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Abstract 

Mutations in PARK2, encoding the E3 ubiquitin protein ligase Parkin, are a common cause of 

autosomal recessive Parkinson’s disease (PD). Loss of PARK2 function compromises mitochondrial 

quality by affecting mitochondrial biogenesis, bioenergetics, dynamics, transport and turnover. We 

investigated the impact of PARK2 dysfunction on the endoplasmic reticulum (ER)-mitochondria 

interface, which mediates Ca
2+

 exchange between the two compartments and is essential for Parkin-

dependent mitophagy. Confocal and electron microscopy analyses showed the ER and mitochondria to 

be in closer proximity in primary fibroblasts from PARK2 KO mice and PD patients with PARK2 

mutations than in controls. Ca
2+

 flux to the cytosol was also modified, due to enhanced ER-to-

mitochondria Ca
2+

 transfers, a change that was also observed in neurons derived from induced 

pluripotent stem cells of a patient with PARK2 mutations. Subcellular fractionation showed the 

abundance of the Parkin substrate mitofusin 2 (Mfn2), which is known to modulate the ER-

mitochondria interface, to be specifically higher in the mitochondrion-associated ER membrane 

compartment in PARK2 KO tissue. Mfn2 downregulation or the exogenous expression of normal 

Parkin restored cytosolic Ca
2+

 transients in fibroblasts from patients with PARK2 mutations. By 

contrast, a catalytically inactive PD-related Parkin variant had no effect. Overall, our data suggest that 

Parkin is directly involved in regulating ER-mitochondria contacts and provide new insight into the 

role of the loss of Parkin function in PD development. 
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Introduction 

Parkinson’s disease (PD) is a common invalidating movement disorder caused by progressive 

degeneration of the dopaminergic neurons of the substantia nigra pars compacta. Most cases of PD 

are sporadic, but almost 10% display Mendelian inheritance. Loss of function mutations of the PARK2 

and PARK6 genes, encoding the cytosolic E3 ubiquitin protein ligase Parkin and the mitochondrial 

serine/threonine kinase PINK1, account for a large proportion of early-onset autosomal recessive PD 

cases (1).  

Mitochondrial dysfunction has emerged as a key player in autosomal recessive PD (2, 3). Studies in 

Drosophila models have demonstrated that Parkin and PINK1 cooperate in a pathway maintaining 

mitochondrial function (4-7). These proteins ensure mitochondrial quality by eliminating damaged 

mitochondria in a process known as mitophagy (8-11), but they have also been reported to regulate 

mitochondrial calcium (Ca
2+

) homeostasis (12, 13), mitochondrial dynamics (14-17), bioenergetics 

(18, 19), biogenesis (20-22), and apoptotic cell death (13, 23). Most, if not all of these functions are 

mediated by the ER-mitochondria interface, a region of close apposition between the ER and outer 

mitochondrial (OM) membranes, historically linked to lipid metabolism and Ca
2+

 signaling (24, 25). 

This interface is enriched in ER Ca
2+

-releasing receptors (inositol 1,4,5-triphosphate (IP3) receptors) 

and mitochondrial Ca
2+

 transporters (voltage-dependent anion channels, VDACs) involved in ER-to-

mitochondria Ca
2+

 transfer. It thus plays crucial physiology roles in the maintenance of mitochondrial 

bioenergetics, buffering of cytotoxic increases in Ca
2+

 concentration and the induction of apoptosis. 

A protein complex tethering the ER to mitochondria has been identified in yeast, and several 

candidates for this role have been identified in mammalian cells (24). Mitofusin 2 (Mfn2), which is 

present on both the ER and OM membranes, is a well-established modulator of ER-mitochondrial 

coupling, although its potential role as a tether remains a matter of debate (26-28). Parkin interacts 

with and ubiquitylates several proteins associated with the ER-mitochondria interface (29), including 

VDACs and Mfn2, and may itself associate with this interface, particularly in conditions of stress (30). 

Moreover, Parkin-dependent mitophagy begins in this compartment (31). 

We investigated the mechanisms underlying PARK2-linked PD, by characterizing the ER-

mitochondria interface in primary mouse embryonic fibroblasts (MEFs) from PARK2 KO mice and 
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fibroblasts from PD patients with PARK2 mutations. We found that the loss of PARK2 function 

exacerbated ER-mitochondria juxtaposition in these models, leading to aberrant ER-to-mitochondria 

Ca
2+

 transfers that were corrected by decreasing the abundance of Mfn2 or by producing a functional 

Parkin protein. 
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Results  

Loss of PARK2 function brings the ER and mitochondria closer together. In MEFs from wild-type 

mice and fibroblasts from unaffected individuals, Parkin was detected at the expected apparent 

molecular mass of 52 kDa (Fig. S1A and 1A). In human fibroblasts, an additional shorter (42 kDa) 

isoform was observed, probably resulting from the use of an internal translational initiation codon 

(Fig. 1A, (32)). No signal corresponding to Parkin was observed in PARK2 KO MEFs or in fibroblasts 

from six patients with five different compound heterozygous PARK2 mutations, including single-

amino acid substitutions (Table 1). 

Confocal live-cell imaging revealed a significantly higher degree of colocalization for the signals 

corresponding to the exogenously expressed ER marker GFP-Sec61 and the mitochondrial dye 

tetramethylrhodamine methyl ester (TMRM) in fibroblasts from patients with PARK2 mutations (28% 

increase in Mander’s overlap coefficient , Fig. 1B) than in control cells. Greater colocalization of the 

ER and mitochondria , stained with ER-Tracker and MitoTracker dyes, respectively, was also observed 

in PARK2 KO MEFs than in wild-type MEFs (Fig. S1B). To overcome the spatial resolution limit of 

confocal microscopy (circa 200 nm) we assessed the proximity of the ER and mitochondria by using 

various electron microscopy methods. In fibroblasts from patients with PARK2 mutations, 14.2% of 

the area within 500 nm of the mitochondria was occupied by ER tubules, versus only 9.8% in control 

fibroblasts (Fig. 1C). In addition, in PARK2 KO MEFs, 32% of the mitochondria were in direct 

contact with the ER in the observed plane, versus only 22% in wild-type cells (Fig. S1C, Left). In this 

model, PARK2 deletion was also associated with a decrease of almost 40% in the apparent minimum 

distance between the surface of the mitochondria and the closest ER tubules (Fig.  S1C, Right). We 

found no major differences in mitochondrial size or the proportion of swollen mitochondria linked to 

the loss of PARK2 function in these models (Fig. S2). Moreover, there was no correlation between 

Mander’s coefficient values or proportion of area around mitochondria covered by ER and the age of 

the donors, excluding bias related to age differences at the time of biopsy between patients and control 

subjects (Fig. S3A and B). 

The loss of PARK2 function disturbs intracellular Ca
2+

 homeostasis. We then investigated whether 

the smaller distance between the ER and mitochondria affected Ca
2+

 transients in cells with PARK2 
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mutations. Together with ryanodine receptors, IP3 receptors (IP3R) are the major route of Ca
2+

 release 

from the ER, and they are also a key element of contact sites between the ER and mitochondria (33). 

We compared IP3R-induced cytosolic Ca
2+

 transients in fibroblasts from PARK2 patients and KO mice 

with those in the corresponding controls, using the ratiometric cytosolic Ca
2+

 probe Fura-2. When 

challenged with bradykinin (BK), which stimulates the production of IP3 through the B2 receptor 

(B2R)-dependent activation of phospholipase C, IP3R-mediated cytosolic transients were significantly 

lower in fibroblasts with PARK2 mutations than in control cells: the 340/387nm ratio peak was 24% 

lower in cells from patients (Fig. 2A) and 39% lower in cells from PARK2 KO mice (Fig. S4A). 

Again, there was no correlation between Fura-2 fluorescence values and donor age (Fig. S3C). We 

ruled out an effect of PARK2 mutations on B2R function, by challenging Fura-2-loaded cells with ATP 

or histamine (His), which trigger IP3 generation by stimulating P2Y or H1 receptors. Similar results 

were obtained (Fig. 2B and S4B). 

The assessment of all intracellular Ca
2+

 pools with the Ca
2+

 ionophore ionomycin (Iono) revealed no 

difference in the Fura-2 signal peak between fibroblasts with PARK2 mutations and controls (Fig. 2C). 

We also investigated Ca
2+

 storage in the ER and IP3R-mediated Ca
2+

-release capacity directly (Fig. 

2D). Cells loaded with the low-affinity ratiometric Ca
2+

 indicator Mag-Fura-2 were permeabilized 

with digitonin to remove the cytosolic probe pool and to unmask the signal of the Ca
2+

-bound reporter 

in the ER, the major Ca
2+

 storage organelle. The ER signal was similar in fibroblasts with PARK2 

mutations and in control cells (Fig. 2D, 250s); moreover, it decayed with similar kinetics following IP3 

challenge (Fig. 2D, 350 s), suggesting that ER Ca
2+

 concentration and IP3R function were not affected 

by PARK2 mutations. 

Using Fura-2, we also compared cytosolic Ca
2+

 transients in induced pluripotent stem cell (iPSC)-

derived neurons from control individuals and a patient included in this study (Fig. 2E and F, S5 and 

S6). Following stimulation with His, the signal peak of the in vitro differentiated neurons from Patient 

2 (Table 1, p.[Ala291ValfsX8];[Arg42Pro]) was 28% smaller than that of the neurons from a control 

individual (Table 1, Control 9,  p.[Ala291ValfsX8];[=], Fig. 2E), consistent with our observations in 

fibroblasts. As only a small proportion of the neurons responded to His stimulation, we also 

depolarized the cells with high K
+
, a treatment that triggers Ca

2+
 efflux from the ER by different 
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mechanisms in neurons, including through IP3R-mediated stimulation (34-36). Cytosolic Ca
2+

 

transients induced by high K
+
 were significantly lower in neurons from Patient 2 than in those from 

control individuals (Table 1, Control 2 and Control 9, Fig. 2F).  

Loss of PARK2 function enhances ER-to-mitochondria Ca
2+

 transfers. We determined whether the 

decrease in IP3R-evoked cytosolic Ca
2+

 transients in fibroblasts with PARK2 mutations (Fig. 2A and 

B) reflected higher levels of Ca
2+

 uptake by negatively charged mitochondria. When cells were treated 

with the uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) to dissipate the 

mitochondrial transmembrane potential required for Ca
2+

 import (37), the increases in cytosolic Ca
2+

 

concentration triggered by ATP were similar in cells from patients and controls (Fig. 3A). We then 

monitored Ca
2+

 transients on the mitochondrial surface and in the mitochondrial matrix, with the OM 

membrane-targeting, low-affinity YFP-based Ca
2+

 indicator, N33-D1cpv (38), and the 

intramitochondrial Ca
2+

 reporter pericam-mt (39). We observed no significant increase in the number 

of Ca
2+

 hotspots at the mitochondrial surface (data not shown), but the ATP-evoked N33-D1cpv signal 

peak was 62% higher in fibroblasts with PARK2 mutations than in control fibroblasts, suggesting that 

the mitochondria in these cells were exposed to higher Ca
2+

 concentrations (Fig. 3B). In addition, the 

transient signal corresponding to the Ca
2+

-bound pericam-mt in fibroblasts from patients was more 

than 100% higher than that in control cells, confirming that mitochondrial Ca
2+

 uptake was increased 

in these conditions (Fig. 3C). Absence of correlation between pericam-mt signal peak and donor age 

indicates that these differences are genuine (Fig. S3D). 

Rapid Ca
2+

 import into the mitochondrial matrix leads to transient, reversible membrane 

depolarization (40). Accordingly, when the cells were treated with BK in the presence of thapsigargin 

(Tg) to prevent ER Ca
2+ 

reuptake, the mitochondrial membrane potential assessed with TMRM 

decreased more rapidly and strongly in cells with PARK2 mutations than in control cells (Fig. 3D). 

Mfn2 downregulation or the  exogenous expression of Parkin restores Ca
2+

 transients in cells 

with PARK2 mutations. We investigated whether PARK2 dysfunction altered the abundance or 

subcellular distribution of the Parkin substrate Mfn2 (41-44). Steady-state Mfn2 levels in total 

fractions from the fibroblasts of PARK2 patients or KO mice did not differ from those in the 

corresponding controls (Fig. 4A, S7A and B). We investigated the abundance of Mfn2 in specific 
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subcellular fractions, by obtaining preparations enriched in ER, mitochondria, and mitochondria-

associated membranes of the ER (MAM), containing ER-mitochondria contact zones, from the livers 

of WT and PARK2 KO mice (Fig. S7C) according to a well-established protocol (45). Steady-state 

Mfn2 levels were 50% higher specifically in the MAM fraction of PARK2 KO mice than in that of WT 

mice (Fig. 4A).  

The partial depletion of Mfn2 in fibroblasts from Patient 5 (Table 1, 

p.[Ala138GlyfsX7];[Asn52MetfsX29]) by RNA interference resulted in a 21% increase in BK-evoked 

cytosolic Ca
2+

 transients (Fig. 4B). This change is of a similar magnitude to the previously reported 

difference in mean signal between the fibroblasts of patients with PARK2 mutations and control 

fibroblasts (Fig. 2A). Exogenous Parkin expression yielded a similar rescue (Fig. 5A). By contrast, 

expression of the PD-linked Parkin variant carrying the C441R substitution, affecting the RING2 

finger and abolishing catalytic activity in vitro (46, 47), had no effect (Fig. 5B). 
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Discussion 

It has recently been suggested that modifications of the ER-mitochondria interface may play a key role 

in neurodegenerative diseases (48-57). We investigated this subcellular compartment for the first time 

in primary cells from patients with PARK2 mutations and from PARK2 KO mice, by both confocal 

and electron microscopy approaches. The loss of PARK2 function in these models resulted in greater 

proximity between the ER and mitochondria than in control cells. In addition, it disrupted cellular Ca
2+

 

dynamics, leading to an increase in mitochondrial Ca
2+

 uptake accompanied by a decrease in cytosolic 

fluxes following ER-mediated Ca
2+

 release (Fig. 6). These effects were also observed in iPSC-derived 

neurons from a patient with PARK2 mutations. Exogenous Parkin expression restored cytosolic Ca
2+ 

transients to normal levels, suggesting that these defects constitute a primary phenotype related to 

PARK2 dysfunction rather than compensatory adaptations. 

The alteration of ER-to-mitochondria Ca
2+

 exchanges has been linked to mitochondrial Ca
2+

 overload, 

mitochondrial permeability transition and programmed cell death (58, 59). The phenotype identified 

here may thus be a key element of neuronal vulnerability in PARK2-linked PD. Sustained exposure to 

abnormally high Ca
2+ 

concentrations may lower the Ca
2+ 

buffering capacity of the mitochondria, 

increasing the likelihood of permeability transition in cells with a dysfunctional PARK2 gene. This 

situation has been reported following the artificial tightening of the ER-mitochondria connectivity by a 

synthetic linker (60). It may also underlie the reported vulnerability of Parkin-deficient cells to 

excitotoxic challenges or endoplasmic reticulum stress (30, 61, 62), associated with the excessive 

influx of extracellular Ca
2+

 and the excessive release of Ca
2+

 from the ER, respectively (63, 64). 

Conversely, the ability of Parkin to modulate the juxtaposition between the ER and mitochondria may 

contribute to its broad neuroprotective capacity in these models and in other contexts associated with 

Ca
2+

 dyshomeostasis (30, 61, 62, 65, 66). Mitochondrial Ca
2+

 overload has also been reported in 

different cell models associated with PINK1 dysfunction (13, 67, 68), suggesting that it may be a 

general pathogenic mechanism in autosomal recessive PD. Gandhi and colleagues attributed this effect 

to impairment of the mitochondrial Na
+
/Ca

2+ 
exchanger mediating Ca

2+ 
efflux from the mitochondrial 

matrix (13), but future studies should consider whether changes to the ER-mitochondria interface 

contribute to the phenotype. 
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It has been suggested that Parkin regulates crosstalk between the ER and mitochondria (30, 61, 69, 

70). Mitochondrial dysfunction and endoplasmic reticulum stress are closely connected and both may 

be relevant to PD pathogenesis (reviewed in (71, 72)). Both conditions upregulate PARK2 expression 

(61, 66, 69, 70). Parkin associates with the mitochondria and ER surfaces (9, 65, 73), and a recent 

study showed it to be present in the MAM fraction in neurons following glutamate-mediated 

excitotoxicity (30). We did not detect Parkin immunoreactivity in MAM fractions from mouse liver, 

possibly reflecting the transient and dynamic interaction of the protein with this compartment. 

However, our results suggest that Parkin regulates the turnover of a specific pool of Mfn2 located at 

the ER-mitochondria interface (Fig. 6). Our data also suggest that an increase in the abundance of 

Mfn2 at this site may be at least partly responsible for the Ca
2+

 dyshomeostasis in cells with PARK2 

mutations. Our observations are consistent with those of a number of previous studies reporting a 

positive correlation between Mfn2 abundance in the MAM fraction and the proximity of the ER and 

mitochondria (74, 75), or the functional rescue of Ca
2+

 or lipid dyshomeostasis following the ablation 

of Mfn2 in cells with an overdeveloped ER-mitochondria interface (48, 76). These findings are 

consistent with a contribution of Mfn2 to the tethering of the ER to mitochondria, as initially proposed 

by de Brito and Scorrano (27). Pioneering studies by Area-Gomez and colleagues, in particular, 

reported enhanced ER-mitochondrial coupling and changes to lipid metabolism that were rescued by 

Mfn2 depletion in fibroblasts from presenilin KO mice and from patients with familial and sporadic 

forms of Alzheimer’s disease (48). 

Despite these observations, recent studies based on the use of EM and confocal colocalization 

approaches to investigate the ER-mitochondria interface in Mfn2-deficient models have called into 

question the role of Mfn2 in ER-mitochondria tethering, suggesting instead that this protein may act as 

a tethering antagonist (26, 28). This discrepancy highlights the intrinsic structural and functional 

difficulties involved in studies of contact sites between the ER and mitochondria. Changes to the 

morphological features of the ER and mitochondria triggered by specific treatments or acute genetic 

manipulations, and technical limitations, such as the resolution limits of classical confocal microscopy 

approaches, may introduce bias into these analyses. The highly dynamic and multifaceted nature of 

ER-mitochondria contacts is probably an additional major hurdle. Various protein complexes have 
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been implicated in the maintenance of these contacts in mammalian cells ((27, 51, 77), reviewed in 

(24)), and the type of contacts depends on whether the smooth or rough ER tubules are involved (60). 

Moreover, acute stress has been associated with a smaller distance between the ER and mitochondria 

and lower levels of ER-to-mitochondria Ca
2+

 transfer (60). Thus, subtle differences in experimental 

conditions, the use of different cell types and differences in assessment methodology may account for 

the apparent contradictions in published results. For example, different effects of presenilin mutants 

have been observed depending on whether cells transiently transfected to overproduce these proteins, 

or cells from patients or constitutive KO models were studied (48, 57). Similarly, in contrast to our 

observations, Cali et al. previously reported a decrease in crosstalk between the ER and mitochondria 

associated with weaker mitochondrial Ca
2+

 transients and ATP production following acute siRNA-

mediated Parkin depletion in tumor-derived cell lines (55). These authors made similar observations 

following the downregulation of two additional PD-linked proteins, α-synuclein and DJ-1 (54, 56). 

The genetic manipulations in all these studies induced profound changes to the mitochondrial network 

not observed in fibroblasts from PARK2 KO mice or from patients with PARK2 mutations (Fig. S2, 

(78)). The MAM compartment has also been shown to contain α-synuclein and DJ-1, and 

phospholipid biosynthesis levels have been shown to be low in cells overproducing PD-linked α-

synuclein variants, which display weaker colocalization with the MAM fraction (49, 56). Overall, 

these findings converge to suggest that disturbances of ER-mitochondria contact play a critical role in 

PD. Additional studies in primary patient-derived cells, ideally using complementary EM analyses and 

super-resolution microscopy techniques to follow individual ER-mitochondria contact sites and their 

dynamics, are required to characterize the nature of these perturbations in PD in a reliable manner.  

In conclusion, our study provides the first evidence for a structural and functional defect of the ER-

mitochondria interface in primary cells with constitutive PARK2 dysfunction that may be of particular 

relevance to the dopaminergic neurons of the substantia nigra pars compacta, which have been 

reported to be especially vulnerable to Ca
2+

 dysregulation (79). Future studies should try to clarify the 

links between this defect and mitochondrial dysfunction, and their  relative contributions to 

dopaminergic neurodegeneration in PARK2-related PD. 
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Materials and Methods 

Mammalian expression vectors, siRNAs, cell culture and transfection.  The vectors used were: 

pcDNA3-HA, pcDNA3-HA-PARK2 (encoding human Parkin), pcDNA3-HA-PARK2
C441R

, pcDNA3.1-

GFP-Sec61β (80) , pcDNA3-N33-D1cvp (38), and ratiometric pericam-mt (39). AllStars negative 

control siRNA (QIAGEN) and Hs_MFN2_5 FlexiTube siRNA (QIAGEN) were used at a final 

concentration of 125 nM. Human fibroblasts were obtained from skin biopsies from PD patients and 

age-matched healthy individuals following routine clinical procedures, with previous written informed 

consent and the approval of the local ethics committee (Comité de Protection des Personnes “Ile de 

France”). Patients were screened for PARK2 mutations by exon dosage methods and bidirectional 

Sanger sequencing of the entire coding sequence, with an ABI 3730 automated sequencer, as 

previously described (81). Human fibroblasts were cultured in Dulbecco’s modified Eagle medium 

supplemented with 10% fetal bovine serum (Gibco), 1% L-glutamine and 1% penicillin-streptomycin. 

Human fibroblasts were transfected by electroporation with a Neon
TM

 Transfection System 

(Invitrogen) according to the manufacturer’s instructions.  

Subcellular fractionation and western blot analyses. MAM, ER, pure mitochondrial (Mp) and 

crude fractions were isolated from the livers of wild-type and PARK2 KO mice (24-months old, (82)) 

by ultracentrifugation, as previously described (45). The quality of the fractionation procedure was 

evaluated by western blot analysis of each fraction (20 µg) with antibodies against specific markers: 

mouse monoclonal anti-immunoglobulin heavy chain-binding protein (BiP, BD Transduction 

Laboratories, 1:1000; ER, MAM), anti-cytochrome c (BD Biosciences, 1:500; mitochondria); rabbit 

polyclonal anti-Erlin2 (Cell Signaling, 1:1000; ER, MAM), anti-long-chain fatty-acid CoA ligase 4 

(ASCL4/FACL4, Santa Cruz Biotechnology, 1:200; MAM), anti-Mfn2 (Abcam, 1:1000; 

mitochondria, MAM), anti-mitochondrial processing peptidase subunit β (PMPCB, ProteinTech, 

1:4000; mitochondria), anti-presenilin 2 (PS2, Cell Signaling, 1:1000; MAM). Other antibodies used 

for western blotting were: mouse monoclonal anti-Parkin (clone PARK8, Millipore, 1:1000) and rabbit 

polyclonal anti-actin (Abcam, 1:4000).  

Confocal microscopy. Human fibroblasts were transiently transfected with Sec61-GFP and stained 

with 50 nM TMRM. Live-cell confocal laser microscopy was performed on a Leica SP2 AOBS AOTF 
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confocal microscope equipped with a PlanApo X63 (NA 1.4) numerical aperture objective. Argon 

(488 nm) and HeNe (543 nm) laser lines were used for excitation. Images were acquired with a 0.5 

μM step in the z-direction. The images were not further modified after acquisition, and were analyzed 

plane-by-plane (4-6 planes per cell) with the colocalization plugin included in the Wright Cell Imaging 

Facility (WCIF) collection of ImageJ. At least 48 cells were analyzed from each of seven patients and 

seven controls. 

Electron microscopy. Cells were grown in uncoated 12-well plastic plates and fixed with 4% 

paraformaldehyde (PFA)/2.5% glutaraldehyde in 0.1 M PBS. Sections (50 μm) were cut and post-

fixed by incubation in 1% osmium tetroxide for 30 minutes, rinsed in PBS, dehydrated in a graded 

series of ethanol solutions and embedded in Epon. Ultrathin (70 nm) sections were cut, counterstained 

with conventional techniques and analyzed with a JEOL 1200EX II electron microscope operating at 

80 kV. Series of adjacent micrographs were taken for at least 27 cells from each of five controls and 

five patients, and then stitched together with the stitching function of Photoshop to reconstitute the 

morphology of the entire cell. We drew round the mitochondria by hand on micrographs extended by 

500 nm with the dilate selection function of ImageJ. We drew around any ER material within 500 nm 

of the mitochondria by hand and estimated the surface area of this material with the selection and 

analyze tools of ImageJ. 

Calcium imaging. We assessed cytosolic Ca
2+

 dynamics, by loading human fibroblasts with 5 µM 

Fura-2 AM (Fura-2 acetoxymethyl ester, Molecular Probes, Life Technologies) for 45 minutes at 

37°C, and cytosolic Ca
2+

 concentrations were followed as the fluorescence excitation ratio at 340 nm 

and 380 nm after stimulation with 300 nM bradykinin, 100 µM ATP, 10 µM histamine or 1 µM 

ionomycin. Thapsigargin and KCl were used at final concentrations of 700 nM and 50 mM. FCCP was 

applied at 5 µM final concentration for 10 min. Imaging was performed on a Nikon Eclipse Ti 

microscope with the HCImagecell program.  

For the assessment of ER Ca
2+

 homeostasis, cells were loaded with 5 µM Mag-Fura2 (Molecular 

Probes, Life Technologies). They were then treated very briefly with digitonin (10 M), which 

permeabilizes the cell membrane only, such that cytosolic Mag-Fura-2 diffuses in the extracellular 

medium and is washed away, the remnant Mag-Fura-2 signal corresponding to Mag-Fura-2 trapped 
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within the ER lumen. Thus, digitonin treatment initiated a rapid increase in F340/F380 ratio, which 

stabilized after washout was complete, with the stabilized ratio reflecting the calcium concentration of 

the ER. IP3R-mediated Ca
2+

 release was monitored by direct stimulation with 10 µM IP3.  

We monitored Ca
2+

 dynamics at the surface of mitochondria by transfecting the cells with the N33-

D1cpv construct. Two days after transfection, cells were bathed in HBSS containing 1.2 mM Ca
2+

 at 

room temperature and stimulated by the addition of 100 µM ATP. Ca
2+

 concentration at the surface of 

the outer membrane were followed as the ratio of fluorescence emission at 480 nm and 530 nm 

(excitation at 430 nm) on a Till photonics IMIC system. We analyzed both the mean signal for the 

mitochondrial network and the presence of Ca
2+

 hotspots, as previously described (38). 

Intramitochondrial Ca
2+

 was monitored with the mitochondrion-targeted pericam (pericam-mt) on a 

Leica SP2 AOBS ATOF confocal microscope equipped with a PlanApo X63 (NA 1.4) numerical 

aperture objective. The fluorescence of the probe was monitored only for excitation at 405 nm, 

because emission due to excitation at this wavelength is sensitive to changes in [Ca
2+

], whereas 

emission in response to excitation at 488 nm independently reports changes in pH (83). A large 

pinhole (set at 2 Airy) was used to prevent bleaching.   

Statistical analysis. Statistical analysis was performed with Excel (Microsoft) and Prism 6 (Graph 

Pad Software). Pooled results are expressed as means ± SEM. Unpaired Student’s t test was used to 

analyze statistical significance.  
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Legends to Figures 

Figure 1. Greater ER-mitochondria juxtaposition in fibroblasts with PARK2 mutations. A. Total 

extracts from control (Controls 2-4) and PARK2 (Patients 1-3 and 5-7) fibroblasts were analyzed by 

western blotting with an anti-Parkin antibody. The arrow indicates the shorter Parkin isoform. Actin 

served as a loading control. B. The colocalization of GFP-Sec61 and TMRM, expressed as mean 

Mander’s overlap coefficient, was analyzed by live confocal microscopy in control (Controls 1-5, 7 

and 8) and PARK2 (Patients 1-7) fibroblasts. C. The mean surface area of the ER (green) within 500 

nm (purple) of the mitochondria (black) was measured on electron micrographs of control (Controls 1, 

2, 5, 7 and 8) and PARK2 (Patients 2 and 4-7) fibroblasts, and is expressed as a percentage of the total 

area. Scale bars: 10 μm. n represents the number of different fibroblast lines. Error bars indicate the 

SEM. *p<0.05. 

Figure 2. Disturbed intracellular Ca
2+

 homeostasis in fibroblasts with PARK2 mutations. A. 

Monitoring of the Fura-2 340/387 nm signal ratio in control (Controls 1, 2, 4, 5, 7 and 8) and PARK2 

(Patients 2-7) fibroblasts before and after stimulation with BK (Left). The BK-induced Fura-2 signal 

peak was calculated for each cell by subtracting the 340/387 nm ratio at t0 from the maximal ratio 

(Right). B. As in (A) after stimulation with ATP in the absence of extracellular Ca
2+

 and in the 

presence of Tg. C. As in (A) after challenging with ionomycin. D. Monitoring of the Mag-Fura-2 

340/387 nm signal ratio in control (Controls 1, 2, 4, 5, 7 and 8) and PARK2 (Patients 1-5 and 7) 

fibroblasts in basal conditions (0-100 s), after permeabilization with 10 μM digitonin (Dig) in the 

intracellular medium (100 s), stimulation with 10 μM IP 3 (250 s) and dissipation of Ca
2+

 gradients with 

ionomycin (375 s, Left). The Mag-Fura-2 signal peak corresponds to the mean maximal ratio (Right). n 

represents the number of different fibroblast lines . E. The His-induced Fura-2 signal peak of Control 

9- and Patient 2-derived neurons was measured by subtracting the 340/387 nm ratio at t0 from the 

maximal ratio. n = 12 cells per IPSC clone from two independent experiments. F. The K
+
-induced 

Fura-2 signal peak of Control 2- and Patient 2-derived neurons (Left) and of Control 9- and Patient 2-

derived neurons (Right) was measured by subtracting the 340/387 nm ratio at t0 from the maximal 

ratio. n = 10 cells per IPSC clone from one of two independent experiments. Error bars represent the 

SEM. 
a
p=0.052, *p<0.05, **p<0.01. 
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Figure 3. Greater ER-to-mitochondria Ca
2+

 transfer in fibroblasts with PARK2 mutations. A. 

Monitoring of the Fura-2 signal ratio in control (Controls 1, 2 and 4-7) and PARK2 (Patients 2-7) 

fibroblasts, as in (2B), after treatment of the cells with FCCP. B. Monitoring of the N33-D1cpv 

540/480 nm signal ratio in control (Controls 1-7) and PARK2 (Patients 1 and 3-7) fibroblasts before 

and after stimulation with ATP. Due to the high level of variability, the responses for each cell are 

expressed as the ratio of the signal at a given time point and the mean of the signals before stimulation. 

C. Monitoring of the increase in the pericam-mt 405 nm signal in control (Controls 1, 2, 4, 5 and 7) 

and PARK2 (Patients 1-3, 5 and 6) fibroblasts after the addition of ATP. F corresponds to the signal at 

a given time point and F0 at t0. Scale bar: 10 µM. D. Monitoring of the TMRM signal in control 

(Controls 1, 2, 5, 7 and 8) and PARK2 (Patients 1 and 3-7) fibroblasts before and after simultaneous 

treatment with Tg and BK. Values represent the % I/I0, where I is the signal intensity at any time point 

and I0 is the signal intensity at t0. n represents the number of different fibroblast lines. Error bars 

represent the SEM.  

Figure 4. Restoration of cytosolic Ca
2+

 transients in fibroblasts with PARK2 mutations by the 

partial downregulation of Mfn2. A. Crude, ER, mitochondrial and MAM fractions isolated from the 

liver of wild-type or PARK2 KO mice were analyzed by western blotting for Mfn2. Actin, 

immunoglobulin heavy chain-binding protein (BiP), mitochondrial processing peptidase subunit β 

(PMPCB) and presenilin 2 (PS2) were used to normalize Mfn2 levels in the crude, ER, mitochondrial 

and MAM fractions. n represents the number of animals for each genotype from three independent 

experiments. *p<0.05 (one-tailed t test). B. Monitoring of the Fura-2 signal ratio before and after 

stimulation with BK in fibroblasts from Patient 5 transfected with scr siRNA or MFN2 siRNA. The 

diagram represents the mean ratio peak from 3 independent experiments in which 85 cells per 

condition were analyzed (Right). Mfn2 levels in the total extracts were monitored by western blotting 

with normalization against actin (Left). ****p<0.0001. Error bars represent the SEM. 

Figure 5. Restoration of cytosolic Ca
2+

 transients in fibroblasts with PARK2 mutations by Parkin 

overexpression. A. Monitoring of the Fura-2 signal ratio before and after stimulation with BK in 

fibroblasts from Patient 5 transfected with pcDNA3-HA (vector) or pcDNA3-HA-PARK2 (PARK2).  

Parkin expression was verified with an anti-Parkin antibody, using actin as the loading control (Left). 
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The diagram represents the mean ratio peak from 3 independent experiments in which 85 cells per 

condition were analyzed (Right). B. As in (A) after the transfection of fibroblasts from Patient 5 with 

pcDNA3-HA (vector) or pcDNA3-HA-PARK2
C441R

 (PARK2
C441R

). ****p<0.0001, ns indicates that the 

difference between the two samples is not significant (t test). Error bars represent the SEM.  

Figure 6. Model illustrating changes to ER-mitochondria interface and Ca
2+

 transfers in cells 

with dysfunctional Parkin. Under physiological conditions, Parkin promotes the proteasome-

dependent turnover of Mfn2 specifically at the ER-mitochondria interface (Left). Parkin dysfunction 

stabilizes Mfn2 at contact sites, increases ER-mitochondria proximity and IP3R-dependent ER-

mitochondria Ca
2+

 transfers, and decreases cytosolic Ca
2+

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

 Age Sex PARK2  Parkin  

Control 1 56 F no mutation wild-type 

Control 2 53 M no mutation wild-type 

Control 3 65 F no mutation wild-type 

Control 4 64 F no mutation wild-type 

Control 5 52 M no mutation wild-type 

Control 6 61 F no mutation wild-type 

Control 7 54 M no mutation wild-type 

Control 8 64 F no mutation wild-type 

Control 9‡  38 M c.[(871+1_872-1)_(1083+1_1084-1)del]; [=] p.[Ala291ValfsX8];[=] 

Patient 1 65 M c.[(7+1_8-1)_(171+1_172-1)del]; 

[101_102delAG] 

p.[Val3GlufsX3];[Gln34ArgfsX5] 

 

Patient 2 46 F c.[(871+1_872-1)_(1083+1_1084-1)del]; 

[125G>C] 

p.[Ala291ValfsX8];[Arg42Pro] 

Patient 3 51 F c.[(871+1_872-1)_(1083+1_1084-1)del]; 

[125G>C] 

p.[Ala291ValfsX8];[Arg42Pro] 

Patient 4 40 F c.[(871+1_872-1)_(1083+1_1084-1)del]; 

[125G>C] 

p.[Ala291ValfsX8];[Arg42Pro] 

Patient 5 45 F c.[(412+1_413-1)_(534+1_535-1)del]; 

[155delA] 

p.[Ala138GlyfsX7];[Asn52MetfsX29] 

Patient 6 37 F c.[(171+1_172-1)_(734+1_735-1)del]; 

[171+1_172-1)_(534+1_535-1)del] 

p.[Asn58GlufsX29];[Asn58_Gln178del] 

Patient 7 50 M c.[(534+1_535-1)_(618+1_619-1)del]; 

[1321T>C] 

p.[Gly179_Ala206del];[Cys441Arg] 

‡
This control was used exclusively in the experiments involving iPSC-derived neurons. 
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Abbreviations 

Bradykinin, BK; calcium, Ca
2+

; carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone, FCCP; 

endoplasmic reticulum, ER; induced pluripotent stem cell, iPSC; inositol 1,4,5-triphosphate receptors, 

IP3R; mitochondria-associated membranes, MAM; mitofusin 2, Mfn2; outer mitochondrial membrane, 

OM membrane; Parkinson’s disease, PD; tetramethylrhodamine  methyl ester, TMRM; voltage-

dependent anion channels, VDACs 

 














