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ABSTRACT: Background: It is generally believed that
the pathogenesis of PINK1/parkin-related Parkinson’s
disease (PD) is due to a disturbance in mitochondrial
quality control. However, recent studies have found that
PINK1 and Parkin play a significant role in mitochondrial
calcium homeostasis and are involved in the regulation
of mitochondria—endoplasmic reticulum contact sites
(MERCSS).

Objective: The aim of our study was to perform an in-
depth analysis of the role of MERCSs and impaired cal-
cium homeostasis in PINK1/Parkin-linked PD.

Methods: In our study, we used induced pluripotent stem
cell-derived dopaminergic neurons from patients with PD
with loss-of-function mutations in PINK1 or PRKN. We
employed a split-GFP-based contact site sensor in combi-
nation with the calcium-sensitive dye Rhod-2 AM and
applied Airyscan live-cell super-resolution microscopy to
determine how MERCSs are involved in the regulation of
mitochondrial calcium homeostasis.

Results: Our results showed that thapsigargin-induced
calcium stress leads to an increase of the abundance of
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narrow MERCSs in wild-type neurons. Intriguingly, cal-
cium levels at the MERCSs remained stable, whereas the
increased net calcium influx resulted in elevated mito-
chondrial calcium levels. However, PINK71-PD or PRKN-
PD neurons showed an increased abundance of
MERCSs at baseline, accompanied by an inability to fur-
ther increase MERCSs upon thapsigargin-induced cal-
cium stress. Consequently, calcium distribution at
MERCSs and within mitochondria was disrupted.
Conclusions: Our results demonstrated how the endo-
plasmic reticulum and mitochondria work together to cope
with calcium stress in wild-type neurons. In addition, our
results suggests that PRKN deficiency affects the dynam-
ics and composition of MERCSs differently from PINK1
deficiency, resulting in differentially affected calcium
homeostasis. © 2023 The Authors. Movement Disorders
published by Wiley Periodicals LLC on behalf of Interna-
tional Parkinson and Movement Disorder Society.
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Introduction

The demise of dopaminergic neurons in the substantia
nigra pars compacta of the midbrain is a pathological
hallmark of Parkinson’s disease (PD). Although the exact
molecular mechanisms causing neurodegeneration in PD
currently remain elusive, mitochondrial dysfunction has
been established as a key aspect of the disease."* About
90% of patients with PD are affected by a sporadic form,
which typically starts at the age of 65 years or older.’
Familial cases are due to mutations in PD-linked genes,
half of which encode for proteins involved in mitochon-
drial homeostasis and function. The most frequent reces-
sive form of early-onset PD is caused by mutations in
PRKN,*® whereas mutations in PINK1 account for the
second most common form of early-onset PD.

PRKN encodes the E3 ubiquitin ligase Parkin, which
acts together with the mitochondrial kinase PINK1 to
initiate the selective removal of damaged mitochondria
by lysosomes.” However, the cellular functions of both
PINK1 and Parkin go far beyond the regulation of
mitophagy.

Connected to its involvement in mitochondrial qual-
ity control, PINK1 and Parkin have also been ascribed
a role as regulator of mitochondria—endoplasmic reticulum
(ER) contact sites (MERCSs).® MERCSs create a hub for
phospholipid metabolism that is required to provide mem-
branes for the formation of autophagosomes.”!’ More-
over, when mitophagy is induced, MERCSs must be
deconstructed to allow the degradation of liberated mito-
chondria.'" This detethering of mitochondria from the ER
is mediated via the PINK1/Parkin-dependent ubiquitination
pathway and subsequent proteasomal degradation of vari-
ous proteins that function at MERCSs, including MFN2,
voltage-dependent anion channel (VDAC), or Miro1.'*"°

The impact of PINK1 or Parkin pathogenic variants
on the structure of MERCSs may also contribute to cal-
cium dyshomeostasis. Different types of MERCS are
defined by the cleft width between mitochondria and
the ER membrane. Narrow MERCSs have been
ascribed a role in the regulation of cellular calcium
homeostasis™'® by creating microdomains for the trans-
fer of calcium between both organelles via inositol-
1,4,5-triphosphate (IP3) receptors at the ER and VDAC
at the outer mitochondrial membrane and the mito-
chondrial calcium uniporter at the inner mitochondrial
membrane.”'”"” The maintenance of mitochondrial
calcium levels is, among others, important for the
enzymes of the tricarboxylic acid cycle, thereby
modulating mitochondrial pyruvate and NAD™
concentrations.”**!

To date, we do not understand exactly how MERCSs
are dysregulated by the absence of PINK1 or Parkin.
There have been conflicting reports about the effect of
PINK1/Parkin-PD models on MERCSs, including reports
of increased MERCSs and mitochondrial calcium,”***

but also others showing the opposite.'>*>2¢ Although
these differences might arise from different cell models or
expression systems used, the differential contribution of
narrow and wide MERCSs to the previously reported
MERCS dysregulation was not systematically studied
so far.

Furthermore, the mechanism by which MERCSs
respond to calcium stress and how MERCSs coordinate
the transfer of calcium ions from the ER to mitochon-
dria remain enigmatic. In our study, using induced plu-
ripotent stem cell (iPSC)-derived neurons, we showed
that thapsigargin-induced calcium stress leads to a
rapid increase in MERCS abundance to maintain stable
calcium levels at each contact site, while enabling an
increase in total mitochondrial calcium levels. iPSC-
derived neurons with deleterious mutations in PINK1
or PRKN showed an increase of total MERCSs already
under baseline conditions, but also an alteration of the
distribution of the calcium sensor Mirol at different
types of MERCS. We hypothesize that this disables
PINK1- or PRKN-PD neurons to adapt the number of
MERCSs under calcium stress, which presumably con-
tributes to the dysregulation of mitochondrial calcium
levels in these cells.

Subjects and Methods

Cell Culture
Generation and Characterization of iPSCs

For this study, we used iPSC lines of three healthy
donors, two patients with PD with loss-of-function
mutations in PINK1 (c.1366C>T), and two patients
with PD with loss-of-function mutations in PRKN
(delEx1; c.823C>T), as described in Table 1. These
mutations were previously shown to cause loss of
PINK1?” or Parkin, respectively.”® All iPSC lines were
previously published, except control_3 and PINKI_1.
Control_3 was reprogrammed from fibroblasts using
retrovirus, and PINK1_1 was reprogrammed using Sen-
dai virus. The characterization was performed as
described earlier.?’

Generation of smNPC and Differentiation of
Neurons

The described iPSC lines were used for further differ-
entiation into small molecule-derived neuronal precur-
sor cells (smNPCs) according to a previously published
protocol.>* The successful generation of smNPCs was
judged based on cell morphology and on quantitative
polymerase chain reaction for the following primers:
18S (5'-3": CGTAGTTCCGACCATAAACGATGCG;
3'-5": GTGGTGCCCTTCCGTCAATTCC), OCT4 (5'-
3’: CTTCGCAAGCCCTCATTTCACCA; 3'-5: GTIC
CGAGGATCAAACCAGCCC), NANOG (5'-3": AGC
AATGGTGTGACGCAGAAGGC; 3'-5: TGGAAGG
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TABLE 1  Overview of iPSC lines used to differentiate into smNPCs
Age at
ID of iPSC clone Internal ID Sex Disease biopsy (y) Mutation Reference
2062-2 control_1 Male Healthy 43 — Peter et al>®
GM23251-4 control_2 Female Healthy 50 — Petters et al®’
D2-26 control 3 Female Healthy 48 = =
L3244 PRKN_1 Female = PRKN-PD 41 Compound heterozygous Zanon et al’!
delEx1;
c.823C>T [p.Arg275Trp]
SFC818-03-04 PRKN_2 Male PRKN-PD 57 Compound heterozygous: delEx4;  Trilck-Winkler et al*>
¢.823C>T [p.Arg275Trp]
SFC825-04-05 PINK1_1 Female  PINKI1-PD 61 Homozygous: =
c.1366C>T [p.GIn456Ter]
SFC826-04-06 PINK1_2 Female PINKI-PD 72 Homozygous: Baud et al”®

c.1366C>T [p.GIn456Ter]|

Abbreviations: iPSC, induced pluripotent stem cell; smNPC, small molecule—derived neuronal precursor cell; ID, identification number.

TTCCCAGTCGGGTTCA), AFP (5'-3’: AGCTTGGT
GGTGGATGAAAC; 3-5: CCCTCTTCAGCAAA
GCAGAC), T (5'-3": ACCCAGTTCATAGCGGTGAGC;
3'-5": CAATTGTCATGGGATTGCAG), SOX17 (5'-
3': CCTGGGTTTTTGTTGTTGCT; 3-5": GAGGAA
GCTGTTTTGGGACA), SOX2 (5'-3": CAGCCCATG
CACCGCTACGA; 3'-5": TCGGACTTGACCACCGA
ACCC), PAX6 (5'-3': AGCACCAGTGTCTACCA
ACC; 3'-5: CGCTGTAGGTGTTTGTGAGG), HESS
(Qiagen: QT00202699), ASCL1 (5'-3": GTCTCCCG
GGGATTTTGTAT; 3'-5": TCTCCATCTTGGCAGA
GCTT), SOX1 (5-3: TGGGCTCTCTGGTGAAGT
CGG; 3'-5: GGCGCTAGATGTGCGTCAGG), PAX3
(5'-3": CTGGAACATTTGCCCAGACT; 3-5": TAT
CCAGGTGAAGGCGAAAC), HOXA2 (5'-3": TTCA
GCAAAATGCCCTCTCT; 3'-5": TAGGCCAGCTCC
ACAGTTCT), and HOXB2 (5'-3’: TTTAGCCGTTCG
CTTAGAGG; 3-5: CGGATAGCTGGAGACAGG
AG). The smNPCs were further used for differentiation
into neuronal cultures, according to a previously publi-
shed protocol.** The neuronal cultures were character-
ized by immunostaining with antibodies against MAP2
(1:1000; ab5392; Abcam) and TH (1:1000; T1299;
Sigma-Aldrich). With the applied protocol, we obtained
70% to 80% neurons, of which 30% to 50% were TH
positive. These proportions did not differ significantly
between the lines.

Institutional Review Board Statement
The performed procedures were in accordance with
the Declaration of Helsinki (World Medical Associa-
tion, 1964) and approved by the Ethical Committee
of the Technische Universitit Dresden, Germany

(EK 393122012 and EK 45022009) and the Universitit
Rostock (A2019-0134).

Informed Consent Statement

Written informed consent was obtained from all par-
ticipants, including for publication of any research
results.

Immunostainings and Microscopy

Neurons were fixed at day 23 or 24 in vitro with 4%
paraformaldehyde, prewarmed to 37°C for 20 minutes,
then permeabilized in 0.2% Triton X-100 for
10 minutes. Afterward, cells were washed three times in
Tris-buffered saline containing 1% Tween 20 (in PBS)
for 10 minutes and blocked in Pierce Protein-free block-
ing buffer (37572; Thermo Fisher) for 1 hour at room
temperature. The following primary antibodies were
diluted in Pierce Protein-free blocking buffer and incu-
bated overnight at 4°C on a shaker: TOM20 (1:1000;
sc-17764; Santa Cruz), KDEL (1:1000; MAS5-34715;
Invitrogen), Mirol (1:500; HPA010687; Sigma), and
HSP60 (1:1000; ab46798; Abcam). After three times
washing in TBS-T for 10 minutes, secondary antibodies
were diluted 1:10,000 in TBS-T and incubated for
1.5 hours at room temperature, on a shaker. After three
times washing in TBS-T for 10 minutes, cells were
mounted in DAPI Fluoromount-G mounting medium
(0100-20; Southern Biotechnology). Images were
acquired on a Zeiss inverted AxioObserver.Z1 micro-
scope with LSM 900 module and high-resolution
Airyscan 2 module, using a 63x 1.4 NA plan
apochromat objective.
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Data Analysis

Data acquired from microscopy were evaluated using
macros in Fiji. Masks are depicted in the respective fig-
ures. Macros are included in the supplements. MERCSs
were quantified based on TOM20 and KDEL signal over-
lap and depicted as area per nucleus. Colocalization of
split-green fluorescent protein—based contact site sensor
(SPLICS)-short or SPLICS-long with Mirol was quanti-
fied based on signal overlap area per nucleus. All signals
were quantified as area (pixel) per nucleus.

Super-Resolution Live-Cell Imaging

Super-resolution live-cell imaging was conducted on a
Zeiss inverted AxioObserver.Z1 microscope with LSM
900 module and high-resolution Airyscan 2 module,
using a 63x 1.4 NA plan apochromat objective and full
environment control of CO,, humidity, and tempera-
ture. Neurons were differentiated for 23-24 days
according to a previously described protocol.”’

Calcium Imaging

Neurons were transfected with FuseIT-DNA (60600;
Beniag GmbH) with 0.5 pg SPLICS-short (164107;
Addgene). Twenty-four hours posttransfection, neurons
were stained with 100 nM MitoTracker Deep Red FM
(8778; Cell Signaling) and 1 pM Rhod-2 AM (R1244;
Invitrogen) for 30 minutes according to the manufac-
turer’s instructions. Then the staining medium was
removed, and the neurons were incubated in growth
medium without staining for 4 hours before image
acquisition. Image acquisition was done for 2 minutes
in 10-second intervals, then DMSO or 1uM
thapsigargin (T9033; Sigma-Aldrich) treatments were
applied, and image acquisition was continued for
2 minutes in 10-second intervals.

Data Analysis. Data acquired from live-cell imaging
were evaluated using macros in Fiji. Masks are depicted
in the respective figures. Macros are included in the
Supporting Information.

Mitochondrial Membrane Potential

Neurons were stained with 100 nM MitoTracker
Deep Red FM (8778; Cell Signaling) and 10 nM TMRE
(T669; Invitrogen) for 30 minutes according to manu-
facturer’s instructions for subsequent super-resolution
live-cell imaging.

Data Analysis. Mean TMRE fluorescence intensity
was measured within the MitoTracker mask area, using
macros in Fiji. Masks are depicted in the respective fig-
ures. Macros are included in the Supporting Information.

Western Blot Analysis

Neuron cell pellets were lysed in radioimmunoprecipitation
assay buffer (50 mM Tris—=HCI, pH 7.4; 150 mM CaCl;
1% Triton X-100; 0.5% Na-deoxycholate; 0.1%
sodium dodecyl sulfate [SDS]; cOmplete, EDTA-free pro-
tease inhibitor cocktail; 04693132001; Roche) for
30 minutes on ice. The lysate was incubated in Laemmli
buffer for 6 minutes at 96°C. A total of 30 pg of total
protein was loaded on 10% polyacrylamide-SDS gels for
gel electrophoresis. Proteins were blotted on 0.2-um
nitrocellulose membrane (Trans-blot turbo transfer sys-
tem RTA transfer kit, 1704270; BioRad), using a Trans-
blot Turbo transfer system (22 V, 7 minutes; Bio-Rad).
Total protein was stained with Ponceau S solution
(SLCL2343; Sigma-Aldrich). The membrane was
blocked in 5% skim milk (T145.3; in TBS; Roth) for
1 hour at room temperature. Afterward, primary anti-
bodies against TOM20 (1:1000; sc17764; Santa Cruz);
Calnexin (1:1000; ab22595; Abcam), or Mirol (1:500;
WHO0055288M1; Sigma) were incubated in 5% skim
milk (T145.3; in TBS; Roth) for 1 hour at room temper-
ature. Secondary antibodies against mouse (1:5000;
A16817; Invitrogen) or rabbit (1:5000; 611-144-122;
Rockland) were incubated in TBS overnight at 4°C.
Images were acquired on a Li-COR ODYSSEY XF ana-
lyzer. Signal intensities of protein bands were quantified
using Fiji.

Statistics

For statistical analysis, we used GraphPad Prism
6.07. All data were tested for normal distribution by a
D’Agostino-Pearson omnibus normality test. We used
nonparametric tests as indicated in the figure legends.
All experiments were independently repeated with at
least three biological replicates, with one biological rep-
licate defined as independent neuron differentiation.
Cell lines with similar genetic backgrounds were pooled
for analysis.

Results

Generation of Neuronal Cell Models

For this study, we reprogrammed human fibroblasts
from a control and a PD patient with the homozygous
¢.1366C>T mutation in PINKI1. The resulting gener-
ated iPSC lines were successfully characterized
(Supporting Information Figs. S1. and S2.). A set of
three control lines*”*®  (Supporting Information
Fig. $1.) and two PRKN-PD?!*? and two PINK1-PD??
(Supporting Information Fig. S2.) iPSC lines were dif-
ferentiated into smNPCs (for characterization see
Supporting Information Fig. S3.). All experiments in
this study were conducted with neurons differentiated
from smNPCs,>* after 2 weeks of maturation. We
obtained 70% to 80% MAP2-positive neurons, of
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which approximately 40% were TH positive in all used
lines (Supporting Information Fig. $4.).

Analysis of MERCSs in PINK1-PD or PRKN-PD
Neurons

Several previous studies have shown that PINK1 and
Parkin are involved in the regulation of MERCSs by
initiation of proteasomal degradation of MERCS-
residing proteins. Consequently, deficiency of PINK1 or
Parkin leads to decreased degradation of MERCS pro-
teins, causing an increase or pathological stabilization
of MERCSs.*'? Hence our first aim in this study was
to assess the abundance of MERCSs in our patient-
derived neurons. To this end, we quantified MERCSs
by immunolabeling of TOM20 (for mitochondria) and
KDEL (for the ER) and subsequent analysis of the
colocalization of both proteins, indicated as signal over-
lap area (Fig. 1A). PINK1-PD neurons displayed a sig-
nificant increase in the abundance of MERCSs per cell
(Fig. 1B). Further analysis of the data showed that
MERCS area per TOM20 was significantly increased
only in PINK1-PD neurons (Fig. 1C), whereas MERCS
area per KDEL was significantly increased only in
PRKN-PD neurons (Fig. 1D). This observation was
explained by an elevation of TOM20 signal area per
cell in PRKN-PD neurons (Fig. 1E) and by elevated
KDEL signal area per cell in PINKI1-PD neurons
(Fig. 1F). In addition, we quantified TOM20 and the
ER protein Calnexin by Western blot analysis. Both
proteins were not changed in PRKN-PD or PINK1-PD
neurons, compared with controls (Fig. S6.A-C).
Because MERCSs are strongly influenced by mitochon-
drial morphology and function,® and vice versa, we
also determined mitochondrial membrane potential
microscopically using MitoTracker and TMRE
staining. Thereby, we observed that mitochondria from
PRKN-PD and PINK1-PD neurons are slightly, but not
statistically significant, depolarized compared with
mitochondria from control neurons (Supporting Infor-
mation Fig. SS.).

Our results suggest that alterations of the abundance
of MERCSs might arise from different mechanisms in
PINK1-PD or PRKN-PD neurons.

Structural Alterations of Specific Types of
MERCS in PINK1-PD or PRKN-PD Neurons

Given the different functions and structures of
MERCSs, we next wanted to investigate whether spe-
cific types of MERCS are differentially affected by loss
of PINK1 or Parkin by using a molecular biology tool
called SPLICS.” We transfected neuronal cultures with
the SPLICS-short or the SPLICS-long construct for sub-
sequent superresolution imaging, respectively (Fig. 2A).
The GFP molecule is divided into two parts, encoded
within the same vector, with one part being attached to

r MERCS
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the ER membrane and the other part being localized
to the outer mitochondrial membrane. Only when both
membranes are at a defined distance from each other
do the two GFP parts connect and become fluorescent
active. The distance between ER and mitochondria is
defined by the length of a linker at the ER-split GFP
part. Although the short linker of the construct (named
SPLICS-short) allows the visualization of narrow
MERCSs with a cleft width of ~15 nm, the SPLICS-
long construct labels wide MERCSs with a cleft width
of ~40 nm (Fig. 2B).” Indeed, quantification of the
SPLICS-short and SPLICS-long signal area per cell
showed an increased abundance of narrow and wide
MERCSs in PINKI1-PD or PRKN-PD neurons, com-
pared with control neurons (Fig. 2C,D). These results
suggest that the dysregulation of MERCSs in PINK1-
PD or PRKN-PD is not restricted to a specific type of
MERCS, but rather point to a systemic dysregulation
of the MERCS architecture.

Having shown increased abundance of MERCSs, we
were wondering whether these are associated to specific
MERCS proteins. We thus focused our work on a pro-
tein, which putatively links PINK1 and Parkin with
narrow and wide MERCSs. Mirol, which, albeit not
responsible for the composition of MERCSs, plays a
central role in MERCS stabilization and function®”-**
and is a target of PINK1/Parkin-mediated proteasomal
degradation during the initiation phase of mitophagy.'’
Immunostaining of neurons transfected with SPLICS-
short or SPLICS-long constructs with an antibody
against Miro1 enabled us to quantify the distribution of
Mirol to specific types of MERCS (Fig. 2F). Notably,
the overall level of Miro1 area per cell was comparable
in control and mutant neurons (Fig. 2E). This observa-
tion was validated by Western blot analysis of Mirol
(Supporting Information Fig. S6.A,D). It is noteworthy
that the majority of narrow and wide MERCSs did not
colocalize with Mirol (—Miro1) in all three genotypes
(Fig. 2G,H), fitting with our previous findings.>” We
found an increase in narrow MERCSs associated with
Mirol (+Mirol) in PINK1-PD and PRKN-PD neurons
(Fig. 2G), whereas only PINK1-PD neurons also
showed an increase in narrow MERCSs, which do not
colocalize with Miro1l (—Miro1) (Fig. 2G). In contrast,
PINK1-PD or PRKN-PD mutations did not affect the
colocalization of Miro1 at wide MERCSs (Fig. 2H).

Our data demonstrate differential alterations of
Mirol distribution, especially at narrow MERCSs in
the absence of PINK1 or Parkin, besides a general
increase in MERCS abundance.

Functional Alterations of MERCSs in PINK1-PD
or PRKN-PD Neurons

Having found that PINKI1-PD and PRKN-PD neu-
rons show an increase of MERCSs and alterations of
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FIG. 1. Structural alterations of mitochondria—endoplasmic reticulum contact sites (MERCSs) in PINK7-PD or PRKN-PD neurons. (A) Neurons were
fixed for immunolabeling with antibodies against TOM20 and KDEL for subsequent super-resolution microscopy. Scale bars, 10 pm. (B) MERCSs were
quantified by colocalization area of TOM20 and KDEL, normalized per nucleus. (C) Colocalization area of TOM20 and KDEL (MERCSs) were normalized
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median + min/max (n = 3-6; n = 21-63). Significance was calculated by the Kruskal-Wallis test, with Dunn’s multiple comparison post hoc test.
*P < 0.05, P < 0.01, **P < 0.001, ***P < 0.0001. [Color figure can be viewed at wileyonlinelibrary.com]

Mirol colocalization to narrow MERCSs, we next
aimed to understand the functional consequences of
this phenotype. Mirol is an important regulator
of mitochondrial calcium homeostasis by facilitating
calcium exchange between the ER and mitochondria at
MERCSs.***1:1¢ Particularly narrow MERCSs have
been implicated in calcium homeostasis,”'® which was
reported to be disturbed in PINK1-PD or PRKN-PD
cells.'>** However, the exact molecular cause of this
impairment remains elusive. We thus hypothesized that
elevated MERCS numbers and increased abundance of
Mirol at narrow MERCSs contribute to calcium
dyshomeostasis in PINK1-PD and PRKN-PD neurons.
For differential visualization of calcium, mitochon-
dria, and MERCSs, we transfected neurons with

SPLICS constructs and 24 hours posttransfection
loaded with MitoTracker and the calcium indicator
Rhod-2 AM (Fig. 3A,B). We used live-cell super-
resolution microscopy to separately analyze calcium
levels at different mitochondrial and MERCS sub-
compartments. We used the MitoTracker deep red sig-
nal to create a mask for mitochondria and the SPLICS
signal to create a mask for MERCSs. The SPLICS mask
subtracted from the mitochondrial mask creates a
mask for a pure mitochondrial compartment (“mito”),
which does not include SPLICS, whereas the SPLICS
mask added to the mitochondrial mask creates the com-
bined mask of the “mito+SPLICS” compartment. These
masks were then used to assess Rhod-2 AM mean sig-
nal intensity in the respective compartments (Fig. 3C).
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with an antibody against Miro1. Images were acquired using super-resolution microscopy. Scale bars, 10 um. (B) Schematic representation of SPLCIS-
short and SPLICS-long markers. The image was generated using BioRender.com. Quantification of (C) SPLICS-short and (D) SPLICS-long signal area
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FIG. 3. Functional alterations of mitochondria—endoplasmic reticulum contact sites (MERCSs) in PINK71-PD or PRKN-PD neurons. Neurons were trans-
fected with (A) SPLICS-short or (B) SPLICS-long constructs. Twenty-four hours posttransfection, neurons were stained with MitoTracker deep red and
Rhod-2 AM for super-resolution live-cell imaging. White scale bars, 10 um; red scale bars, 2 pm. (C) Schematic representation of the analysis of differ-
ent compartments. Binary masks of the MitoTracker and SPLICS signals were created. Combination of the MitoTracker mask to the SPLICS mask
results in the combined mitochondrial and SPLICS compartment (“mito+SPLICS”). Subtraction of the SPLICS mask from the MitoTracker mask results
in the mask for the mitochondrial compartment (“mito”). The analyzed compartment is highlighted in red. The image was generated using BioRender.
com. Quantification of calcium level, indicated by Rhod-2 AM mean fluorescence intensity in mito+SPLICS, mitochondrial (mito), or SPLICS compart-
ments in neurons transfected with (D) SPLICS-short or (E) SPLICS-long. Data are indicated as median + min/max (n = 3-7; n = 15-35). Significance
was calculated by the Kruskal-Wallis test, with Dunn’s multiple comparison post hoc test. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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In control cells, the calcium level of the combined
mitochondria+SPLICS-short ~ compartment  (“mito
+SPLICS”) was indistinguishable from calcium levels at
SPLICS-short (“SPLICS”), whereas the calcium levels
at the purely mitochondrial compartment (“mito”) were
significantly lower compared with the “mito+SPLICS”
and the “SPLICS” compartments. This observation sug-
gests that calcium is not equally distributed in the mito-
chondrial compartment, but rather accumulates at
narrow MERCSs under basal conditions in control neu-
rons. Notably, there were no significant differences with
respect to the calcium levels between any of the assessed
compartments in PRKN-PD or PINKI-PD neurons
(Fig. 3D). However, calcium levels at SPLICS-short
(“SPLICS”) were significantly reduced in PRKN-PD and
PINK1-PD neurons compared with calcium at SPLICS-
short in control neurons. In addition, the calcium level
in the combined “mito+SPLICS-short” compartment
was reduced in PINK1-PD neurons compared with con-
trols (Fig. 3D).

When analyzing neurons transfected with SPLICS-long,
we noticed that calcium levels were indistinguishable
between mitochondria, including SPLICS-long (“mito+
SPLICS”), the pure mitochondrial compartment (“mito”),
and at the SPLICS-long compartment (“SPLICS”) within
each genotype. Interestingly, however, calcium levels were
decreased in all compartments only in the case of PINK1-
PD neurons, both if compared with control and PRKN-
PD neurons (Fig. 3E).

In summary, our analysis supports the paradigm that
narrow MERCSs (labeled by SPLICS-short constructs)
are mainly responsible for calcium exchange between
the ER and mitochondria.”'® Furthermore, our results
show impaired calcium homeostasis in PRKN-PD and
PINK1-PD neurons.

Dynamic Modulation of MERCSs and Calcium
Transfer Is Impaired in PINK1-PD or PRKN-PD
Neurons

Based on our results of alterations of local calcium
levels at narrow MERCSs in PINK1-PD or PRKN-PD
neurons, we were interested in further analyzing the
calcium dynamics at narrow MERCSs under calcium
stress. For this purpose, neurons were transfected with
SPLICS-short constructs and 24 hours posttransfection
stained with MitoTracker deep red and Rhod-2 AM for
subsequent dynamic super-resolution live-cell micros-
copy (Fig. 4A). First, we recorded 2 minutes of baseline
calcium dynamics; then we applied 1 pM thapsigargin
and continued recording for another 2 minutes
(Fig. 4B). Thapsigargin is an inhibitor of the sarcoplas-
mic/ER calcium ATPase (SERCA) pumps, preventing
calcium uptake by the ER and hence forcing calcium
uptake by the mitochondria via MERCSs.**

r MERCS

AND CALCIUM IN PINKI/PRKN-PD

Calcium levels were expressed as a fold change of
mean Rhod-2 AM intensity normalized to the mean
baseline signal before the thapsigargin application. We
analyzed the same compartments as in Figure 3. When
analyzing the total mitochondria, including SPLICS
(“mito+SPLICS”), control and PRKN-PD neurons
showed increased calcium levels after thapsigargin
application, compared with the baseline levels, whereas
PINK1-PD neurons showed no change of calcium levels
(Fig. 4C).

Analysis of the mitochondrial compartment (“mito”)
indicated a thapsigargin-induced increase of mitochon-
drial calcium levels in control neurons. By contrast, in
PRKN-PD or PINKI-PD neurons, no change was
observed (Fig. 4D). When analyzing the local calcium
levels at narrow MERCSs specifically, we found no
thapsigargin-induced increase in control neurons. In con-
trast, PRKN-PD neurons showed significantly increased
local calcium levels at MERCSs after thapsigargin appli-
cation. However, PINK1-PD neurons showed no change
of calcium levels at MERCSs (Fig. 4E).

Intriguingly, quantification of the SPLICS-short signal
area demonstrated that control neurons react with a
rapid increase of narrow MERCSs within approxi-
mately 1 minute after thapsigargin application, an effect
that was not observed in PRKN-PD or PINK1-PD neu-
rons (Fig. 4F).

Taken together, our results suggest that, in wild-type
conditions, calcium levels are increased at narrow
MERCSs, thereby facilitating calcium transfer between
ER and mitochondria. PINK1-PD neurons show a
strong, whereas PRKN-PD neurons a modest, reduction
of calcium levels at MERCSs already under basal con-
ditions. When mitochondria are additionally forced to
take up more calcium because of thapsigargin treat-
ment, the physiological response is to form more
MERCSs to ensure increased net calcium uptake while
maintaining stable calcium levels at each individual
contact site. In PINK1-PD or PRKN-PD neurons,
which already showed increased MERCSs under basal
conditions, this mechanism appears to be exhausted.
Whereas in the case of SERCA inhibition, PRKN-PD
neurons were able to react by increasing the calcium
flow at narrow MERCSs, PINKI-PD neurons
completely failed to react, suggesting a differential vul-
nerability against calcium stress.

Discussion

The two PD-associated proteins PINK1 and Parkin
are known mainly for their role in the mitophagy sig-
nalling pathway.*® However, an increasing number of
studies identified other functions of PINK1 and Parkin
in recent years, leading to a broad spectrum of diverse
phenotypes, including, but not limited to, disturbed
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FIG. 4. Dynamic modulation of mitochondria—endoplasmic reticulum contact sites (MERCSs) and mitochondrial calcium transients is impaired in
PINK1-PD or PRKN-PD neurons. (A) Neurons were transfected with SPLICS-short constructs. Twenty-four hours posttransfection, neurons were sta-
ined with MitoTracker deep red and Rhod-2 AM for super-resolution live-cell time-lapse imaging. Neurons were imaged with a 10-seconds interval for
2 minutes without treatment (baseline). Then, either DMSO or 1 uM thapsigargin treatments were applied, and image acquisition was continued for
another 2 minutes, with 10-second intervals (+ treatment). Scale bars, 2 pm. (B) Schematic overview of the experimental setup. The image was gener-
ated with BioRender.com. From these time-lapse images, we quantified (C) calcium levels of the combined mitochondria and SPLICS-short compart-
ment (mito+SPLICS), (D) calcium levels of the mitochondrial compartment (mito), and (E) calcium levels at the SPLICS-short compartment. Relative
calcium levels were assessed based on the mean fluorescence intensity of the Rhod-2 AM signal. The fluorescence intensity of each time point was
normalized to the mean fluorescence intensity of the 2-minute baseline recording. (F) SPLICS area was quantified, and the area of each time point was
normalized to the mean area of the 2-minute baseline recording. Data are indicated as mean + SEM (n = 3-5). Significance was calculated by two-Way
ANOVA, with Sidak’s multiple comparison post hoc test. *P < 0.01, **P < 0.001, ***P < 0.0001. [Color figure can be viewed at wileyonlinelibrary.com]
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calcium homeostasis, mitochondrial dysfunction, and
dysregulation of MERCSs.** In fact, we were able to
show an increased abundance of MERCSs in PINK1-
PD or PRKN-PD neurons, as previously described by
other groups.”>?* We were able to show that both

time (sec)

-e- Thapsigargin
-~ DMSO

types of MERCS, narrow and wide, are likewise
increased in PINK1-PD or PRKN-PD neurons using
previously described SPLICS constructs’ in combination
with super-resolution Airyscan microscopy. Hence we
speculate that the increase in MERCSs is not only
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caused by impaired protein degradation at MERCSs via
disruption of the PINK1/Parkin pathway, but also by
differential effects, which might be independent of the
canonical PINK1/Parkin pathway.

Our results further support that narrow MERCSs
(visualized by SPLICS-short) in particular were associ-
ated with the regulation of calcium homeostasis by
facilitating the calcium transfer between the ER and
mitochondria.”'®

When analyzing the resting levels of calcium in mito-
chondrial subcompartments, we first realized that cal-
cium levels were significantly lower in the pure
mitochondrial compartment, compared with calcium
levels at narrow MERCSs in control neurons. The sur-
prisingly low calcium levels in the mitochondrial com-
partments observed in this study might be explained by
the fact that we used super-resolution live-cell imaging
to separately analyze the mitochondrial and MERCS
compartments. Conventional microscopy usually shows
mitochondria and MERCSs as a combined compart-
ment because of limited resolution. However, our anal-
ysis shows that, under physiological conditions,
calcium levels of the combined “mito+SPLICS” com-
partment were comparable with the levels in the
“SPLICS” compartment, suggesting that the main mito-
chondrial calcium load arises from high calcium levels
at MERCSs in wild-type cells. By contrast, in PINK1-
PD and PRKN-PD neurons, this difference in calcium
levels between compartments was no longer observed,
suggesting that calcium transfer at narrow MERCSs
might be disrupted in the absence of PINK1 or Parkin.

We aimed to further analyze the response upon
forced calcium entry into the mitochondria using
thapsigargin. Our results suggest that wild-type cells
cope with thapsigargin-induced calcium stress by
increasing the abundance of narrow MERCSs, to open
more gates to allow a net increase of calcium in the
matrix, while keeping the calcium levels at narrow
MERCSs constant. A previous study showed that
MERCSs are increased in response to ER stress induced
by 4 hours of tunicamycin treatment in wild-type HelLa
cells and mouse embryonic fibroblasts.*> Furthermore,
an increase of SPLICS-short area was previously
observed in Hela cells after 24 hours of thapsigargin-
induced ER stess.” In both studies, an adaption of
MERCS abundance was induced by several hours
of ER stress. In contrast, the area of MERCSs was
increased much quicker in our setup of acute
thapsigargin-induced calcium stress. Based on our data,
we suggest a mechanism of how the ER and mitochon-
dria work together to orchestrate cellular calcium
homeostasis.

This fine-tuned balance between MERCS dynamics
and calcium transfer appears to be disturbed in PRKN-
PD neurons in a different manner than in PINK1-PD
neurons: in PRKN-PD neurons the number of narrow

MERCSs is increased already under basal conditions
and cannot be further enhanced by calcium stress. Con-
sequently, calcium levels were strongly elevated specifi-
cally at narrow MERCSs under thapsigargin treatment,
whereas calcium levels were not increased in the mito-
chondrial compartment, indicating a blockage of cal-
cium uptake.

In PINK1-PD neurons, the situation is different:
although these cells also show an increase of narrow
MERCSs at baseline conditions, they lack the ability to
react to thapsigargin-induced calcium stress at all,
either by elevating the number of MERCSs or by
changing local calcium levels. PINK1-PD neurons show
an increase of narrow MERCSs that are associated with
Mirol. At the same time, they harbor more narrow
MERCSs, which are not colocalizing with Mirol. Due
to its functions as a calcium sensor,***¢ as well as inter-
actor and regulator of the mitochondrial calcium
uniporter,*”  Mirol plays a crucial role in the
calcium uptake capacity of mitochondria.***”*® There-
fore, an increased proportion of MERCSs lacking
Mirol could hinder sensing of local calcium, as well as
calcium uptake. Another aspect is that PINK1-PD neu-
rons do not respond to thapsigargin, neither with an
increase in mitochondrial calcium levels nor with a
change in MERCSs. By inhibiting SERCA pumps,
thapsigargin leads to calcium depletion from the ER,
forcing mitochondria to take up calcium.***’ The lack
of a mitochondrial response to thapsigargin despite the
general increase of MERCSs thus suggests a calcium
deficiency in the ER even before the thapsigargin treat-
ment. Nevertheless, further studies with additional cal-
cium modulators beyond thapsigargin will be needed to
uncover the fundamental problem behind impaired cal-
cium homeostasis in PINK1-PD and PRKN-PD
neurons.

Although most research has focused on the impact of
disrupted MERCSs on mitochondria, the effect on the
ER is largely unexplored. It was recently proposed that
PINK1 is associated with the ER proteostasis machin-
ery, likely via MERCSs rather than via direct localiza-
tion at the ER.’° Interestingly, induction of proteotoxic
ER stress via tunicamycin for 4 hours specifically
enhanced the abundance of SPLICS-short in Hela
cells.” Furthermore, calcium depletion from the ER by a
24-hour application of thapsigargin was shown to
increase MERCSs but also to cause secretion of pro-
teins from the ER that specifically contain the ER reten-
tion signal, ie, KDEL, leading to an upregulation of
KDEL receptors at the Golgi to counteract the secretion
of ER proteins.”’ Compensatory effects such as this
might explain our observation of increased KDEL sig-
nal in immunostainings in PINK1-PD neurons, whereas
Western blot analysis did not show differences of the
ER chaperone Calnexin. The paradigms in these studies
most likely assessed completely different cellular
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mechanisms than the acute calcium stress used in our
approach, which was meant to measure immediate cel-
lular reactions and is most likely too short to induce
measurable ER stress. Further research will thus be nec-
essary to elucidate the consequence of impaired
MERCSs on the function of the ER, and vice versa, and
the role of PINK1 and Parkin in this context.

Reviewing the literature on different models of PINK1
or Parkin, it is striking to note that calcium phenotypes
and the mechanisms regulating MERCS dynamics appear
to be highly complex and currently remain under-
explored. Overexpression of wild-type PRKN in Hela
cells led to an increase of MERCSs and consequently
increased mitochondrial calcium levels,”> a phenotype
that was later linked to an increase in SPLICS-short and a
concomitant decrease in SPLICS-long.”

However, an increase in MERCSs was also observed
as a result of PINK1 or Parkin loss of function in differ-
ent models, eg, in PINK1- or Parkin-mutant flies or
fibroblasts from patients with PD with homozygous
mutations in PINK1 or PRKN.?***

Finally, it was also observed that reduced levels of
PINK1 or PRKN can have the opposite effect: ie, a
reduction in MERCS abundance accompanied by lower
mitochondrial calcium levels. This was the case in M17
cells with short hairpin RNA-mediated knockdown of
PINK1,*° in MEFs with RNA interference of PRKN,'*
or in SH-SYSY cells with small interfering RNA knock-
down of PRKN.”> These might hint at differential
effects depending on the cellular model system used or
the degree of knockdown of the respective proteins.

In summary, we propose different mechanisms for
impaired calcium homeostasis in PINK1- and PRKN-
PD patient-derived neurons. In PRKN-PD neurons, we
observed an upregulation of narrow and wide
MERCSs, as well as an increased proportion of narrow
MERCSs associated with Mirol. Calcium stress was
not inducing a further elevation of narrow MERCSs
but caused an increase of local calcium levels at narrow
MERCSs, whereas the calcium influx into the mito-
chondria appears to be hampered. In PINK1-PD neu-
rons, increased MERCSs also include an increase of
narrow and wide MERCSs. In contrast with PRKN-PD
neurons, PINK1-PD neurons showed increased propor-
tions of narrow MERCSs colocalizing with Miro1, but
also without Mirol. It is worth noting that over-
expression of wild-type Drosophila Miro was shown
to mimic the PINKI loss-of-function effect in a
Drosophila PD model,>® supporting our hypothesis of
an involvement of Mirol in the dysregulation of
calcium homeostasis at narrow MERCSs in PINK1-PD
neurons.

Upon thapsigargin-induced calcium stress, PINK1-PD
neurons did not react at all, neither by an increase in
the amount of narrow MERCSs nor by elevation of cal-
cium levels at MERCSs or in the mitochondria. These

r MERCS

AND CALCIUM IN PINKIT1/PRKN-PD

results might hint toward a calcium deficiency not only
of the mitochondria but also of the ER.

Collectively, our results support the conclusion that
PRKN deficiency affects the dynamics and composition of
MERCSs differently from PINK1 deficiency, resulting in
differentially affected calcium homeostasis. @
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