2, Explora
Nova, La Rochelle, France) and a × 100 oil immersion objective (NA 1.40).
Mitophagy and mitochondrial aggregation were assessed as the percentages of
Parkin-positive or -negative cells devoid of VDAC1 and PMPCB staining
(clearance), and cells with aggregates immunoreactive for Parkin and mitoGFP,
DLST, p62, LC3-DsRed or HSD17B10 (aggregation). MitoTracker intensities were
quantified on images of 10 cells per condition, in each of three independent
experiments, with ImageJ analysis software (NIH). TMRM intensities were acquired
with an inverted Zeiss Axiovert 200 videomicroscope (Zeiss, Jena, Germany) and a
× 20 oil immersion objective (Supplementary Figure S2e), or an inverted Nikon
Elipse Ti microscope with a × 20 objective (Figure 7a). We evaluated the effect of
HSD17B10 overproduction on the response of ΔΨm to CCCP (2 μM) after addition
of the complex V inhibitor oligomycin (5 μg/ml) by acquiring images at 10 s intervals
over a 12-min period. The mean mitochondrial TMRM fluorescence intensity per cell
was estimated with the ImageJ software, by selecting the entire mitochondrial
network of each cell. Colocalization images were generated with a Leica SP2 or an
Olympus FV-1000 confocal microscope (×60 oil immersion objective, NA 1.35). For
FRET, images of donor and acceptor fluorescence were acquired with a Leica SP2
or an Olympus FV-1000 confocal microscope (×60 oil immersion objective, NA
1.35). A region of interest was drawn with Leica Confocal Software (Leica) or with
Olympus FV-1000 software (Olympus, Tokyo, Japan), on randomly chosen areas of
acceptor fluorescence. This region of interest was then photobleached with a
543 nm helium neon laser. Donor (D) fluorescence (F) intensities (I) were quantified
with ImageJ, and FRET efficiencies were determined as follows: % FRET= (ID
postbleach− ID prebleach)/ID postbleach= FD postbleach4FD prebleach. The
morphology of the mitochondrial network was analyzed quantitatively with the
ImageJ software, as previously described,44,47 after the acquisition of images with
the Zeiss Axioplan 2 imaging epifluorescence microscope (×63 oil immersion
objective; Figure 6) or the Olympus FV-1000 confocal microscope (×60 oil
immersion objective; Figure 7). Quantitative analysis of the morphology of the
mitochondrial network, visualized by PMPCB or HSD17B10 staining, was performed
on 20–30 pictures of cells overproducing the proteins of interest, with the ImageJ
software (NIH), as previously described.44,47 Standard and immunoelectron
microscopy were carried out as previously described, with a JEOL 1200 EX2
electron microscope (Peabody, Peabody, MA, USA) at 80 kV (Figures 3f and g and
Figure 8d).23,60 For the localization of HSD17B10-APEX proteins, the cells were
kept at room temperature for all steps from fixation to resin infiltration, and
processed as previously described.58 They were then analyzed with a Hitachi
120 kV HT 7700 transmission electron microscope (Hitachi, Tokyo, Japan) at 70 kV.

Statistical analyses. Two-way ANOVA and the Holm-Sidak method were
used to analyze the effects of Parkin and CCCP treatment or UbiK0 overproduction
on HSD17B10 abundance (Figures 2a and b); the modulation of HSD17B10 levels
on the clearance of mitochondrial markers (Figure 5) or mitochondrial TMRM
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fluorescence over time after CCCP treatment (Figure 7a). One-way ANOVA and the

Holm-Sidak method were used to analyze the effects of HSD17B10, DLST or

mitoGFP on the mitochondrial translocation of Parkin (Figure 3b); PARK2 variants

on the mitochondrial translocation of Parkin triggered by HSD17B10 (Figure 3c);

ubiquitin and UbiK0 on mitochondrial aggregation (Figure 3e); donors on FRET

efficiencies for a given acceptor (Figures 4 and 6e; Supplementary Figure S5a);

PARK2 mutations on FRET efficiencies (Supplementary Figure S5b); CCCP or the

modulation of HSD17B10 levels on TMRM intensities (Supplementary Figure S2e);

modulation of HSD17B10 levels on PINK1 levels (Supplementary Figure S2f) or

relative abundance of Opa1, Mfn2 or Drp1 (Figure 6d); Drp1 or Drp1 variants on

mitochondrial morphology (Figures 7c and d); HSD17B10 on Parkin-dependent

mitophagy, or Drp1 or Drp1 variants on the mitophagy-mitigating effect of

HSD17B10 (Figure 7e). ANOVA on ranks and Dunn’s method were used to

compare the effects of transfection condition or CCCP treatment on the

mitochondrial recruitment of p62 or LC3-DsRed (Supplementary Figure S3);

PARK2 silencing or UbiK0 on HSD17B10 abundance (Figure 2d); modulation of

HSD17B10 levels on mitochondrial network complexity (Figure 6b). Student’s t test

was used to analyze the effects of drugs on mitochondrial aggregation

(Supplementary Figure S4); PINK1 silencing on the mitochondrial translocation of

Parkin (Figure 3d); Parkin deficiency on HSD17B10 abundance (Figure 1a); PARK2

siRNA on PARK2 mRNA levels (Supplementary Figure S1a); PARK2 or PINK1

silencing on HSD17B10 abundance (Supplementary Figure S1b); epoxomicin on

HSD17B10 abundance in the cytosol or mitochondria (Supplementary Figure S1c).
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Loss of VPS13C Function in Autosomal-Recessive
Parkinsonism Causes Mitochondrial Dysfunction and
Increases PINK1/Parkin-Dependent Mitophagy
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Andrew Singleton,5 Olga Corti,1,2,3,4,* Alexis Brice,1,2,3,4,20,* French Parkinson’s Disease Genetics Study
(PDG), and the International Parkinson’s Disease Genomics Consortium (IPDGC)

Autosomal-recessive early-onset parkinsonism is clinically and genetically heterogeneous. The genetic causes of approximately 50% of

autosomal-recessive early-onset forms of Parkinson disease (PD) remain to be elucidated. Homozygozity mapping and exome

sequencing in 62 isolated individuals with early-onset parkinsonism and confirmed consanguinity followed by data mining in the

exomes of 1,348 PD-affected individuals identified, in three isolated subjects, homozygous or compound heterozygous truncating

mutations in vacuolar protein sorting 13C (VPS13C). VPS13C mutations are associated with a distinct form of early-onset parkinsonism

characterized by rapid and severe disease progression and early cognitive decline; the pathological features were striking and reminiscent

of diffuse Lewy body disease. In cell models, VPS13C partly localized to the outer membrane of mitochondria. Silencing of VPS13C was

associated with lower mitochondrial membrane potential, mitochondrial fragmentation, increased respiration rates, exacerbated

PINK1/Parkin-dependent mitophagy, and transcriptional upregulation of PARK2 in response to mitochondrial damage. This work sug-

gests that loss of function of VPS13C is a cause of autosomal-recessive early-onset parkinsonism with a distinctive phenotype of rapid

and severe progression.

Introduction

Parkinson disease (PD [MIM: 168600]) is a motor syn-

drome with variable combinations of akinesia, rigidity,

and rest tremor responding to levodopa. It is caused by

degeneration of the dopaminergic neurons in the sub-

stantia nigra pars compacta and is associated with Lewy

bodies, intraneuronal inclusions enriched in a-synuclein.

In recent years, our understanding of the pathophysiolog-

ical mechanisms underlying molecular defects in familial

forms of PD has greatly advanced. Three genes have been

conclusively associated with autosomal-dominant (AD)

forms of PD (SNCA [MIM: 163890], LRRK2 [MIM:

609007], and VPS35 [MIM: 601501]) and eight genes

(PARK2 [MIM: 602544], PINK1 [MIM: 608309], DJ-1

[MIM: 602533], ATP13A2 [MIM: 610513], FBXO7 [MIM:

605648], PLA2G6 [MIM: 603604], SYNJ1 [MIM: 604297],

and DNAJC6 [MIM: 608375]) with early-onset (EO) auto-

somal-recessive (AR) forms.1 EO AR parkinsonism is clini-

cally and genetically heterogeneous: mutations in PARK2,

PINK1, and DJ-1 cause phenotypes similar to idiopathic

PD with good and prolonged response to dopaminergic
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therapy. Other EO AR PD-associated genes cause more

severe disease, a poor response to levodopa, and additional

clinical signs, such as dystonia and cognitive impairment.1

Mutations in PARK2 and PINK1 are the most common

cause of EO AR PD, accounting for ~50% and 4% of familial

cases in Europe, respectively.2,3 A significant proportion of

cases remain genetically unexplained.

EO AR PD is linked to mitochondrial dysfunction.

The mitochondrial kinase PINK1 and the E3 ubiquitin-

protein ligase Parkin cooperate in mitochondrial quality

control.4 They promote the removal of dysfunctional

mitochondria in a process termed mitophagy that might

also involve FBXO7.4,5 In addition, they play a role in a ve-

sicular trafficking pathway targeting damaged mitochon-

drial components to the lysosome.6 To identify additional

PD-associated genes involved in AR EO parkinsonism, we

performed homozygosity mapping and exome sequencing

in consanguineous PD families and isolated individuals

and used data mining in the exomes of 1,348 unrelated

PD-affected individuals. Five truncating mutations in

vacuolar protein sorting 13C (VPS13C [MIM: 608879]) were

identified in three unrelated PD-affected isolated indi-

viduals. We provide evidence that depletion of VPS13C ex-

acerbates mitochondrial vulnerability to stress.

Subjects and Methods

Participants

Gene Discovery Cohort

We selected nine PD-affected families (with two or more affected

siblings) and 43 unrelated isolated individuals according to the

following criteria: (1) diagnosed by neurologists according to the

UK Parkinson’s Disease Society Brain Bank (PDSBB) clinical diag-

nostic criteria7 and onset%55 years in at least one affected family

member; (2) with no mutations in known PD-associated genes;

and (3) with confirmed consanguinity (inbreeding coefficient

Fs0 computed with the FEstim program8). Sixteen families or iso-

lated subjects were European, 16 North African, 19 Turkish, and 1

Lebanese. A total of 66 PD-affected individuals (23 familymembers

and 43 isolated subjects) and 39 unaffected relatives were included

for the genome-wide screen study. 62 affected and10unaffected in-

dividualswere subsequently selected for whole-exome sequencing.

Validation Cohort

Exome data were obtained from a series of 1,348 additional PD-

affected individuals (99% unrelated, 99% of European ancestry,

60% males, mean age at onset 41.7 5 11.0 years), including 249

French PD-affected probands (57%males, age at onset% 40 years,

50 individuals with atypical forms of parkinsonism) recruited by

the French network for the study of PD genetics (PDG) and 530

matched control subjects (95% of European ancestry, 65% males,

mean age at examination: 45.1 5 10.7 years) from the Interna-

tional Parkinson Disease Genomics Consortium (IPDGC).

100 Turkish control subjects without family history of PD (43%

males; mean age at examination, 60.4 5 13.9 years) served to

check for the absence of the identified variant in family A, which

originated from Turkey.

A flow diagram detailing the selection criteria of PD-affected

individuals and control subjects and the different experimental

steps of the study is provided (Figure S1).

Study Approval

Informed consent was obtained from all participants, and the ge-

netic studies were approved by local ethics committees (INSERM,

CCPPRB du Groupe Hospitalier Pitié-Salpêtrière, Paris, France).

Neuropathological Assessment

The autopsy of the affected individual II-1 in family B (Figure 1)

was performed approximately 36 hr post mortem. Brain tissues

were fixed for 6 weeks in 10% buffered formalin, extensively

sampled, and processed as previously described.9 Immunohis-

tochemistry was performed by a Ventana Benchmark automate.

We used hematoxylin-eosin staining for histopathology. For

immunochemistry, the antibodies used were: anti-Tau (in-house

AD2,10 1 ng/mL), anti-b-amyloid (4G8, 1:1,000, Sigma), anti-

a-synuclein (LB509, 1:500, Abcam), anti-ubiquitin (1:1,000,

Dako), anti-TDP-43 (1:500, Protein Tech), and anti-glial fibrillary

acid protein (GFAP, 1:20,000, Dako). The degree of neuronal

loss and the frequency of a-synuclein-immunoreactive and

other inclusions were determined semiquantitatively by visual

inspection, in comparison to brains of three age-matched con-

trols (two males and one female) from the Lille Neurobank

collection.

Molecular Studies

Whole-Genome Homozygosity Linkage Mapping

Genome-wide screens were performed on all available affected

(n ¼ 66) and unaffected (n ¼ 39) individuals from the gene

discovery cohort using the Illumina HumanCytoSNP-12 v2.1

DNA Analysis BeadChip microarrays that contain ~300,000

SNPs and ~1,300 markers of common copy-number variations

(CNVs). Homozygosity tracks (>2 Mb) were visualized with

the Homozygosity Detector module and CNV with the Illu-

mina cnvPartition module. The inbreeding coefficients F were

computed with the FEstim program.8 Samples from individuals

with confirmed consanguinity (Fs0) were subjected to exome

sequencing.

Whole-Exome Sequencing

Exons from 62 affected (19 relatives and 43 isolated individuals)

and 10 unaffected familymembers from the gene discovery cohort

and all the 1,348 affected and 530 control individuals from the

validation cohort were captured using different exome enrich-

ment kits from fragmented genomic DNA and sequenced as indi-

cated in Table S1. 10-fold mean sequencing depth was achieved in

96.4% and 88.8% of baited regions in PD-affected individuals and

control subjects, respectively, and 30-fold mean sequencing depth

was achieved across ~75% of targeted regions.

Human reference sequence UCSC hg19 was used for sequence

alignment and variant calling with the Burrows-Wheeler

Aligner11 and the Genome Analysis Toolkit.12 PCR duplicates

were removed prior to variant calling using Picard software. Vari-

ants were annotated with ANNOVAR software13 (exomes from

validation cohort) or SnpEff and SnpSift programs (exomes from

gene discovery cohort). Data were analyzed with Ingenuity

Variant Analysis (IVA) TM software from Ingenuity System. Effects

on mRNA splicing by putative splice variants (55 base pairs

around splice junctions according to IVA threshold) were analyzed

with Splice Site Finder, MaxEntScan, NNsplice, Genesplicer, and

Human Splicing Finder,14–16 all included in Alamut v.3 software.

The humanVPS13C protein and its closest homologs were aligned

with Alamut v.3 software, computed by Ensembl, and alignedwith

MUSCLE.
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An in-house pipeline crossed the output data from IVA and

Homozygosity Mapping to filter and identify the variants of

interest (Figure S2). These variants were visualized with the Broad

Institute Integrative Genomics Viewer (IGV) and verified by bidi-

rectional Sanger sequencing using primers designed with Primer3

(Table S2) on an ABI 3730 automated sequencer (Life Technolo-

gies). Sanger sequencing confirmed the absence of mutations in

origin-matched controls and determined the genetic status of

unaffected relatives. Mutation nomenclature follows Human

Genome Variation Society (HGVS) recommendations: the longest

VPS13C transcript 2A cDNA nucleotides (‘‘c.’’) are numbered

from the adenine of the first ATG translation initiation codon as

nucleotide þ1 (reference sequence GenBank: NM_020821.2).

Splicing Defect Analysis by RT-PCR

Keratinocytes from affected individual V-2 in family A or

peripheral blood lymphocytes from affected individual II-1 in

family C (Figure 1) were used for splicing defects analyses.

Hair follicles were plucked under sterile conditions and cultured

in flasks coated with MG (1:10, Corning). Keratinocytes were

grown on 20 mg/mL collagen IV (Sigma-Aldrich)-coated dishes

containing EpiLife medium with the HKGS supplement (Life

Technologies). Total RNA extraction was carried out with

the RNeasy Kit (QIAGEN), according to the manufacture’s

manual. RNA (250 ng) was reverse transcribed into cDNA using

iScript reverse transcription supermix (Bio-Rad). Primers are

listed in Table S2. RT-PCR products were Sanger sequenced

Figure 1. Identification of VPS13C Mutations
(A) Pedigrees of families with VPS13Cmutations. Black symbols represent individuals with PD, open symbols, those unaffected. Arrows
point to probands who underwent whole-exome sequencing. Abbreviations are as follows: AE, age at examination; AD, age at death;
AO, age at onset.
(B) Schematic representation of VPS13C and its variations. VPS13C spans 208 kb and contains 86 exons encoding a 3,753-amino
acid protein with a chorein domain at its N terminus, a DUF1162 domain of unknown function, and a putative autophagy-related
domain. The five variations found in the three probands are indicated. Numbers above the gene identify the exons containing
VPS13C variations. Alternative splicing a and b represent skipping of exons 6þ7 and of exon 82, respectively. Transcripts 1A, GenBank:
NM_017684.4: splicing a þ b; 2A, GenBank: NM_020821.2: splicing b; 1B, GenBank: NM_018080.3: ends at exon 82; 2B, GenBank:
NM_001018088.2: splicing a and ends at exon 82.
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directly or after sub-cloning into the pJET1.2/blunt vector

(Thermo Scientific).

Studies in Mammalian Cells

Mammalian Expression Vectors, siRNAs, Cell Culture, and Transfection

COS-7 and HEK293T cells were grown in Dulbecco’s Modified

Eagle Medium þ Glutamax (Life Technologies) supplemented

with 10% goat serum (Life Technologies) and 1% penicillin-strep-

tomycin (Life Technologies). Cells were plated, at 80% conflu-

ence, on glass coverslips (Thermo Scientific) in 24-well cell plates

for immunofluorescence, 6-well plates for qPCR, 10-cm Petri

dishes for subcellular fractionation by differential centrifugation

and for the mitochondrion isolation kit, or 75-cm2 flasks for

continuous sucrose gradient and Percoll gradient purification.

Cells were co-transfected with siRNAs (15 to 30 nM) and expres-

sion vectors using Lipofectamine 2000 (Life Technologies), in an

antibiotic-free medium, according to the manufacturer’s instruc-

tions. The siRNA used were: Hs_VPS13C_5 and Hs_VPS13C_6

(siVPS13C, QIAGEN); PINK1 stealth siRNAs (siPINK1, Invitrogen);

and AllStars negative control siRNA (siControl, QIAGEN).

Their efficacy was controlled by quantitative real-time RT-PCR

(Figure 5F). The expression vectors were: pcDNA3-HA-PARK2,

pcDNA3-HA-PINK1, pcDNA3-HA,17 and pEGFP-C1 (Life Technol-

ogies). Where indicated, the cells were incubated with 10 mM

CCCP (Sigma).

Subcellular Fractionation, Trypsin Digestion Assay, and Western Blot

Analyses

For sucrose density gradient, confluent HEK293T cells from five

75-cm2 flasks were harvested and disruptedwith a Dounce homog-

enizer (80 manual strokes) in 10 mM Tris-HCl buffer (pH 7.6)

containing 10% w/v sucrose, 10 mM ethylenediaminetetraacetic

acid (EDTA), 0.5 mM dithiothreitol (DTT), supplemented with

protease and phosphatase inhibitors (0.2 mM sodium orthovana-

date, 4 mg/mL sodium fluoride, 5.4 mg/mL b-glycerophosphate,

and Complete cocktail 1X – 11836145001, Roche). After three

centrifugations at 600 3 g for 5 min to remove cell debris, the

cell lysate was layered on a 20%–60% linear sucrose gradient in

Tris-HCl (pH 7.6) containing 10 mM EDTA, as previously

described.18 After 18 hr of centrifugation at 100,000 3 g, succes-

sive 0.8 mL fractions were collected. Proteins were precipitated

on ice with 10% trichloroacetic acid, pelleted by centrifugation

at 13,000 3 g for 45 min, and resuspended in 100 mL of loading

buffer (Tris 60 mM [pH 6.8], SDS 4%, b-mercaptoethanol 5%,

glycerol, and bromophenol blue).

Total protein fractions were obtained from cells lysed in 210mM

mannitol, 70 mM sucrose, 5 mM Tris (pH 7.4), 0.2 mM EGTA,

0.1 mM EDTA, 0.5 mM DTT, 0.1% BSA, and protease and phos-

phatase inhibitors after centrifugation at 600 3 g for 5 min

at room temperature. Mitochondrion-enriched fractions were

obtained by differential centrifugation (HEK293T) or magnetic

isolation (COS-7) and digested with trypsin (Sigma), as previously

described.17,19

For isolation of pure mitochondria, cells were lysed in 250 mM

mannitol, 5 mM HEPES (pH 7.4), 5 mM EGTA with protease, and

phosphatase inhibitors and the crude mitochondrial fraction was

layered on top of a 30% Percoll gradient, as previously described.20

Protein concentrations were determined with Bio-Rad protein

assays (Bio-Rad, 500-0006), based on the Bradford method. Sam-

ples were boiled in protein sample buffer, resolved by SDS-PAGE,

transferred onto a nitrocellulose membrane (Protran, Whatman),

and analyzed by Western blotting with selected primary and

secondary antibodies (Table S3). Membranes were incubated

with enhanced chemiluminescence substrate (Pierce); chemi-

luminescent and fluorescent signals were revealed on film (ECL,

Amersham Hyperfilm) or captured with Odyssey Imaging (Li-

COR) systems and quantified with ImageJ software (NIH). Total

or cytoplasmic fractions were normalized to a-tubulin, mitochon-

drial fractions to PMPCB. Three to six independent fractionation

experiments were quantified.

Analysis of Mitochondrial Respiration

Cellular oxygen consumption was measured via high-resolu-

tion respirometry (OROBOROS Oxygraph-2k) in a temperature-

regulated chamber at 37#C. Oxygen consumption was measured

in intact COS-7 cells at a density of 2.5 3 106 cells in 2 mL

of respiration assay medium (13 DMEM, GlutaMAX, GIBCO)

containing 4.5 g/L D-glucose and 4 mM L-glutamine, by sequen-

tial additions of 1 mg/mL oligomycin, 2.5 mM CCCP, and 5 mM

rotenone/10 mM antimycin A. We determined the following

mitochondrial parameters: basal oxygen consumption (¼ basal

cellular respiration $ non-mitochondrial respiration), proton

leak (¼ oligomycin-inhibited respiration $ non-mitochondrial

respiration), maximal respiratory capacity (¼ maximal un-

coupled respiration $ non-mitochondrial respiration), reserve

respiratory capacity (¼ maximal uncoupled respiration $ basal

respiration), and non-mitochondrial respiration (rotenone/anti-

mycin A-inhibited respiration). Cells were then lysed to quantify

the protein content using the Bradford reagent, which was used

to normalize the oxygen consumption data. The results were

expressed in pmol of O2/s/mg of total protein.

Immunostaining, DJmt, Respiration, Mitochondrial Morphology, and

Parkin-Dependent Mitophagy

Immunocytochemical stainings were performed as described

previously with the antibodies and dilution conditions indicated

in Table S3. Changes in DJmt were evaluated with the poten-

tiometric dye tetramethylrhodamine methyl ester (TMRM) as

described.19 Mitochondrial morphology was analyzed on

COS-7 cells immunostained for the Beta subunit of the mito-

chondrial processing peptidase (PMPCB) using an image-process-

ing algorithm and two descriptive parameters to assess mito-

chondrial length and branching: aspect ratio, calculated as the

ratio between major and minor axes of each mitochondrial ob-

ject, representing its length; and form factor, calculated as perim-

eter2/(4p 3 area), representing a combined evaluation of the

length and degree of branching of the mitochondrial

network.21,22 For Parkin-dependent mitophagy, cells were immu-

nostained for PMPCB or the outer mitochondrial membrane

protein TOMM20 and quantified as described.17 Images were ac-

quired with an Olympus FV-1000 confocal microscope (360 oil

immersion objective, NA 1.35) and analyzed with ImageJ anal-

ysis software (NIH).

Quantitative Real-Time RT-PCR

To demonstrate the efficiency of the siRNA-mediated silencing of

endogenous VPS13C in HEK293T cells, total RNA was isolated

from cells transfected with control or VPS13C or PINK1 siRNA

using the RNeasy plus Mini Kit (QIAGEN) and QIAshredder

(QIAGEN). RNA from each sample (500 ng) was reverse transcribed

into cDNA using iScript reverse transcription supermix (Bio-Rad).

Real-time PCR was performed with the LightCycler 480 System

(Roche Applied Science) and SsoAdvanced Universal SYBR Green

Supermix (Bio-Rad). Results were analyzed with LightCycler 480

sw 1.5 quantification Software (Roche Applied Science). Beta-actin

(ACTB) was used as the reference gene for normalization. Primers

are listed in Table S2.
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Statistical Analysis

Statistical significance was established at p < 0.05 and determined

with an unpaired t test in Figures 4A (Aspect Ratio) and S6A;

matched t test in Figures 4C, 5B, and 5D; Mann-Whitney-

Wilcoxon test in Figure 4A (Form Factor); one-way ANOVA in Fig-

ures 6 and S5; or two-way ANOVA in Figures 4B, 5E, and 5F.

Results

Truncating Mutations in VPS13C Cause AR

Parkinsonism

Genome-wide screens in an initial series of 66 affected and

39 unaffected subjects using DNA microarrays identified a

mean of 16.3 regions of homozygosity R 2 Mb on the 22

autosomes of each consanguineous individual (gene dis-

covery cohort). No rare deleterious large genomic rear-

rangements were detected. Exomes were subsequently

sequenced in the 62 affected individuals with confirmed

consanguinity (inbreeding coefficient Fs0) and 10 unaf-

fected family members to identify homozygous variants

which: (1) in priority, would disrupt the protein function

(frameshifts, stop codons, or splicing variants); (2) were

rare (minor allele frequency [MAF] < 1%) in dbSNP137,

the National Heart Lung and Blood Institute (NHBLI),

Exome Sequencing Project (ESP) database, and the 1000

Genomes Project; (3) were shared by affected siblings

when available; (4) were heterozygous in parents and/or

heterozygous or wild-type in unaffected siblings when

available; (5) fell within homozygous intervals; and (6)

were absent in the homozygous state from DNA of 530

controls. We identified rare or undescribed homozygous

truncating variants within 32 genes, each found in a single

affected individual with consanguinity that fulfilled all

these prioritization criteria (Table S4). We screened these

candidate genes for additional homozygous or compound

heterozygous mutations in a validation cohort. VPS13C

(also known as KIAA1421; GenBank: NM_020821.2) on

chr15q22 was mutated in a consanguineous Turkish

PD-affected individual (V-2 in family A) from the gene dis-

covery cohort and in two additional French PD-affected

isolated individuals (II.1 in family B and II.1 in family C)

from the validation cohort (Figure 1A). In addition, we

identified a total of 80 rare (MAF < 1% in public databases)

single heterozygous mostly nonsynonymous variants in

VPS13C from the validation cohort, including 14 present

in at least one of the 530 European control subjects (Table

S5). No additional homozygous or compound heterozy-

gous variants were found in the 31 other candidate genes.

The affected individual V-2 in family A harbored a

homozygous splice-site mutation c.8445þ2T>G, intron

61 in VPS13C confirmed by Sanger sequencing; eight

unaffected relatives, including the mother, had hetero-

zygous c.8445þ2T>G mutations or wild-type sequences

(Figures 1A and S3A). Affected individuals in families

B and C were compound heterozygotes (Figures 1A,

S3B, and S3C): the affected individual II-1 in family

B with c.[806_807insCAGA];[ 9568G>T], p.[Arg269Serfs*

14];[Glu3190*] variants; the affected individual II-1 in

family C with c.[4165G>C];[4777delC], p.[Gly1389Arg];

[Gln1593Lysfs*7] variants. Direct sequencing of VPS13C

in the three unaffected siblings (II-2, II-3, and II-4) in fam-

ily B and the unaffected mother (I-1) in family C showed

that they all carried heterozygous mutations or wild-type

alleles (Figures 1A and S3), indicating that all variations

were located on different alleles. The five VPS13C variants

were absent from dbSNP137, 1000 Genomes Project, EVS

(Table S6A), Exome Aggregation Consortium (ExAC) data-

bases (Table S6B), and our European control exomes,

except for the missense p.Gly1389Arg variant found on

one control chromosome. In addition, the c.8445þ2T>G

mutation was absent from 200 Turkish control chromo-

somes. No disruptive bi-allelic variants were found in our

530 control subjects; one disruptive homozygous variant

(rs199602573) was found in the EVS database and ExAC

populations (1/6,246 and 2/61,547, respectively), indi-

cating that VPS13C homozygous disruptive variants are

extremely rare in non-PD-affected populations (Tables S6

and S7).

The c.4165G>C and c.8445þ2T>G mutations were

predicted in silico to modify donor splice sites, one base

upstream and two bases downstream, respectively, of splice

junctions (Figure S4A). Reverse-transcription PCR analysis

of potential splicing defects confirmed the predictions

(Figure S4B). RNA from the homozygous individual of

family A showed at least three shorter transcripts, lacking

up to 231 nucleotides at the end of the exon 61. In the sub-

ject with the heterozygous variant, shorter transcripts were

barely visible, probably due to a high instability of these

aberrant RNAs. In family C, the longer transcript was

found in the subject with the heterozygous variant, con-

taining 14 additional nucleotides from intron 37.

VPS13C contains 86 exons spanning a 208-kb genomic

region and has twomain transcript variants, 1A (GenBank:

NM_017684.4) and 2A (GenBank: NM_020821.2) (Fig-

ure 1B). Although the transcript 1A, lacking exons 6 and 7

and encoding a 3,710-amino acid protein, is expressed in

most tissues, including brain and peripheral blood cells,

the longest transcript 2A encodes a brain-specific 3,753-

amino acid protein.23 Two additional isoforms with un-

characterized expression pattern are reported in Ensembl

(GenBank: NM_018080.3 and NM_001018088.2) and lack

the last four exons. All the isoforms contain the splice site

variants found in families A and C. VPS13C contains a

chorein domain at its N terminus, a DUF1162 domain of

unknown function, and a putative autophagy-related

domain (Figure 1B). Except for the c.8445þ2T>G variant,

which is located in the DUF1162 domain, none of the

variants were found in the predicted domains.

Clinical and Pathological Characteristics of Affected

Individuals Harboring VPS13C Mutations

The three affected individuals harboring VPS13C muta-

tions had early disease onset (25 to <46 years) and typical

parkinsonism (akineto-rigid syndrome, rest tremor, good
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levodopa response). Disease progression, however, was

particularly severe, with early cognitive decline, loss of

response to treatment, axial symptoms, and dysautono-

mia. Affected subjects were bedridden within 15 years of

clinical onset. Pyramidal signs and motor deficits were

observed in two affected individuals. Brain MRI was

normal early in the disease, and then bilateral atrophy

was observed in the frontal, parietal, and temporal lobes

(Table 1). Post-mortem examination of the brain of

the affected individual II-1 in family B, who died at age

49 of aspiration pneumonia, showed mild frontal

atrophy, including the primary motor area (Figures 2A–

2C). The pathology resembled diffuse Lewy body disease.

Alpha-synuclein and ubiquitin positive-Lewy bodies were

observed in the brainstem, limbic system, hippocampus,

and all cortical associative areas, including the parieto-

occipital region (Figures 2D–2F, Table S8). Tau-immunore-

active neurofibrillary tangles and neurites were seen in

the brainstem, hippocampus, and primary motor cortex

(Figure 2G, Table S8). There were no glial-, a-synuclein-,

Ab-, or TDP-43-immunoreactive inclusions.

Loss of VPS13C Function Affects Mitochondrial

Morphology, Transmembrane Potential, and

Respiration

To investigate the function of VPS13C, we explored its

subcellular distribution in human HEK293T by sucrose

gradient fractionation (Figure 3A). VPS13C was enriched

in the low-density fractions 1 and 2 containing the early

endosomal marker EEA1 and most of the cytosolic protein

Parkin. VPS13C was also found in higher-density fractions

containing membrane and soluble markers of the Golgi

apparatus (GOLGA2), the ER (Calnexin, BiP), and mito-

chondria (TOMM70, PMPCB, PINK1). Here, it was most

abundant in fractions 8–10, containing the greatest pro-

portion of TOMM70 and PMPCB. The mitochondrial

localization of VPS13C was confirmed in mitochondrion-

enriched fractions and pure mitochondria from HEK293T

and COS-7 cells (Figures 3B and 3C). Limited trypsin

digestion of mitochondrion-enriched fractions caused

concomitant loss of VPS13C and the outer mitochondrial

membrane receptor TOMM70 under conditions preserving

the outer mitochondrial membrane channel TOMM40

and mitochondrial matrix enzyme PMPCB, indicating

that VPS13C is located on the mitochondrial surface

(Figure 3C).

We then investigated the impact of loss of VPS13C

function on mitochondrial morphology, transmembrane

potential, and respiration, reported to be affected in

models of PINK1 or PARK2 deficiency.24,25 The siRNA-

mediated silencing of VPS13C in COS-7 cells reduced

VPS13C mRNA levels to no more than 25% of the control

condition (Figure S6) and was associated with perinu-

clear redistribution of mitochondria and mitochondrial

Table 1. Clinical Characteristics of Affected Individuals Harboring VPS13C Mutations

V-2 from Family A II-1 from Family B II-1 from Family C

Origin Turkish French French

Consanguinity yes no no

Gender female male female

Age at onset (years) <46 33 25

Symptoms at onset depression; asymetric akineto rigid
syndrome; no dystonia

asymetric akineto rigid syndrome
and rest tremor; limb dystonia

asymetric akineto rigid syndrome;
limb dystonia

Response to levodopa yes, partial yes, at early stage yes, at early stage (evaluated at 75%
initially)

Complications with treatment no motor fluctuation nor dyskinesia fluctuation and dyskinesia, ICD,
somnolence

no motor fluctuation nor dyskinesia

Evolution severe with early cognitive
decline with spatial disorientation
(MMSE 21), slurred speech and
hallucinations at the age of 51; axial
symptoms (postural instability, FOG,
and falls) and dysautonomia with
urinary incontinence at the age
of 54; bedridden, unable to speak,
apathetic, confused, cachexic with
dysphagia at the age of 58

severe with early cognitive decline
(MMSE 18 at the age of 40); axial
symptoms (FOG at the age of 35,
falls at the age of 39); dysautonomia
(at the age of 35); bedridden at the
age of 43, death at the age of 49 of
aspiration pneumonia

severe with early cognitive decline,
slurred speech before the age of 39;
severe axial symptoms at early
stage; bedridden at the age of 31;
gastrostomia at the age of 37.
Subject’s father died at 52 of a
pancreatic cancer

Atypical symptoms associated brisk tendon reflexes on the lower
limbs but no pyramidal syndrome

motor neuron signs with pyramidal
syndrome and limb atrophy at late
stage

motor neuron signs with spastic
tetraplegia

Cerebral MRI asymmetric atrophy in frontal,
parietal, and temporal areas at the
expense of the left side

normal (performed at early stage) normal (performed at early stage)

Abbreviations are as follows: ICD, impulse control disorder; MMSE, mini-mental state examination; FOG, freezing of gait.
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fragmentation, as confirmed by quantitative image analysis

(Figure 4A). Evaluation of the mitochondrial transmem-

brane potential (DJmt) with the potentiometric dye tetra-

methylrhodamine methyl ester (TMRM) revealed a sig-

nificant decrease in the mean fluorescence intensity of

mitochondria in cells depleted of VPS13C (Figure 4B). The

DJmtdecreasewas accompanied by an increase inmaximal

respiration rates and respiratory reserve, as assessed by high-

resolution respirometry in intact cells (Figure 4C). Similar

results were obtained in HEK293T cells (data not shown).

Loss of VPS13C Function Exacerbates PINK1/Parkin-

Dependent Responses to Mitochondrial

Depolarization

We further investigated the relationship between VPS13C

and PINK1 and PARK2, both at the transcript and protein

levels, with respect to their well-characterized response

to mitochondrial damage. PINK1 accumulates on mito-

chondria and recruits Parkin to initiate mitophagy in

response to mitochondrial dysfunction.4 Mitochondrial

depolarization, triggered by the protonophore CCCP,

partially redistributed VPS13C from mitochondria to the

cytoplasm without significantly changing VPS13C tran-

script levels (Figures 5A, 5B, and 5F, left); under these condi-

tions, PINK1 accumulated on mitochondria, as expected.4

VPS13C silencing did not affect PINK1 levels under basal

conditions, but it exacerbated CCCP-induced mitochon-

drial accumulation of PINK1 without impacting PINK1

mRNA abundance (Figures 5C, 5D, and 5F, middle). More-

over,VPS13C silencing enhancedmitochondrial transloca-

tion of Parkin triggered byCCCP (Figures 5C and 5E). It also

upregulated Parkin protein abundance in the cytosol

without affecting PARK2 transcript levels at 3 hr of CCCP

treatment (Figures 5E and 5F, right). PARK2 expression

increases in response to mitochondrial damage caused by

mitochondrial toxins, including CCCP.26,27 Here, PARK2

transcript levels tended to be higher at 48 hr of CCCP treat-

ment (Figure 5F, right). This response was significantly

enhanced after silencing of VPS13C or PINK1, suggesting

greater mitochondrial damage. PINK1 silencing was also

associatedwith downregulation ofVPS13C transcript levels

under basal conditions (Figure 5F, left), an effect that was

reversed by PINK1 overproduction (Figure S5), indicating

the existence of multiple regulatory loops between

VPS13C, PARK2, and PINK1. Consistent with the above

described effects on PINK1 and Parkin, VPS13C silencing

exacerbated PINK1/Parkin-mediated mitophagy triggered

by CCCP in COS-7 cells, a model that we previously vali-

dated for the study of this process (Figures 6 and S6).17,19

Discussion

This study establishes VPS13C mutations as a monogenic

cause of EO AR parkinsonism. Homozygous or compound

Figure 2. Neuropathology in the Proband of Family B with c.[806_807insCAGA];[9568G>T] VPS13C Mutations Shows Abundant
a-Synucleinopathy
(A–C) Macroscopic appearance of the left hemisphere (fixed): lateral view (A); medial view (B); coronal section at the level of the cerebral
peduncle (C).
(D and E) Lewy bodies in pigmented neurons in the substantia nigra (D, arrow, hematoxylin-eosin [HE] staining) and the parietal
neocortex (E, arrowhead, HE staining).
(F) Representative image of a-synuclein immunoreactivity in the frontal cortex showing abundant Lewy bodies and neurites.
(G) Tau-immunoreactive neurofibrillary tangles in the primary motor cortex.
Scale bars for microscopic images represent 50 mm.
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heterozygous truncating mutations in three PD-affected

individuals, absent from or present in the heterozygous

state in available unaffected family members and in a

very large number of control subjects, strongly support

the pathogenicity of VPS13C in EO parkinsonism. We

identified three affected individuals harboring VPS13C

mutations and could not perform co-segregation analyses,

due to the lack of additional affected relatives in the cor-

responding families. However, the affected individuals

shared a specific, rare, and extremely distinctive pheno-

type consisting of EO parkinsonism with very rapid

progression and dementia, which argues strongly for the

pathogenicity of VPS13C mutations. The initial pheno-

type, EO parkinsonism and a good response to levodopa

treatment, is similar to that of PD-affected individuals

with PARK2, PINK1, or DJ-1 mutations. However, the

affected individuals rapidly became bedridden because of

the worsening of motor dysfunction and loss of response

to treatment. Dysautonomia and pyramidal signs were

observed in two affected individuals, also distinguishing

the phenotype from the classical, slowly progressive EO

PD. The presence of numerous a-synuclein and ubiqui-

tin-positive-Lewy bodies in the brainstem, limbic system,

and many cortical areas was reminiscent of diffuse Lewy

body disease, consistent with a motor phenotype associ-

ated with dementia. a-synuclein Lewy bodies are absent

in most PD-affected individuals with PARK2 mutations,28

but were observed in the single autopsy case subject with

PINK1mutations reported.29 Tau-immunoreactive neurofi-

brillary tangles and neurites were also observed in case

subjects with PARK2 mutations.28 These features define

VPS13C-associated EO parkinsonism as a clinical, patho-

logical, and genetic entity belonging to the group of

synucleinopathies. In addition, our study also provides

31 potential candidate genes harboring disruptive homo-

zygous mutations in a single PD-affected individual. How-

ever, genetic replication and functional validation are still

needed to confirm their relevance to PD.

Alterations in other members of the VPS13 family cause

AR neurodegenerative disorders: VPS13A (MIM: 605978)

(CHAC [MIM: 200150]) is mutated in chorea-acanthocyto-

sis characterized by progressive neurodegeneration and red

cell acanthocytosis,30 and VPS13B (MIM: 607817) (COH1

[MIM: 216550]) is mutated in Cohen syndrome character-

ized by psychomotor retardation, microencephaly, and eye

abnormalities.31 VPS13A, VPS13B, and VPS13C are also

mutated in gastric and colorectal cancers with unstable

microsatellites.32

VPS13C belongs to a family of large VPS13 proteins

(VPS13A–D) similar to yeast Vps13p.23 Like yeast Vps,

mammalian vacuolar sorting proteins are crucial for

vesicular transport.33 Initial studies linked yeast VPS13

orthologs to the delivery of proteins to the vacuole,

the mammalian lysosome equivalent.34 Mutations in

VPS35, encoding a core component of the retromer

complex regulating endosomal protein sorting, are impli-

cated in AD late-onset PD.35,36 VPS35 is also involved

in protein trafficking from mitochondria to peroxi-

somes through mitochondria-derived vesicles.37 PINK1

and Parkin play a role in this transport route, which

delivers damaged mitochondrial cargo directly to lyso-

somes in response to mitochondrial stress.6 However,

the machinery regulating cargo selection and sorting

into vesicles remains to be identified. VPS13C might be

involved in this process. Such a mechanism would be

consistent with its mitochondrial localization and the

observed relocation to the cytosol in response to mito-

chondrial damage.

Figure 3. A Pool of VPS13C Is Located on
the Outer Mitochondrial Membrane
(A) Sucrose gradient fractionation illus-
trating the subcellular distribution of
endogenous VPS13C in HEK293T. Note
the enrichment of the protein in fractions
1–3 and 8–10. Soluble endoplasmic reticu-
lum (ER, BiP) and mitochondrial (PMPCB)
markers in fractions 1 and 2 reflect organ-
elle damage during fractionation.
(B) Western blot showing VPS13C immu-
noreactivity in mitochondria purified
by Percoll gradient centrifugation from
HEK293T cells (pM fraction). Note the
enrichment in VPS13C and the mitochon-
drial markers TOMM70 and PMPCB in the
pM fraction compared to the mitochon-
drion-enriched fraction (M). Abbreviation
is as follows: T, total lysate.
(C) Limited trypsin treatment of mito-
chondrion-enriched fractions (M) from
HEK293T or COS-7 cells caused loss of
VPS13C and the mitochondrial surface
marker TOMM70; the outer mitochondrial
membrane channel TOMM40 and the
matrix marker PMPCB are preserved.
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Several other observations in mammalian cells suggest

that, like PINK1 and Parkin, VPS13C plays a role in

mitochondrial maintenance. VPS13C depletion led to

reduction of DJmt and mitochondrial fragmentation in

cell lines. Moreover, it enhancedmaximal respiration rates,

suggesting compensatory adaptation aimed at preserving

DJmt levels. In neuronal cells, which produce ATP mainly

through mitochondrial oxidative phosphorylation and

are unable to switch to glycolysis under acute mitochon-

drial stress, such changes might in the long term exacer-

bate generation of reactive oxygen species and trigger

irreversible mitochondrial damage.38,39 VPS13C depletion

also upregulated PINK1/Parkin-dependent mitophagy,

and, similarly to PINK1 depletion, it enhanced the previ-

ously reported transcriptional upregulation of Parkin in

response to toxin-induced mitochondrial dysfunction.

Overall, these data suggest that loss of VPS13C function

increases mitochondrial vulnerability to stress and thereby

activates PINK1/Parkin-dependent mitochondrial quality

control pathways. Based on the inverse relationship be-

tween VPS13C and PINK1 protein levels on the mitochon-

drial surface, we cannot exclude that VPS13C also acts as a

negative regulator of PINK1.

Mitochondrial function is ensured by a series of intercon-

nected finely orchestrated pathways, activated in response

to different degrees of mitochondrial dysfunction.40 Exces-

sive mitophagy has been associated with a-synuclein-

dependent neurodegeneration.41 Further work is required

Figure 4. VPS13C Silencing Impacts Mitochondrial Morphology, Transmembrane Potential, and Respiration
(A) Representative immunofluorescence staining illustrating mitochondrial perinuclear redistribution and fragmentation in COS-7 cells
silenced for VPS13C (siVPS13C, 30 nM) compared to cells treated with control siRNA (siControl, 30 nM): green, mitochondrial matrix
marker PMPCB; red, a-Tubulin. VPS13C silencing reduced VPS13C mRNA levels to no more than 25% of the control condition
(see Figure S6). Scale bars represent 10 mm. Quantification of aspect ratio and form factor (see Subjects and Methods, Koopman
et al.21, and Buhlman et al.22) shows reduced mitochondrial network complexity in siVPS13C-treated cells (means 5 SEM; **p <
0.01; ***p < 0.001, of n ¼ 88 or 86 cells scored per condition).
(B) Analysis of the relative TMRM fluorescence of mitochondria in COS-7 cells transfected as in (A), illustrating the decrease in DJmt in
cells depleted for VPS13C. n ¼ 40 cells per condition from one experiment representative of three carried out. ***p < 0.001.
(C) Oxygen consumption rates in intact COS-7 cells transfected with siControl or siVPS13C. The top panel shows the oxygen flux
corrected for instrumental background from one representative experiment. The graph in the bottom panel displays the respiration
rates. Absence of VPS13C is associated with increased maximal respiration (¼ maximal uncoupled respiration under CCCP $ non-
mitochondrial respiration in the presence of the mitochondrial complex I and III inhibitors, rotenone, and antimycin A) and reserve
capacity (¼ maximal uncoupled respiration $ basal respiration before the addition of the complex V inhibitor oligomycin). Means 5
SEM; *p < 0.05, of six independent experiments.
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to clarify the role of VPS13C inmitochondrialmaintenance

and dissect its possible relation to PINK1/Parkin-dependent

pathways.

Enrichment of VPS13C in cell fractions containing the

early endosomal marker EEA1 suggests broader roles for

VPS13C invesicular trafficking.Amoregeneral involvement

in endosomal-lysosomal trafficking, possibly counteracting

a-synuclein pathology as recently reported for VPS35,42

might explain the diffuse a-synuclein pathology and

rapid progression to dementia in individuals with VPS13C

Figure 5. Loss of VPS13C Function Enhances Mitochondrial Accumulation of PINK1, Recruitment of Parkin, and PARK2 Upregulation
in Response to CCCP
(A and B)Western blot (A) and corresponding VPS13C protein levels (B) (normalized to a-Tubulin or PMPCB) in cytosolic (C), mitochon-
drion-enriched (M), and total (T) cell fractions from HEK293T cells treated or not with CCCP (10 mM, 3 hr). VPS13C levels decreased
significantly in mitochondria after CCCP treatment, but tended to increase in cytosol (means 5 SEM; *p < 0.05, of six independent
fractionation experiments).
(C–E) Western blot (C) and corresponding normalized protein levels (D, E) in cytosolic and mitochondrion-enriched fractions from
HEK293T transfected with 30 nM of control siRNA (siControl) or siRNA targeting VPS13C (siVPS13C).
(D) CCCP treatment resulted in accumulation of PINK1 (endogenous) in mitochondrion-enriched fractions (M) after treatment with
siControl ($) and, more significantly, with siVPS13C (þ).
(E) Accumulation of Parkin (endogenous) on depolarized mitochondria was also strongly enhanced in cells treated with siVPS13C. In
addition, Parkin levels were upregulated in the cytosolic (C) fractions, particularly in untreated cells (means 5 SEM; *p < 0.05 of
four independent fractionation experiments).
(F) Quantitative real-time RT-PCR showing relative mRNA levels, normalized to a-actin (ACTB), in HEK293T cells treated with control
siRNA (siControl), or siRNA targeting VPS13C (siVPS13C) or PINK1 (siPINK1), under basal conditions or after CCCP treatment. Note
the more than 30% decrease in VPS13C mRNA levels after PINK1 silencing under basal conditions, but not after CCCP treatment
(left). Note also that VPS13C and PINK1 silencing enhance the upregulation of PARK2 mRNA at 48 hr of CCCP treatment (right);
means 5 SEM of three to nine replicates per condition from two independent experiments (**p < 0.01; ***p < 0.001 compared to
siControl within each condition of CCCP treatment; ###p < 0.001 between the indicated conditions of CCCP treatments).
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mutations. Such a mechanism would potentially represent

a unifying link with cellular pathways involved in AD PD.

In summary, we describe truncating mutations in

VPS13C associated with EO parkinsonism with rapid

progression and widely distributed Lewy bodies. A meta-

analysis of PD genome-wide association studies recently

identified a susceptibility allele ~250 kb from VPS13C but

not associated with either CpG methylation or mRNA

expression,43 suggesting that VPS13C can either cause a

monogenic form of EO parkinsonism or confer genetic

susceptibility to PD. Although we are confident that our

work strongly implicates VPS13C mutations in PD, further

genetic studies in other populations are needed to confirm

their pathogenicity. The development of animal models in

which VPS13C is stably inactivated will help dissect the

mechanisms by which loss of VPS13C function affects

the survival of dopaminergic neurons.

Accession Numbers

The accession numbers for the variations inVPS13C reported in this

paper areClinVar: SCV000262816,SCV000262817, SCV000262818,

SCV000262819, and SCV000262820.

Supplemental Data

Supplemental Data include six figures and eight tables and can be

found with this article online at http://dx.doi.org/10.1016/j.ajhg.

2016.01.014.
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are Suzanne Lesage, François Tison, Marie Vidailhet, Jean-Christo-

phe Corvol, Yves Agid, Mathieu Anheim, Anne-Marie Bonnet, Mi-

chel Borg, Emmanuel Broussolle, Philippe Damier, Alain Destée,

Alexandra Dürr, Franck Durif, Paul Krack, Stephan Klebe, Ebba
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Tranchant, Marc Vérin, François Viallet, and Alexis Brice.

Members of The International Parkinson Disease Genomics Con-
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Charlesworth, Honglei Chen, Patrick F. Chinnery, Sean Chong,

Carl E. Clarke, Mark R. Cookson, Carl Counsell, Philippe Damier,

Figure 6. Loss of VPS13C Function Exacerbates PINK1/Parkin-Dependent Mitophagy
(A) Immunofluorescence staining of a representative experiment illustrating PINK1/Parkin-dependent mitophagy in COS-7 cells
overproducing Parkin and silenced for VPS13C or PINK1 (20 nM siRNA) after CCCP treatment (10 mM for 48 hr): red, Parkin; green,
mitochondrial matrix marker PMPCB. Open arrows indicate loss of mitochondrial networks; white arrows show preserved networks.
Scale bars represent 10 mm.
(B) Quantification of mitophagy in the conditions described in (A), expressed as the proportion of COS-7 cells without PMPCB (black
bars) or TOMM20 (gray bars) staining; the siVPS13C treatment increased and siPINK1 decreased the proportion. In the absence of exog-
enous Parkin ($Parkin; cells overproducing the control protein EGFP) or CCCP (not shown), all the cells harbored normalmitochondrial
PMPCB staining, whether or not VPS13C was silenced (means 5 SEM; *p < 0.05, **p < 0.01 of 3 independent experiments; 100 cells
scored per condition).
(C) Proportion of COS-7 cells without PMPCB staining after transfection with half-doses (10 nM) of each siRNA and 48 hr of CCCP treat-
ment. Themitophagy-promoting effect ofVPS13C depletion was abolished by concomitant silencing of PINK1 (means5 SEM; *p< 0.05
of 3 independent experiments; 100 cells scored per condition).

510 The American Journal of Human Genetics 98, 500–513, March 3, 2016



Jean-François Dartigues, Panos Deloukas, Günther Deuschl, David

T. Dexter, Karin D. van Dijk, Allissa Dillman, Jing Dong, Frank

Durif, Sarah Edkins, Valentina Escott-Price, Jonathan R. Evans,

Thomas Foltynie, Jianjun Gao, Michelle Gardner, Alison Goate,

Emma Gray, Rita Guerreiro, Clare Harris, Jacobus J. van Hilten, Al-

bertHofman,AlbertHollenbeck, PeterHolmans, JaniceHolton,Mi-
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