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ABSTRACT 

 

Mutations of LRRK2, encoding leucine-rich repeat kinase 2, are the leading cause of 

autosomal dominant Parkinson’s disease (PD). The most frequent of these mutations, G2019S 

substitution, increases kinase activity, but it remains unclear how it causes PD. Recent studies 

suggest that LRRK2 modulates mitochondrial homeostasis. Mitochondrial dysfunction plays a 

key role in the pathogenesis of autosomal recessive PD forms linked to PARK2 and PINK1, 

encoding the cytosolic E3 ubiquitin-protein ligase Parkin and the mitochondrial kinase 

PINK1, which jointly regulate mitophagy.  

We explored the role of LRRK2 and its kinase activity in PINK1/Parkin-dependent 

mitophagy. LRRK2 increased mitochondrial aggregation and attenuated mitochondrial 

clearance in cells coexpressing Parkin and exposed to the protonophore CCCP. FRET 

imaging microscopy showed that LRRK2 impaired the interactions between Parkin and Drp1 

and their mitochondrial targets early in mitophagy. The inhibition of LRRK2 kinase activity 

by a “kinase-dead” LRRK2 mutation or with a pharmacological inhibitor (LRRK2-IN-1) 

restored these interactions. The monitoring of mitophagy in human primary fibroblasts with 

the novel dual-fluorescence mtRosella reporter and a new hypothermic shock paradigm 

revealed similar defects in PD patients with the G2019S LRRK2 substitution or PARK2 

mutations relative to healthy subjects. This defect was restored by LRRK2-IN-1 treatment in 

LRRK2 patients only.  

Our results suggest that PD forms due to LRRK2 and PARK2 mutations involve pathogenic 

mechanisms converging on PINK1/Parkin-dependent mitophagy.  



INTRODUCTION 

 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, 

characterized by the progressive loss of the dopaminergic neurons of the substantia nigra pars 

compacta. Most cases of PD are sporadic, but about 10% of the cases have a familial origin. 

Over the last two decades, disease-causing mutations with autosomal dominant (e.g. 

PARK1/SNCA, PARK8/LRRK2) or recessive (e.g. PARK2/Parkin, PARK6/PINK1) 

transmission have been identified in about 20 genes (1). Mutations in LRRK2 are the 

commonest cause of both familial and sporadic PD forms, with reported frequencies of 15-

40%, depending on the population studied (2–4). Mutations in PARK2 are the commonest 

cause of early-onset PD, with reported frequencies of 10–20% worldwide (5). 

Leucine-Rich Repeat Kinase 2 (LRRK2) is a large multidomain protein of the ROCO family, 

with both kinase and GTPase activities (6). The most frequent mutation of the gene encoding 

this protein leads to the G2019S substitution in the kinase domain and has been associated 

with an increase in kinase activity and with neurotoxicity in cell models (7–10). The precise 

function of LRRK2 remains unknown, but various roles in vesicle synthesis and trafficking 

(11), microtubule dynamics (10, 12, 13), inflammation (14–16) and autophagy (17–20) have 

been described. LRRK2 has also been linked to the regulation of mitochondrial homeostasis. 

Several studies have shown that the G2019S substitution disturbs mitochondrial function, 

decreasing mitochondrial membrane potential, ATP levels and production, and inducing ROS 

imbalance, and changes in fusion/fission dynamics (21–24). In particular, several groups have 

reported a functional interaction with the mitochondrial fission-promoting dynamin-related 

protein 1 (Drp1) (23, 25–28). 

Drp1-dependent mitochondrial fission occurs early in mitophagy and promotes the isolation 

of the damaged organelle from the healthy network (29). Two proteins encoded by genes 



implicated in autosomal recessive PD forms — the E3 ubiquitin protein ligase Parkin and the 

mitochondrial serine/threonine PINK1 — jointly regulate a mitophagy program triggered by 

mitochondrial depolarization (30–33). This process involves a sequence of events initiated by 

the accumulation of PINK1 close to the translocase of outer mitochondrial membrane (TOM 

complex), followed by the mitochondrial translocation and activation of Parkin, the 

ubiquitylation of a series of mitochondrial proteins and the recruitment of ubiquitin-binding 

autophagy adaptors and the autophagy machinery (34, 35). We have shown that PINK1 and 

Parkin cooperate in the recruitment of Drp1 to mitochondria during mitophagy (36).  

We investigated the mechanisms by which LRRK2 affects mitochondrial function, by 

exploring its potential impact on PINK1/Parkin-dependent mitophagy and the effects of the 

G2019S substitution. Using cell lines and primary fibroblasts from PD patients, we showed 

that LRRK2 attenuated mitophagy, and that this effect was exacerbated by the G2019S 

substitution. We also provide evidence that LRRK2 interferes with protein-protein 

interactions involving Parkin and Drp1 on the outer mitochondrial membrane (OMM), and 

that these interactions, together with the defect in PINK1/Parkin-dependent mitophagy, can be 

rescued by the inhibition of LRRK2 kinase activity.  

 

 

  



RESULTS 

 

LRRK2 attenuates PINK1/Parkin-dependent mitophagy in a kinase-dependent manner 

We investigated the possible role of LRRK2 in PINK1/Parkin-dependent mitophagy in a 

model previously validated for the investigation of this process (36–38). In this model, Parkin 

is transiently overexpressed in COS7 cells. The cells are then treated with CCCP 

(carbonylcyanide m-chlorophenylhydrazone) and mitophagy is followed over time by 

quantifying two relevant parameters: (1) perinuclear mitochondrial aggregation, an early 

Parkin-dependent phenomenon preceding mitochondrial degradation (39); and (2) the 

clearance of mitochondrial markers. We investigated the impact of LRRK2 on mitophagy, by 

expressing Parkin alone or with full-length LRRK2. Under cotransfection conditions, 

exogenous Parkin was expressed in the vast majority of the LRRK2-immunopositive cells 

(95%, data not shown). Moreover, western blots revealed that exogenous LRRK2 expression 

had no major impact on Parkin levels and that LRRK2 was undetectable in native cells 

(Supplementary Material, Fig. S1). We then analyzed the mitochondrial network after staining 

for a marker of the mitochondrial matrix (the β subunit of the mitochondrial processing 

peptidase, PMPCB) or the outer mitochondrial membrane (the TOMM20 subunit of the 

translocase of outer mitochondrial membrane, data not shown) in cells immunopositive for 

Parkin (Parkin-only conditions) or for LRRK2 (cotransfection conditions). After 48 h of 

CCCP treatment, about 35% of the cells expressing Parkin alone had aggregated 

mitochondrial networks and 20% had lost all mitochondrial staining. In cells coexpressing 

LRRK2, the percentage of cells without mitochondrial staining was significantly smaller, but 

levels of mitochondrial aggregation were similar (Fig. 1A and B). As expected, no 

mitochondrial aggregation or clearance was observed in the absence of Parkin 

(Supplementary Material, Fig. S2 and data not shown), regardless of the presence or absence 

of LRRK2 (Fig. 1A and B). We then investigated the effect of LRRK2 kinase activity on the 



observed decrease in Parkin-dependent mitophagy, by expressing two LRRK2 variants with 

altered kinase activity: LRRK2-G2019S, reported to have higher kinase activity (7–10), and 

the kinase-dead LRRK2-D1994A variant (40–42) (Fig. 1C, Supplementary Material, Fig. S3). 

Western blot analysis revealed that the abundance of these variants was significantly lower 

than that of the normal LRRK2 protein in cells (Supplementary Material, Fig. S1). This was 

not as much due to differences in protein abundance in individual cells as it reflected lower 

proportions of cells expressing the mutant proteins, possibly linked to toxicity. For the 

analysis of mitophagy, we took into account only cells with similar levels of LRRK2 

immunoreactivity. The proportion of cells with aggregated mitochondria was significantly 

higher following the expression of LRRK2-G2019S than with LRRK2, at 60% rather than 

40%. Moreover, the expression of LRRK2-G2019S further reduced mitochondrial clearance, 

by approximately 50%. By contrast, LRRK2-D1994A had no effect on mitochondrial 

aggregation and tended to weaken the impact of LRRK2 on mitochondrial clearance (Fig. 1C, 

Supplementary Material, Fig. S3; p-value < 0.05 versus Parkin-only condition compared to p-

value < 0.001 versus Parkin-only condition for LRRK2). These results suggest that LRRK2 

attenuates Parkin-dependent mitophagy in a kinase-dependent manner, through effects on an 

early step in this process associated with the formation of mitochondrial aggregates. We 

explored this relationship further, by performing a kinetic analysis of mitochondrial 

aggregation in cells expressing Parkin alone (Parkin-only conditions) or together with 

LRRK2, LRRK2-G2019S or LRRK2-D1994A (Fig. 1D). As expected from our previous 

experience (36–38), the proportion of cells with mitochondrial aggregates progressively 

increased in the presence of overexpressed Parkin, reaching a plateau after 8 h of CCCP 

treatment. A similar progression was observed in cells coexpressing the kinase-dead LRRK2-

D1994A variant. By contrast, the proportion of cells with aggregated mitochondria at each of 

the time points analyzed was significantly higher in cells coexpressing LRRK2, and higher 



still in cells coexpressing LRRK2-G2019S. Cell treatment with the well-known LRRK2 

kinase inhibitor, LRRK2-IN-1 (43) (5 µM), normalized the aggregation profile in cells 

coexpressing LRRK2 and significantly decreased the proportion of cells with aggregated 

mitochondria in cells coexpressing LRRK2-G2019S (Fig. 1E). By contrast, LRRK2-IN-1 had 

no impact on the aggregation profile in cells expressing Parkin alone or together with 

LRRK2-D1994A (Fig. 1F). These observations highlight the role of LRRK2 kinase activity in 

mitochondrial aggregation, an early phenomenon in mitophagy occurring before 

mitochondrial clearance. 

 

LRRK2 kinase activity interferes with protein-protein interactions involving Parkin and 

Drp1 on mitochondria 

In previous studies, we used Förster resonance energy transfer (FRET) microscopy with the 

acceptor photobleaching paradigm to monitor protein-protein interactions on the OMM (36, 

37). These studies showed that Parkin is recruited to the mitochondria, in close proximity to 

PINK1 and the TOM complex, early in mitophagy, and that it cooperates with PINK1 in the 

recruitment to mitochondria of the dynamin-related GTPase Drp1, which is essential for 

efficient mitophagy (29, 36, 44). All these interactions, detected upon mitochondrial 

depolarization, were strictly dependent on the presence of PINK1, and were affected by 

Parkinson’s disease-linked PARK2 mutations (36, 37). We therefore used this method to 

explore the impact of LRRK2 on the molecular proximity of Parkin to TOM complex 

subunits, and of Parkin to Drp1, following CCCP treatment. As previously reported, we 

detected FRET between the TOMM40 and TOMM70A subunits of the TOM complex and 

Parkin (Fig. 2A), and between Drp1 and Parkin (Fig. 2D and E) (37). By contrast, no FRET 

was detected between TOMM20, TOMM22, VDAC1 and Parkin (Fig. 2A). The 

overexpression of LRRK2 and LRRK2-G2019S abolished FRET between the 



abovementioned donor/acceptor pairs, whereas FRET was preserved with the kinase-dead 

LRRK2-D1994A variant (Fig. 2A). The treatment of cells expressing LRRK2 or LRRK2-

G2019S with LRRK2-IN-1 restored FRET efficiencies between the investigated protein pairs 

(Fig. 2B-E, Supplementary Material, Fig. S4). We explored the impact of LRRK2 on the 

mitochondrial recruitment of Drp1 directly, by investigating the interaction between Drp1 and 

its mitochondrial receptor, MiD51, which we have previously shown to be required for 

Parkin-dependent mitophagy (36). FRET was detected between Drp1 and MiD51 in cells 

treated with CCCP, but was abolished in cells overexpressing LRRK2 or LRRK2-G2019S. 

Again, the Drp1-MiD51 interaction was preserved in the presence of LRRK2-D1994A and 

restored by LRRK2-IN-1 treatment in cells expressing active LRRK2 variants (Fig. 2F and 

G). 

Overall, these results suggest that the kinase activity of LRRK2 disrupts protein-protein 

interactions on the outer mitochondrial membrane occurring early in PINK1/Parkin-dependent 

mitophagy, including the recruitment of Drp1 to its receptor, MiD51. 

 

A new model for studying Parkin-dependent mitophagy in human fibroblasts 

We evaluated the relevance of our findings, by comparing the efficiency of mitophagy in 

primary fibroblasts from healthy controls and patients carrying the activating G2019S LRRK2 

mutation or PARK2 mutations. Our analysis of the mitophagy triggered by CCCP in human 

fibroblasts with endogenous levels of Parkin led to inconsistent results. Specifically, the 

severe fragmentation of the mitochondrial network made it impossible to obtain reliable 

estimates of the modest decreases in the abundance of specific mitochondrial markers. 

Previous studies have shown that autophagy can be stimulated by a heat shock (45–47). We 

therefore developed a new mitophagy paradigm based on induction by heat stress, to avoid the 



massive mitochondrial depolarization triggered by CCCP. We also used a mitophagy reporter 

consisting of a pH-stable DsRed.T4 fused to a green fluorescent protein sensitive to acidic 

conditions (pHluorin) and targeted to mitochondria by a classical N-terminal mitochondrial 

targeting signal (mtRosella) for the quantitative assessment of mitophagy in living cells. 

Rosella constructs have been successfully used in the monitoring of autophagy-dependent 

processes, including mitophagy, in yeast and Caenorhabditis elegans, based on estimation of 

the ratio of the red-only signal, reflecting the presence of the reporter in the acidic lysosomal 

compartment, to green/red double fluorescence (48, 49). We here report the first application 

of this system to mammalian cells. Fibroblasts from control individuals overexpressing 

mtRosella were shifted to either 42°C or 24°C for 45 minutes and then returned to 37°C for 

45 minutes (Fig. 3A and B). The shift to 42°C resulted in an overall compaction of the 

mitochondrial network relative to basal conditions (cells maintained at 37°C), with no change 

in the red-only signal. By contrast, the shift to 24°C led to an increase in the abundance of 

mitochondrial vesicles with red-only fluorescence, resulting in a doubling of mean red-only 

fluorescence relative to basal conditions. This increase was abolished following treatment 

with the autophagy inhibitor 3-methyladenine (3-MA) (Fig. 3C), and in cells silenced for 

ATG5 (Fig. 3D), Parkin (Fig. 4A and B) or PINK1 (Fig. 4C and D), indicating that it was 

related to PINK1/Parkin-dependent mitophagy. Moreover, the red-only fluorescent 

mitochondrial vesicles corresponded to mitochondria engulfed by lysosomes, as shown by 

confocal microscope analyses of co-localization with the lysosomal LysoTracker dye 

(Supplementary Material, Fig. S5). More than 90% of the red-only signal colocalized with 

Lysotracker fluorescence, whereas no more than 15% of the green fluorescent mitochondrial 

staining colocalized with lysosomes. Thus, shifting cells to 24°C triggers Parkin-dependent 

mitophagy in human fibroblasts.  

 



 

 

Parkin-dependent mitophagy is impaired in fibroblasts from PD patients 

We then used the shift to 24°C to investigate Parkin-dependent mitophagy in fibroblasts from 

control subjects and PD patients with the G2019S LRRK2 mutation, or various compound 

heterozygous combinations of PARK2 mutations (Table 1). We previously showed that Parkin 

was detectable in human fibroblasts (50). Western blot analysis showed that LRRK2 was 

present in cells from each category of subjects (Supplementary Material, Fig. S6). The 

mtRosella reporter was expressed following transient transfection, and mitophagy was 

investigated in four independent sessions, each including a different fibroblast line from each 

category of subjects (Supplementary Material, Table S1 and Table 1). As expected, the 

overall analysis of these experiments revealed that, in control fibroblasts, the shift to 24°C led 

to the appearance of numerous mitochondrial vesicles with red-only fluorescence. By 

contrast, red-only fluorescence was much less abundant in fibroblasts from patients with 

PARK2 mutations and carriers of the G2019S LRRK2 mutation (Fig. 5A and C). The levels of 

red-only fluorescence in cells from patients were similar to those in control cells maintained 

at 37°C (Fig. 3B), suggesting that there was no effect on basal mitophagy. An impaired 

induction of mitophagy was observed for all patient lines relative to any control line, 

demonstrating the robustness of these results (Supplementary Material, Table S1). We 

evaluated the dependence of the apparent impairment of mitophagy induction in LRRK2 

patients on the kinase activity of the protein, as suggested by our results in COS7 cells, by 

treating the cells with LRRK2-IN-1 (Fig. 5B and C). LRRK2-IN-1 restored Parkin-dependent 

mitophagy in fibroblasts with the G2019S LRRK2 mutation, but not in fibroblasts with 

PARK2 mutations. The inhibition of LRRK2 kinase activity had no effect on mitophagy 

induction in fibroblasts from control individuals. 



Our results for COS7 cells suggested that LRRK2 overactivity disturbs the mitochondrial 

recruitment of Drp1 preceding mitophagy. We therefore investigated whether rescue of the 

mitophagy defect by LRRK2-IN-1 in fibroblasts from LRRK2-G2019S patients was 

dependent on functional Drp1. We transfected fibroblasts from LRRK2-G2019S patients with 

the mtRosella construct together with an empty vector or vectors encoding the dominant 

negative Drp1-K38A variant or functional Drp1 (Fig. 6A and B). We evaluated the impact of 

LRRK2-IN-1 on the restoration of mitophagy following a shift to 24°C in these conditions. 

As previously observed, LRRK2-IN-1 restored mitophagy in fibroblasts from LRRK2-

G2019S patients transfected with empty or functional Drp1 vectors. By contrast, mitophagy 

induction was not rescued in cells expressing Drp1K38A (Fig. 6A and B). Overexpression of 

Drp1 in cells from LRRK2-G2019S patients did not rescue the mitophagy defect per se, 

stuggesting that this approach does not restore the mitochondrial recruitment of Drp1. For 

confirmation of the requirement of Drp1 to rescue mitophagy induction in LRRK2-G2019S 

fibroblasts, we treated the cells with the cell-permeable Drp1 inhibitor Mdivi-1 (51); again, no 

correction of the mitophagy defect by LRRK2-IN-1 was observed (Fig. 6C and D). These 

results suggest that the impairment of Parkin-dependent mitophagy in LRRK2-G2019S 

patients is at least partly mediated by Drp1. To gain insight into possible mechanisms 

underlying Drp1 dysregulation by LRRK2-G2019S, we examined intracellular levels of Drp1 

or Drp1 forms phosphorylated on serine 616 or serine 637, known respectively to promote 

mitochondrial translocation and fission (52) or sequestration of the protein in the cytosol (53), 

in fibroblasts from LRRK2-G2019S patients and control subjects (Supplementary Material, 

Fig. S7). As a control, we also analyzed levels of the profusion GTPase Mfn2. The abundance 

of total Drp1, Drp1 phosphorylated on serine 616 and Mfn2 were similar in cells from 

patients and controls, both under basal conditions and following a shift to 24°C. Drp1 

phosphorylated on serine 637 was undetectable in these experimental conditions.  



 

DISCUSSION 

We explored the involvement of LRRK2 in PINK1/Parkin-dependent mitophagy in two 

complementary model systems: a classical model based on the overexpression of Parkin and 

the coexpression of LRRK2 variants in a human cell line, and induction of mitochondrial 

dysfunction using the mitochondrial uncoupler CCCP; and an original model with 

physiological expression of Parkin and LRRK2 variants, based on the use of primary human 

fibroblasts from control individuals or PD patients, and thermal stress to trigger mitophagy. A 

combination of approaches were used to explore mitophagy in these models, including 

analysis of mitochondrial network aggregation and clearance, investigation of key protein-

protein interactions established during the early phases of the process, and the use of the novel 

sensitive dual-fluorescence mitophagy reporter, mtRosella. We provide several lines of 

evidence consistent with a role for LRRK2 kinase hyperactivity in downregulating 

PINK1/Parkin-dependent mitophagy. First, the overexpression of kinase-active LRRK2 

accentuated the perinuclear accumulation of damaged mitochondria and attenuated their 

Parkin-dependent clearance triggered by CCCP. These effects were exacerbated by the 

expression of the kinase hyperactive LRRK2-G2019S variant, and mitigated or abolished by 

expression of the kinase inactive LRRK2-D1994A variant, or treatement of the cells with a 

pharmacological LRRK2 kinase inhibitor. Second, LRRK2 interfered with the recruitment of 

Parkin and the fission-promoting GTPase Drp1 to their respective interactors on the OMM, 

the TOM complex and the receptor MiD51. Again, this effect was abolished by genetic and 

pharmacological approaches aimed at inhibiting LRRK2 kinase activity. Third, the use of 

mtRosella, revealed that LRRK2 overactivation compromised the induction of PINK1/Parkin-

dependent mitophagy in fibroblasts from PD patients carrying the LRRK2-G2019S 

substitution. This defect was similar to that observed in patients with compound heterozygous 



PARK2 mutations, and was rescued by a LRRK2 kinase inhibitor. Finally, our results suggest 

that the effect of LRRK2 kinase hyperactivity on PINK1/Parkin-dependent mitophagy is at 

least in part mediated by Drp1. 

Previous studies have already highlighted a functional interplay between LRRK2 and Drp1, 

albeit with inconsistent results (54) (23, 25–28). Consistent with our findings, the inhibition of 

LRRK2 kinase activity has been shown to promote the association of Drp1 with mitochondria 

and mitochondrial fission (55), indicating that impairment of the mitochondrial translocation 

of Drp1 may well underlie the mitophagy defect in cells from patients with the G2019S 

substitution. Consistent with this possibility, other authors have reported changes in 

mitochondrial morphology compatible with fission arrest in LRRK2-G2019S knock-in mice 

and fibroblasts from patients carrying the newly discovered LRRK2 substitution E193K (28, 

56). In mice, these alterations were accompanied by a decrease in levels of Drp1 

phosphorylated on serine 616 (52). The specific mechanisms by which LRRK2 regulates 

Drp1 to inhibit mitochondria fission before mitophagy remain to be determined. It has been 

suggested that LRRK2 phosphorylates Drp1 directly on the serine 637 residue, thereby 

preventing translocation of the protein from the cytosol to the OMM (53). We did not detect 

changes to the phosphorylation state of serine 616 or serine 637 under basal conditions or 

following thermal stress in total lysates from fibroblasts derived from carriers of the G2019S 

mutation compared to control cells. This does not exclude a possible impact of LRRK2-

G2019S on the mitochondrial pool of Drp1. Such an impact may be indirect and possibly 

involve other posttranslational modifications known to regulate the mitochondrial association 

of Drp1 (52).  

The role of LRRK2 in macroautophagy has also been intensively investigated in previous 

studies (54), several of which concluded that its effect is proautophagic (10, 17, 19, 57–59), 

and others reporting an inhibitory effect (20, 60, 61) or no effect (62). Previous attempts to 



address the impact of LRRK2 on basal mitophagy (52, 58), which is unaffected by PINK1 and 

Parkin (63, 64) showed opposing effects, whereas a single study assessing toxin-induced 

mitophagy in fibroblasts from patients with sporadic and LRRK2-linked PD, using 

colocalization of TOMM20 and the lysosomal marker LAMP1 as a supposed “mitophagy 

index” was inconclusive (65). Only one previous study investigated, in detail, the direct 

impact of LRRK2 on PINK1/Parkin-dependent mitophagy, and its findings are consistent 

with our observations (66). This study showed that axonal mitophagy was delayed in induced 

pluripotent stem cell (iPSC)-derived neurons from patients with sporadic PD and patients with 

the LRRK2-G2019S mutation, through a combination of approaches, including the 

colocalization of mitochondria with LC3 or optineurin and the use of the ratiometric 

mitophagy reporter mt-Keima. This defect was linked to a mechanism converging on the 

outer mitochondrial membrane protein Miro, a GTPase that anchors mitochondria via 

molecular motors to the microtubule network and is known to be cleared by the joint action of 

PINK1 and Parkin before mitophagy. The authors showed that LRRK2 facilitated 

mitochondrial arrest by promoting the removal of Miro from damaged mitochondria, an effect 

that was disrupted by the G2019S substitution. Mitochondrial fission and detachment from 

microtubules are early steps in mitophagy that are thought to require coordination for 

engulfment of the damaged organelle by the autophagosome. An impact of LRRK2 on 

mitochondrial arrest is, therefore, not incompatible with an effect on mitochondrial fission 

during mitophagy, and might be particularly relevant to the efficiency of mitophagy, 

particularly in highly polarized cells such as neurons.  

Interestingly, the molecular events that initiate mitophagy are integrated by a physical 

platform corresponding to the interface between the endoplasmic reticulum (ER) and 

mitochondria that has been reported to be regulated by PINK1 and Parkin (50, 67–69). ER 

tubules mark sites of Drp1 recruitment and mitochondrial fission (70), and mitochondria are 



progressively degraded at the ER-mitochondrion interface (71). PINK1 and Parkin promote 

the degradation of the profusion GTPase Mfn2, which tethers the mitochondria to the ER in 

mammalian cells (72, 73). Subsequent dissociation of the mitochondria from the ER is 

essential for efficient mitophagy (69). The Miro GTPase Gem1 is an integral component of 

the ER-mitochondrion interface in yeast, and this role may have been conserved throughout 

evolution (74), in which case, PINK1/Parkin-dependent Miro degradation or LRRK2-

mediated removal from mitochondria during mitophagy may also contribute to organelle 

separation. Remarkably, mitochondria-lysosome contacts have also been involved in the 

regulation of Drp1-dependent mitochondrial fission events at sites marked by ER tubules, 

through GTP hydrolysis by the small Rab GTPase, Rab7, driven by the Rab7 GTPase-

activating protein, TBC1D15 (75). Rab7 and TBC1D15 also regulate autophagosme 

biogenesis during PINK1/Parkin-dependent mitophagy (76), and LRRK2 and its substrate 

Rab GTPases are recruited to overloaded lysosome to maintain their homeostasis (77). 

These observations suggest that, like PINK1 and Parkin, LRRK2 may modulate mitophagy by 

acting on molecular actors involved in various steps of mitochondrial degradation in a 

dynamically controlled manner. Further studies are required to explore this hypothesis in 

greater depth, and to determine the extent to which the regulation of these molecular events 

corresponds to a physiological role of LRRK2, rather than a gain of function linked to PD-

causing mutations. Notably, evidence for LRRK2 hyperactivation was recently provided in 

brain tissue from patients with idiopathic PD and in two distinct rat models of PD (78). This 

defect was linked to a pathological cascade initiated by oxidative stress, and involving 

autophosphorylation of LRRK2 and secondary accumulation of signs of mitochondrial and 

lysosomal dysfunction. Therefore, LRRK2 kinase inhibition may be considered as a potential 

therapeutic approach for correcting mitochondrial and autophagy defects, possibily not only 

in patients with LRRK2 mutations but also, more generally, in idiopathic PD.  



 

  



MATERIALS AND METHODS 

 

Human fibroblasts 

Human fibroblasts were obtained from skin biopsy specimens obtained from patients with the 

G2019S LRRK2 substitution or with PARK2 mutations and healthy individuals, at the Clinical 

Investigation Center for Neurosciences at Pitié-Salpêtrière hospital. All patients signed an 

informed consent before the procedure, and the study was approved by a local ethics 

committee and the regulatory authorities. Patients were screened for PARK2 mutations by 

exon dosage and bidirectional Sanger sequencing of the entire coding sequence, as previously 

described (79). Patients were screened for the LRRK2-G2019S mutation in Taqman assays, 

with confirmation by bidirectional Sanger sequencing for those testing positive (80).   

Plasmids, pharmacological agents, treatments and antibodies 

The following plasmids were used for transfection: pcDNA3-HA, pcDNA-HA-Parkin, 

pDEST53-GFP-LRRK2/LRRK2-G2019S (full-length proteins) (9) and pDEST53-GFP-

LRRK2-D1994A (obtained from pDEST53-LRRK2-GFP by site-directed mutagenesis), 

pCB6-Myc-Drp1 and pCB6-Myc-Drp1-K38A (provided by M. Rojo). The pCINeo-mtRosella 

vector, encoding a pH-stable DsRed.T4 fused to a green fluorescent protein (pHluorin) linked 

to the COX VIII N-terminal mitochondrial targeting signal, was designed by Carlos Rosado 

(Mark Prescott’s laboratory, Monash University, Australia). RNA interference approaches 

involved: ATG5 siRNA (Qiagen, SI02655310), Parkin siRNA (Invitrogen, HSS107593), 

PINK1 siRNA (Thermo Fisher, HSS127945) and all-star siRNA (control; Qiagen, 1027281), 

all used at a concentration of 100 nM.  

The pharmacological agents used were:  10 µM CCCP (Sigma, C2759) for 48 h (mitophagy 

analysis) or for 6 h (FRET experiments), 10 mM 3-methyladenine (3-MA, Sigma, M9281) for 



3 h (Rosella experiments), 5 µM LRRK2-IN-1 (Millipore, 438193) for 0 to 12 h 

(mitochondrial aggregation kinetics), 2 h (Rosella experiments) or 6 h (FRET experiments) 

and 50 µM Mdivi-1 (Sigma, MO199) for 90 min (Rosella experiments). Primary fibroblasts 

were exposed to heat shock by shifting them from 37°C to 24°C or 42°C for 45 min. They 

were then returned to 37°C for 45 min before analysis. 

The primary antibodies used for western blotting or for immunocytochemistry and FRET 

experiments are listed in Tables 2 and 3, respectively.  

Cell culture and transfection 

COS7 cells were maintained in DMEM GlutaMAX™ (Dulbecco’s modified Eagle’s medium; 

Gibco, 10566016) supplemented with 10% (v/v) fetal bovine serum (Gibco, 10270106) and 

1% (v/v) antibiotics (penicillin and streptomycin, Invitrogen, 25030024) at 37°C, under a 

humidified atmosphere containing 5% CO2. Cells were plated at a density of 30,000 (FRET 

experiment) or 40,000 cells per well (mitophagy analysis) in 24-well culture plates (Corning, 

3527). They were added to the wells on 14-mm glass coverslips precoated with poly-D-lysine 

(PDL, Sigma, P7886; 250 µg/ml). After incubation at 37°C for 24 hours, the cells were 

transfected with 1 µg of plasmid per well in the presence of DMRIE-C agent (Invitrogen, 

10459-014) in Opti-MEM™ medium (Thermo Fisher Scientific, 31985070) for 5 hours, 

according to the manufacturer’s instructions. In cotransfections, pcDNA3-HA-Parkin and 

pDEST53-GFP-LRRK2 vectors were used at a ratio of 1:9 by weight. At the end of the five-

hour transfection period, the transfection medium was removed and the cells were incubated 

overnight with complete DMEM GlutaMAX™ at 37°C, under an atmosphere containing 5% 

CO2. The cells were exposed to pharmacological agents (see above) 24 hours later. They were 

then fixed by incubation in 4% paraformaldehyde (PFA, Sigma, 252549) for 20 minutes, 

washed three times with phosphate-buffered saline (PBS) and stored at 4°C. 



Human fibroblasts were maintained at 80% confluence in complete DMEM GlutaMAX™ 

medium. Fibroblasts were transfected with the following plasmids: 1 µg of mtRosella plasmid 

alone, with other plasmids (1 µg) or with siRNAs (100 nM), per 20,000 cells. Cells were 

transfected by electroporation (2 pulses, 20 ms and 1200 V) with the Neon® Transfection 

System (Thermo Fisher Scientific, MPK10096) and plated in Ibidi glass-bottomed eight-well 

chambers (Biovalley, 80827; 20,000 cells per well) or in six-well plates (TPP, 92006; 400,000 

cells per well), in phenol red-free medium supplemented with 10% (v/v) FBS and 1% (v/v) 

glutamine. The medium was replaced after 24 h, and analyses were performed 72 h after 

transfection. 

Immunocytochemistry 

Cells were processed with standard immunocytochemical techniques. In brief, cells were 

permeabilized by incubation in 0.2% Triton X-100 in PBS for 10 minutes and nonspecific 

binding sites were blocked by incubation for 1 hour at room temperature with 10% normal 

goat serum (NGS, Thermo Fisher Scientific, 1610064). Cells were incubated with primary 

antibodies diluted in PBS supplemented with 2% NGS overnight at 4°C, rinsed and incubated 

with secondary antibodies in PBS supplemented with 2% NGS at room temperature for 1 h. 

The coverslips holding the cells were then mounted in ProLong® Gold Antifade Reagent 

(Thermo Fisher Scientific, P36930) on glass microscope slides. For the analysis of mitophagy 

in COS7 cells, we performed dual labeling for Parkin (Parkin-only conditions) or LRRK2 

(Parkin + LRRK2 conditions) and either TOMM20 or PMPCB. For FRET experiments, the 

impact of LRRK2 variants on specific protein-protein interactions was assessed by triple 

labeling for LRRK2 and the specific donor/acceptor pairs. 

Epifluorescence and confocal microscopy 



We analyzed the effects of LRRK2 on Parkin-dependent mitophagy, by imaging COS7 cells 

with a Nikon Eclipse Ti-U M7 epifluorescence microscope equipped with HCImage software 

(20 x objective). We analyzed at least 60 cells immunopositive for Parkin (Parkin-only 

condition) or for LRRK2 or LRRK2 variants (Parkin + LRRK2 conditions) per condition, in 

each of at least three independent experiments, checking for the presence of aggregated 

mitochondria or the absence of mitochondrial staining. The effects of different LRRK2 

variants were investigated in cells with similar fluorescence immunostaining intensities for 

the N-terminal GFP moiety encoded by the GFP-LRRK2 constructs. For FRET experiments, 

we selected cells immunopositive for LRRK2 (Alexa Fluor® 405 blue fluorescence) and 

containing mitochondrial aggregates reflecting the presence of Parkin. Images of donor 

(Alexa Fluor® 488 green) and acceptor (Alexa Fluor® 568 red) fluorescence (see Table 3) 

were acquired from a region of interest (ROI) before and after photobleaching, with an 

Olympus FluoView FV-100 microscope driven by Olympus FV-1000 3.1 software (63 x oil 

immersion objective, N. A. 1.35). Care was taken to investigate the effects of different 

LRRK2 variants in cells with similar immunofluorescence intensities for these proteins. 

Before analyzing the effects of LRRK2 on specific protein-protein interactions, we checked 

that the Alexa Fluor® 405 blue fluorescence did not itself interfere with FRET efficiencies, 

by comparing specific donor/acceptor pairs in cells co-immunolabeled for GAPDH or tubulin, 

using Alexa Fluor® 405-coupled secondary antibodies (data not shown). We analyzed seven 

to 12 cells per condition, in each of at least three independent experiments. We used ImageJ 

software after photobleaching to correct images for the decrease in fluorescence intensity due 

to the acquisition process, and quantification was performed as previously described (37): % 

FRET = [ID postbleach – ID prebleach) / ID postbleach]ROI. For the analysis of mitophagy 

based on the mtRosella construct in human fibroblasts, cells were captured at 37°C with a 

Spinning disk CSU-X1 confocal microscope (Leica) equipped with a chamber with controlled 



temperature and CO2 concentration, for live cell imaging driven by MetaMorph software (63 

x immersion oil objective, N.A. 1.4). We analyzed 12-20 cells per condition in each of at least 

three independent experiments. For comparative analyses of mitophagy in fibroblasts from 

control subjects and PD patients, several independent experiments were run, each including 

cells from a control, and at least one category of patients (Supplementary Material, Table S1). 

Images were deconvoluted with Huygens Professional software and analyzed with Fiji 

Software to quantify the ratio of the mean area of red-only fluorescence to total red 

fluorescence per cell (%).  

 

Immunoblotting 

After 24 h, cells were washed, collected and lysed directly in 1 x sample buffer with DTT 

(dithiothreitol), protease inhibitors (Thermo Fisher Scientific, 1821281) and phosphatase 

inhibitors (Thermo Fisher Scientific, 1821279). Proteins were quantified with the Pierce TM 

BCA protein Assay (Thermo Fisher Scientific, 23225), with absorbance readings at 562 nm. 

Whole-cell lysates were heated at 95°C for 5 min, separated by electrophoresis in a 4-20% 

agarose Tris/glycine gel (Mini-PROTEAN® TGX™ Precast Gels, BioRad, 4561094), and the 

proteins were then transferred onto nitrocellulose membrane by wet electroblotting 

(Amersham Protran, 0.45 µm pores; GE Healthcare, 10600002). The membrane was 

incubated in 5% non-fat dry milk powder in PBS to block nonspecific binding sites, then 

overnight at 4°C with primary antibody in 5% non-fat dry milk powder in PBS, and for 1 h at 

room temperature with horseradish peroxidase (HRP)-conjugated secondary antibody 

(1:50000) in 1% non-fat dry milk powder in PBS. Proteins were visualized by enhanced 

chemiluminescence (ECL SuperSignal™ West Dura (Thermo Fisher Scientific, 34075) on 

film (ECL, Amersham Hyperfilm, 28906837). Signals were quantified with MultiGauge 

software. 



Statistical analyses 

Statistical analysis was performed with Prism 7 (Graph Pad software). The results are 

expressed as means ± SD, with the exception of the kinetics analyses based on the evaluation 

of an interaction factor (time and different conditions). One- or two-way ANOVA followed 

by Tukey’s multiple comparisons post-hoc test was used to evaluate the differences between 

groups, except for the analysis of the effects of 3-MA treatment, ATG5 siRNA, Parkin siRNA 

and PINK1 siRNA on mtRosella responses in fibroblasts, for which paired Student’s t-tests 

were used. Values of p < 0.05 were considered significant. 
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LEGENDS TO FIGURES 

 

Figure 1: LRRK2 attenuates Parkin-dependent mitophagy 

(A) Representative images illustrating aggregation or clearance of the mitochondrial network 

(staining for the matrix protein, PMPCB) in cells overexpressing Parkin in the absence of 

LRRK2, and absence of mitochondrial clearance in cells expressing LRRK2 alone or together 

with Parkin, after treatment with CCCP (48 h, 10 µM). (B, C) Proportion of cells with 

aggregated mitochondrial staining (Aggregated) or without mitochondrial staining (No) in the 

conditions indicated. (D-F) Kinetics of mitochondrial aggregation (PMPCB staining) after 

CCCP exposure (0 h - 12 h) (D), in the presence (dotted-line) or absence (full line) of 

LRRK2-IN-1 (E, F), in Parkin + LRRK2/LRRK2-G2019S conditions (E) or in Parkin-only or 

Parkin + LRRK2-D1994A conditions (F). Results are expressed as means ± SD, n ≥ 3 

independent experiments, with a minimum of 60-100 cells scored per condition in each 

experiment. Scale bar = 10 µm. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001 versus 

Parkin-only (B, C) or CCCP conditions (E). ###p-value < 0.001 versus LRRK2 conditions. 

 

Figure 2: LRRK2 kinase activity disturbs the protein-protein interactions induced by 

CCCP on mitochondria 

(A, C, E, G) Quantification of the efficiencies of FRET between TOMM70A as the acceptor 

and Parkin as the donor, or between Parkin as the acceptor and other subunits of the TOM 

complex (A, C), VDAC1 (A) or Drp1 (E) as donors; or between Mid51 (acceptor) and Drp1 

(donor) (G), in COS7 cells exposed to CCCP (6 h) expressing different LRRK2 variants, in 

the presence or absence of LRRK-IN-1 (B, D, F). Representative FRET images illustrating 

specific donor/acceptor pairs. The pseudocolor scale illustrates FRET efficiencies, reflecting 

individual pixel donor fluorescence changes after acceptor photobleaching. E: mean FRET 



efficiency within the region of interest (ROI, yellow frame). Scale bar = 2 µm. Results are 

expressed as means ± SD, n ≥ 3 independent experiments, with a minimum of 7-12 cells 

analyzed per condition in each experiment. ***p < 0.001 versus Parkin-only conditions in the 

absence of LRRK2-IN-1, or ###p-value < 0.001 versus corresponding LRRK2 or LRRK2-

G2019S conditions in the absence of LRRK2-IN-1. 

 

Figure 3: Thermal stress triggers mitophagy in human fibroblasts 

(A) Representative images illustrating the mtRosella signal in fibroblasts from a healthy 

subject in different thermal conditions: basal (37°C), hyperthermic (42°C) or hypothermic 

(24°C). (B) Quantification of the ratio of the mean red-only fluorescence area to total red 

fluorescence per cell (%) in the different temperature conditions. (C, D) Effect of treatment 

with the autophagy inhibitor 3-methyladenine (3-MA, 3 h) (C) or downregulation of the 

autophagy-related protein ATG5 (D, left panel) on the proportion of red-only fluorescence in 

control fibroblasts shifted to 24°C. Right panel in (D): immunoblot showing the efficacy of 

ATG5 downregulation. Results are expressed as means ± SD, n = 3 independent experiments, 

with a minimum of 12-20 cells analyzed per condition in each experiment. ***p < 0.001 

versus basal conditions (37°C) (B), DMSO conditions (C) or control siRNA (D). 

 

Figure 4: The mitophagy triggered by thermal stress depends on PINK1 and Parkin 

(A, C) Representative images illustrating the mtRosella signal following a shift to 24°C, in 

fibroblasts from a healthy subject transfected with a control siRNA or with PARK2- (Parkin) 

(A) or PINK1-specific (PINK1) (C) siRNAs. (B, D) Lower panels: quantification of the ratio 

of red-only fluorescence to total red fluorescence in control fibroblasts with and without 

Parkin silencing, after the cells were shifted to 24°C. The dotted line indicates basal levels of 



mitophagy (cells maintained at 37°C). Upper panels: immunoblots showing the efficacy of 

Parkin and PINK1 downregulation.  Scale bar = 10 µm. Results are expressed as means ± SD, 

n = 3 independent experiments, with a minimum of 12-20 cells analyzed per condition in each 

experiment. *p < 0.05 and **p < 0.01 versus control siRNA (G). 

 

Figure 5: Parkin-dependent mitophagy is impaired in patients with LRRK2 and PARK2 

mutations.  

(A) Relative abundance of red-only fluorescence in control fibroblasts (n = 4), LRRK2-

G2019S fibroblasts (n = 4) and PARK2-fibroblasts (n = 4). (B) Relative abundance of red-

only fluorescence in control fibroblasts (n = 3), LRRK2-G2019S fibroblasts (n = 3) and 

PARK2-fibroblasts (n = 3) in the presence or absence of LRRK2-IN-1.  (C) Images 

illustrating the mtRosella signal in fibroblasts from a representative healthy subject, or 

representative patients with the LRRK2-G2019S substitution (LRRK2-G2019S) or PARK2 

mutations, in the presence or absence of LRRK2-IN-1 (5 µM). The dotted line indicates the 

basal levels of mitophagy (cells maintained at 37°C). Scale bar 10 = µm. Results are 

expressed as means ± SD. Between 12 and 20 cells were analyzed per patient and condition. 

**p < 0.01 or ***p < 0.001 versus control (A). **p < 0.01 versus control in the absence of 

LRRK2-IN-1 treatment or ##p-value < 0.01 versus LRRK2-G2019S in the absence of LRRK2-

IN-1 treatment (B). 

 

Figure 6: The rescue of mitophagy induction in the presence of LRRK2-IN-1 is 

dependent on Drp1 

(A) Images illustrating the mtRosella signal in fibroblasts from representative LRRK2 

patients in the presence or absence of LRRK2-IN-1 (5 µM, 2 h) in different transfection 



conditions: empty vector (pcDNA), or vector encoding functional Drp1 (Drp1) or dominant-

negative Drp1 (Drp1-K38A). (B) Relative abundance of red-only fluorescence in the 

conditions shown in (A). (C) Representative images of mtRosella signals in fibroblasts from 

LRRK2 patients in the presence or absence of LRRK2-IN-1 or the Drp1 inhibitor Mdivi-1 (50 

µM, 2 h). (D) Relative abundance of red-only fluorescence in the conditions shown in (C). 

The dotted line indicates the basal levels of mitophagy (cells maintained at 37°C). Scale bar 

10 = µm. Results are expressed as means ± SD, n = 3 independent experiments, with a 

minimum of 12-20 cells analyzed per condition in each experiment. **p-value < 0.01 or ***p 

< 0.001 versus corresponding control conditions in the absence of LRRK2-IN-1. ###p-value < 

0.001 versus control conditions in the presence of LRRK2-IN-1. 

 

  



TABLES 

Table 1. Age, sex and genotype of the donors of the skin fibroblasts used in this study 

     
Type Age* Sex Gene Protein 
Control 1 34 F no mutation normal 
Control 2 54 M no mutation normal 
Control 3 53 M no mutation normal 
Control 4 47 M no mutation normal 
Control 5 66 F no mutation normal 
Patient LRRK2 1 41 F c.6055G>A p.G2019S 
Patient LRRK2 2 43 M c.6055G>A p.G2019S 
Patient LRRK2 3 65 M c.6055G>A p.G2019S 
Patient LRRK2 4 63 F c.6055G>A p.G2019S 
Patient LRRK2 5 70 F c.6055G>A p.G2019S 
Patient LRRK2 6 76 M c.6055G>A p.G2019S 
Patient PARK2 1 45 F c.[(413-?)_(534+?)del];[155delA] p.[A138GfsX7];[N52MfsX29] 
Patient PARK2 2 37 F c.[(172-?)_(734+?)del]; [(172-?)_(534+?)del] p.[N58EfsX29];[N58_Q178del] 
Patient PARK2 3 46 F c.[(872-?)_(1083+?)del];[125G>C] p.[A291VfsX8];[R42P] 
Patient PARK2 4 51 F c.[(872-?)_(1083+?)del];[125G>C] p.[A291VfsX8];[R42P] 
Patient PARK2 5 50 M c.[(535-?)_(618+?)del];[1321T>C] p.[G179_A206del];[C441R] 
*Age at biopsy (in years) 

 

Table 2. Antibodies used for western blotting 

Primary antibodies     
Type Company Catalog # Host Dilution 
PARK2, clone Park8 Santa Cruz sc-32282 mouse  1:1000 
LRRK2 Novus Biologicals NB300-268 rabbit 1:500 
PINK1 
Phospho-Drp1 (Ser616) 
Phospho-Drp1 (Ser637) 
Drp1 
Mfn2 

Novus Biologicals 
Cell Signaling 
Cell Signaling 
Abcam 
Abcam 

NB110-53818 
FF3455 
H4867 
ab56788 
ab56889 

rabbit 
rabbit 
rabbit 
mouse 
mouse 

1:1000 
1:1000 
1 :500 
1 :500 
1 :1000 

Tubulin Abcam ab7991 mouse 1:2000 
Actin Abcam ab3280 mouse 1:4000 
Secondary antibodies     
Type Company  Host Dilution 
Horseradish peroxidase-conjugated  
anti-mouse / anti-rabbit 

Jackson 
ImmunoResearch 

115-035-146 / 
111-035-144 

goat 1:50000 

 

 

  



Table 3. Antibodies used for immunocytochemical staining and FRET experiments 

Primary antibodies     
Type Company Catalog # Host Dilution 
PARK2, clone Park8 Millipore MAB5512 mouse 1:1000 
PARK2 Millipore  MAB5112 rabbit 1:4000 
TOMM20 
TOMM22 
TOMM40 

Santa Cruz 
Sigma 
Santa Cruz 

Sc-11415 
HPA003037 
sc-11414 

rabbit 
rabbit  
rabbit 

1:1000 
1:1000 
1:100 

TOMM70A Abcam ab106193 mouse 1:2000 
VDAC1 
Drp1 

Abcam 
BD Biosciences 

ab15895 
611738 

rabbit  
mouse 

1:500 
1:2000 

MiD51 Santa Cruz sc-86875 rabbit 1 :500 
GFP 
PMPCB 

Abcam 
Proteintech 

ab13970 
16064-1-AP 

chicken 
rabbit 

1:4000 
1:500 

Secondary antibodies     
Type Company  Host Dilution 
Alexa Fluor 405 anti-chicken Abcam ab175674 goat 1:4000* 
Alexa Fluor 488 anti-mouse/rabbit Invitrogen A11070/A11029 goat 1:4000; 1:10000* 
Alexa Fluor 568 anti-mouse/rabbit Invitrogen A11036/A11031 goat 1:10000* 
CY3-conjugated anti-rabbit Sigma C2306 sheep 1:4000 
*Dilution used for FRET experiments 

 
 
 
 





























Figure S1: Levels of expression for LRRK2 variants and Parkin in COS7 cells 

Western blot evaluating relative expression levels for exogenous normal LRRK2 (2), LRRK2-

G2019S (3) or LRRK2-D1994A (4) and exogenous Parkin (1-4) in transiently transfected 

COS7 cells. In (1) cells were transfected with the Parkin vector only. 

 

Figure S2: Model of Parkin-dependent mitophagy  

(A) Representative images illustrating the loss of the mitochondrial network (staining for 

mitochondrial matrix protein PMPCB) in COS7 cells transfected with empty vector (Parkin -) 

or with Parkin vector (Parkin +), with and without CCCP treatment (48 h, 10 µM). (B) 

Proportion of cells without mitochondrial staining in the conditions shown in (A). Results are 

expressed as means ± SD, n = 3 independent experiments, with a minimum of 100 cells per 

condition in each experiment. Scale bar = 10 µm. ***p-value < 0.001 versus Parkin +, CCCP 

-. 

 

Figure S3: Impact of LRRK2 variants on PINK1/Parkin-dependent mitophagy 

Representative images illustrating mitochondrial clearance or lack thereof (staining for the 

mitochondrial matrix protein, PMPCB) in cells expressing Parkin alone (Parkin-only) or with 

the indicated LRRK2 variants, after treatment with CCCP (48 h, 10 µM). Note the aggregated 

mitochondrial network in cells expressing LRRK2-G2019S. 

 

Figure S4: LRRK2 kinase activity disturbs the protein-protein interactions induced by 

CCCP on mitochondria 

(A-D) Quantification of the efficiency of FRET between the indicated donor/acceptor pairs in 

different conditions (Parkin-only (black), LRRK2 (dark gray), LRRK2-G2019S (gray) and 



LRRK2-D1994A (light gray)) in COS7 cells treated with CCCP (10 µM), with or without 

LRRK2-in-1 (5 µM) for 6 h. Results are expressed as means ± SD, n ≥ 3 independent 

experiments, with a minimum of 7-12 cells analyzed per condition in each experiment. ***p < 

0.001 versus Parkin-only condition in the absence of LRRK2-IN-1, or ###p-value < 0.001 

versus corresponding LRRK2 or LRRK2-G2019S conditions, in the absence of LRRK2-IN-1. 

 

Figure S5: Red-only fluorescent vesicles colocalize with lysosomes 

(A) Images illustrating the mtRosella signal in a representative fibroblast from a healthy 

subject after a shift to 24°C and staining with the lysosomal dye, LysoTracker blue, and (B) 

index of colocalization between red-only fluorescence (red on blue) or green fluorescence 

(green on blue) and lysosomal staining (Mander’s coefficient). Scale bar 5 = µm. 

 

Figure S6: LRRK2 detection in human fibroblasts from control subjects and PD 

patients 

Western blot revealing the presence of LRRK2 in fibroblasts from representative control 

subjects and patients with LRRK2-G2019S or PARK2 mutations. 

 

Figure S7: Intracellular levels of Drp1, phosphorylated Drp1 and Mfn2 are similar in 

fibroblasts from control subjects and PD patients carrying the G2019S LRRK2 mutation 

Representative immunoblots illustrating a western blot analysis of whole cell lysates from 

patient- and control subject-derived fibroblasts, using antibodies against Drp1 phosphorylated 

on serine 616 (PSer616-Drp1), total Drp1 or Mfn2, under basal conditions (A, n = 4 patients 

and n = 6 controls) or following shift of the cells to 42° (B, n = 2 patients and n = 2 controls). 



 

Table S1. PINK1/Parkin-dependent mitophagy in fibroblasts from PD patients 

Experiment Subject Mitophagy index 

1 
Control 1 9.04 
LRRK2 1 3.40 
PARK2 4 3.68 

2 
Control 3 6.68 
LRRK2 3 2.36 
PARK2 1 2.68 

3 
Control 4 5.48 
LRRK2 4 3.90 
PARK2 5 2.18 

4 
Control 2 6.56 
LRRK2 2 3.84 
PARK2 2 3.13 

 

Red-only fluorescence to total red fluorescence ratio (%) expressed as a “Mitophagy index” 

for each subject (Table 1) included in the experiments presented in Fig. 4A (mean of the 4 

independent experiments). 

 


