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Loss of mitochondrial Ca** response

and CaMKII/ERK activation by LRRK2R1441¢
mutation correlate with impaired
depolarization-induced mitophagy
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Abstract

Background Stress-induced activation of ERK/Drp1 serves as a checkpoint in the segregation of damaged
mitochondria for autophagic clearance (mitophagy). Elevated cytosolic calcium (Ca”™) activates ERK, which is pivotal
to mitophagy initiation. This process is altered in Parkinson’s disease (PD) with mutations in leucine-rich repeat kinase
2 (LRRK2), potentially contributing to mitochondrial dysfunction. Pathogenic LRRK2 mutation is linked to dysregulated
cellular Ca?* signaling but the mechanism involved remains unclear.

Methods Mitochondrial damages lead to membrane depolarization. To investigate how LRRK2 mutation impairs
cellular response to mitochondrial damages, mitochondrial depolarization was induced by artificial uncoupler

(FCCP) in wild-type (WT) and LRRK2"*1¢ mutant knockin (K) mouse embryonic fibroblasts (MEFs). The resultant
cytosolic Ca?* flux was assessed using live-cell Ca** imaging. The role of mitochondria in FCCP-induced cytosolic Ca**
surge was confirmed by co-treatment with the mitochondrial sodium-calcium exchanger (NCLX) inhibitor. Cellular
mitochondrial quality and function were evaluated by Seahorse™ real-time cell metabolic analysis, flow cytometry,
and confocal imaging. Mitochondrial morphology was visualized using transmission electron microscopy (TEM).
Activation (phosphorylation) of stress response pathways were assessed by immunoblotting.

Results Acute mitochondrial depolarization induced by FCCP resulted in an immediate cytosolic Ca?" surge in WT
MEFs, mediated predominantly via mitochondrial NCLX. However, such cytosolic Ca** response was abolished in
LRRK2 KI MEFs. This loss of response in Kl was associated with impaired activation of Ca?*/calmodulin-dependent
kinase Il (CaMKIl) and MEK, the two upstream kinases of ERK. Treatment of LRRK2 inhibitor did not rescue this
phenotype indicating that it was not caused by mutant LRRK2 kinase hyperactivity. KI MEFs exhibited swollen
mitochondria with distorted cristae, depolarized mitochondrial membrane potential, and reduced mitochondrial
Ca’* store and mitochondrial calcium uniporter (MCU) expression. These mutant cells also exhibited lower cellular
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ATP: ADP ratio albeit higher basal respiration than WT, indicating compensation for mitochondrial dysfunction.
These defects may hinder cellular stress response and signals to Drp1-mediated mitophagy, as evident by impaired

mitochondrial clearance in the mutant.

Conclusions Pathogenic LRRK2R1#416

mutation abolished mitochondrial depolarization-induced Ca?* response

and impaired the basal mitochondrial clearance. Inherent defects from LRRK2 mutation have weakened the
cellular ability to scavenge damaged mitochondria, which may further aggravate mitochondrial dysfunction and

neurodegeneration in PD.

Keywords Parkinson disease, LRRK2 mutation, Mitophagy, Calcium-dependent pathways, Mitochondrial dysfunction,

Cellular stress response, NCLX

Introduction

Mitochondrial dysfunction contributes to the patho-
genesis of Parkinson’s disease (PD) [1-3] partly via
mechanisms that perturb mitochondrial clearance (or
mitophagy), a process by which damaged mitochon-
dria are selectively recycled by autophagy to maintain
mitochondrial quality and neuronal energy supply [4].
LRRK2 (leucine-rich repeat kinase 2) mutation is one
of the most common genetic risks in both familial and
sporadic PD [5], being pathologically linked to the endo-
somal-autophagic pathways and calcium homeostasis
[6-10]. We previously showed that mutant mice carry-
ing the pathogenic LRRK2®M*41G knockin (KI) mutation
[11] are more vulnerable to mitochondrial stressors,
with an age-dependent accumulation of defective, ubiq-
uitinated mitochondria in their brains compared to their
age-matched wild-type (WT) littermates [12, 13]. Mouse
embryonic fibroblasts (MEFs) derived from these LRRK2
mutant mice also exhibited slower rate of basal mito-
chondrial clearance [13]. Stressing these mutant cells by
mitochondrial depolarization caused clustering of peri-
nuclear lysosomes and accumulation of mitochondria-
containing autophagosomes, which was associated with
impaired phosphorylation of ERK and Drpl (dynamin
1-like protein) [13]. The activation of ERK-Drpl signal-
ing axis promotes mitochondrial fission, which segre-
gates damaged portion of mitochondria from the healthy
counterpart to maintain mitochondrial quality and
homeostasis [14, 15]. We hypothesize that these pheno-
typic changes observed in the LRRK2RX*1S mutant may
be due to impaired upstream signal pathway to regulate
segregation of mitochondria and mitophagy in response
to mitochondrial damages.

Cytosolic free calcium ions (Ca®") play a key role in
neuronal survival as an intracellular messenger to regu-
late a wide variety of neuronal processes in the brain
[16-18]. Dysregulated Ca’*' signaling leads to mito-
chondrial impairment via a cascade of Ca?"-dependent
cellular processes that contribute to neurodegenera-
tion in PD [17, 19, 20]. Evidence has shown that patho-
genic LRRK2 mutations are linked to dysregulated
cellular Ca?* homeostasis in PD [21, 22]. For instance,

patient fibroblasts bearing LRRK262°!5  mutation
exhibited impaired mitochondrial Ca®* extrusion [23],
whereas mouse cortical neurons carrying LRRK26%019
or LRRK2R*1€ mytation demonstrated impaired intra-
cellular Ca** buffering and depletion of dendritic mito-
chondria [21]. However, the mechanism of how LRRK2
mutation impairs mitochondrial Ca** signaling and the
subsequent cellular stress responses to maintain mito-
chondrial homeostasis is still unclear.

In this study, we elucidated impaired Ca®" signaling
response and a concomitant lack of CaMKII-MEK-ERK-
Drpl activation under cellular stress induced by mito-
chondrial depolarization in LRRK2®441G KI MEFs. These
mutant cells consistently demonstrated an accumulation
of defective ubiquitinated mitochondria associated with
impaired mitophagy [13]. We also demonstrated mito-
chondrial defects which we hypothesized to perturb
cytosolic Ca** response under mitochondrial depolariza-
tion. Our findings demonstrate for the first time that dys-
regulated mitochondrial Ca** signaling caused by LRRK2
mutation may lead to impaired cellular stress response
and mitochondrial clearance as implicated in PD.

Materials and methods

Generation of mouse embryonic fibroblasts (MEFs)
Generation of LRRK2R™16 knockin (KI) mutant mice
has been previously described [12, 13, 24]. Briefly, mutant
LRRK2R*1G KT mutant mice were back-crossed with
wild-type (WT) C57BL/6N for over eight generations
and maintained under the same genetic background.
Mouse embryonic fibroblasts (MEFs) were isolated from
homozygous LRRK284416 KI mutant mice and their WT
littermates at day E12.5. Alternate clones were generated
from individual WT and mutant mice littermate pairs.

Cell culture and treatments of MEFs

All MEF cell lines were cultured in Dulbecco’s Modified
Eagle Medium+GlutaMAX™ (Gibco, ThermoFisher™ Sci-
entific, 10569-010), supplemented with 10% Fetal Bovine
Serum (FBS; GE Healthcare HyClone™, SH30071.03), 1%
100 units/mL penicillin, 100 pg/mL streptomycin (Gibco,
ThermoFisher™ Scientific, 15140-122), 1% non-essential
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amino acids (Gibco, ThermoFisher™ Scientific, 11140—
050). Experiments using these MEF cells were done
within the passage numbers ranging from 30 to 35, in
order to maintain a stable population of immortalized
cell lines without the detrimental effects of long-cultures
and late passaging. The same passage of the WT and KI
MEEF cell lines were used for each set of treatment.

All cell cultures were refreshed with the culture
medium 2 h prior to FCCP treatment involving differ-
ent timepoints. Cell treatments were carried out with
the follow reagents: FCCP (Sigma Aldrich™, C2920),
MLi-2 (Merck, SML3101), H,O, (VWR Chemicals
BDH), oligomycin A (ATP synthase inhibitor; Abcam™,
ab143423), rotenone (Sigma Aldrich™, R8875) and CGP-
37157 (sodium-calcium exchange inhibitor, Abcam™,
ab120012).

Real-time monitoring of mitochondrial membrane
potential (MMP) by TMRM

To observe the effects of MMP with 10 uM FCCP treat-
ment in the WT and KI MEFs, cells were loaded with
TMRM (ThermoFisher™ Scientific, T668), a fluorescent
MMP-sensitive cationic dye, as an indicator of relative
MMP based on fluorescence intensity. Briefly, cells were
seeded to 80% confluency on 35 mm confocal dishes
(MatTek P35G-1.5-14-C). Cells were incubated in fresh
medium for 2 h prior to loading of 25 nM TMRM at
37°C, in the dark for 40 min in cell culture medium. After
the incubation in TMRM, the cells were washed twice
with TMRM-free medium, followed by imaging by Nikon
Ti2-E Widefield Microscope using the following configu-
rations: RFP single channel set (excitation 525 nm; emis-
sion: 600 nm), 20x0.75 DIC Objective, exposure time of
50 ms. TMRM fluorescence intensity was monitored via
real-time acquisition of one image every 15 s for 10 min,
and FCCP or DMSO (0.01% v/v) added 10-15 s prior to
the 3-min time point. TMRM fluorescence intensity of
individual cell tracings were quantified with the Meta-
Morph 7.10.2.240 software, and the data was expressed
as mean intensity values with background intensity
subtracted.

Live-cell imaging of cytosolic CaZ* level by Cal-520 staining
Intracellular calcium-sensitive dye, Cal-520 (Abcam™,
ab171868), was introduced to the WT and KI MEF cell
lines to analyze the changes in intracellular calcium level
with 10 uM FCCP. Cells were loaded with 5 uM Cal-520
at 37°C for 60 min in 1X HBSS supplemented with cal-
cium chloride and magnesium chloride (Gibco, Thermo-
Fisher™, 14025-076). The cells were washed twice with
HBSS to remove excess dye that was non-specifically
bound to the cell surface and imaged using the Nikon
Ti2-E Widefield Microscope with the following con-
figurations: GFP single channel set (excitation 475 nm;
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emission: 523 nm), 20x0.75 DIC Objective, exposure
time of 80 ms, and image acquisition every 5 s. Cell treat-
ment with FCCP on Cal-520 fluorescence intensity trac-
ing were similarly performed as TMRM measurements
above. For NCLX inhibition experiment, W'T MEFs were
pre-treated with CGP-37157 together with Cal-520 for
1 h prior to calcium imaging. FCCP treatment follow-
ing Cal-520 dye loading was performed the same way as
other FCCP treatment and calcium imaging experiments.

Mitochondrial morphology under transmission electron
microscopy (TEM)

The same passage of WT and KI MEFs under normal cul-
ture condition were refreshed with new culture medium
for 2 h. Cells were typsinized and pelleted for fixation
with 2% paraformaldehyde with 2.5% glutaraldehyde in
cacodylate buffer (0.1 M sodium cacodylate-HCI buffer
pH 7.4; Electron Microscopy Sciences, 11,653) for 4 h
at 8 °C, then were transferred to cacodylate buffer with
0.1 M sucrose to stop fixation. The resultant cell pel-
lets were washed in cacodylate buffer before osmication
using 1% osmium tetroxide (ThermoFisher™ Scientific,
50-332-14) in cacodylate buffer for 1 h at room tem-
perature. Pellets were washed in cacodylate buffer again,
then dehydrated on a rotary shaker in the following
sequence: 50% ethanol — 5 min, 70% ethanol — 5 min, 90%
ethanol — 5 min, 100% ethanol — 10 min each for 3 times,
propylene oxide — 5 min each for 2 times. The dehydrated
pellets were infiltrated and embedded in 1:1 mixture of
propylene oxide and epoxy resin (Electron Microscopy
Sciences, RT14040) for 1.5 h at 37 °C in form of labelled
plastic capsules (Electron Microscopy Sciences, 70,000-
B) or flat embedding molds. The mounts were allowed to
polymerize at 60 °C overnight before sectioning. Visual
examination of mitochondrial morphology was based
on two-dimensional TEM photomicrographs (Philips
CM100 Transmission Electron Microscope; 1:2200 mag-
nification) taken from cross-section of cell pellets. At
least 20 random micrographs were taken independently
from 3 different passages of WT and KI MEFs to mini-
mize confounding effects from variation in culture con-
ditions. Mitochondria within a defined area of the field
were identified and imaged by two independent research-
ers blinded from the details of each sample group.

Measurement of mitochondrial Ca?* level by Rhod-2
staining

Rhod-2 is a calcium dye with specific sequestration to
mitochondria, allowing for selective measurements of
mitochondrial Ca*" content. WT and KI MEFs were
stained with 5 uM Rhod-2 at 37 °C in the dark for
45 min, in 1X HBSS supplemented with calcium chlo-
ride and magnesium chloride (Gibco, ThermoFisher™,
14025-076). Incubation at 37 °C was recommended for
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optimal mitochondrial compartmentalisation. The cells
were washed twice with HBSS and were imaged using
Nikon Ti2-E Widefield Microscope with the same con-
figurations as TMRM staining. For flow cytometry mea-
surements, the cells were seeded and stained in six-well
plates. The red fluorescence of Rhod-2 stained cells were
measured using PE-A (Excitation: 552 nm; emission:
581 nm) using the BD LSR Fortessa Cell Analyzer (PE-
Texas Red Channel). Mitochondrial Ca®* content was
expressed as mean intensity of PE-A staining per cell.

Seahorse XFp Cell Mito stress test

Seahorse XFp Cell Mito Stress Tests (Seahorse XFe24
Extracellular Flux Analyser, Agilent Technologies) was
performed according to the manufacturer’s instructions.
The Mito Stress test involves a sequential addition of oli-
gomycin, FCCP and rotenone with antimycin A, to gen-
erate a real-time mitochondrial bioenergetics profile of
the oxygen consumption rate (OCR) in cells. Oligomycin
is used to determine ATP-linked respiration by inhibiting
ATP synthase. FCCP, which follows oligomycin, induces
maximal respiration in attempts to restore the lost MMP
from the dissipation of proton gradient. The final injec-
tion involves rotenone and antimycin A, inhibitors of
complex I and III of electron transport chain, respec-
tively, which halts respiration by stopping the electron
flow in the electron transport chain, causing the oxygen
consumption to drop to zero. One day prior to the assay,
30,000 WT and KI MEF cells were seeded on to Seahorse
Utility plate with DMEM/GlutaMAX™ medium over-
night. At day of assay, cells were incubated with XF assay
medium that was supplemented with 10 mM glucose, 1
mM pyruvate, and 2 mM glutamine, and its pH adjusted
to 7.4. After the assay, the protein concentration of indi-
vidual wells were measured using BCA Protein Assay kit
(ThermoFisher™ Scientific, A55860).

Intracellular ATP measurements

WT MEF cells were seeded on 96-well white/clear bot-
tom plates for ATP measurements. Intracellular ATP
levels were measured with the Luminescent ATP Detec-
tion Assay kit (Abcam™, ab113849) according to manu-
facturer’s instructions. Cell medium was refreshed at
2 h prior to ATP measurements to minimize confound-
ing effects from nutrient deprivation. The luminescence
intensity was measured using CLARIOstar microplate
reader (BMG Labtech). ATP concentration was deter-
mined through a standard curve plotted from serial dilu-
tion. The ATP concentration ranged from 1 to 3 pM ATP.
The effect on intracellular ATP levels from various treat-
ments were expressed as a percentage of baseline (at time
0 min).
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Cytosolic ATP: ADP measurements

WT, and KI MEFs were seeded on 96-well white/clear
bottom plates for ATP: ADP measurements using the
ATP: ADP Assay Kit (Sigma Aldrich, MAK135) accord-
ing to the manufacturer’s instructions. Cell medium
was refreshed at 2 h prior to ATP: ADP measurements
to minimize confounding effects from nutrient depriva-
tion. The luminescence intensity was measured using
CLARIOstar microplate reader (BMG Labtech). ATP:
ADP was calculated using the formula provided by the
manufacturer.

Real-time mitochondrial permeability transition pore
(mPTP) opening assay

The opening of the mPTP was assessed by the quench-
ing of calcein fluorescence by CoCl, using the compo-
nents from “MitoProbe™ Transition Pore Assay Kit for
flow cytometry” (ThermoFisher™ Scientific, M34153).
Calcein staining allows distribution of the dye into cyto-
sol and subcellular compartments including the mito-
chondria. CoCl, quenches calcein fluorescence in all
cellular compartments except the mitochondria, as the
latter is impermeable to CoCl,. Only upon mPTP open-
ing can Co®* enter the mitochondria and quench mito-
chondrial calcein fluorescence. Cells were loaded with
calcein (1 pM) in 1X HBSS in suspension for 15 min at
37 °C in the dark, prior to the addition of 1 mM CoCl,
for another 15 min incubation. Either ionomycin (1 pM)
alone or FCCP (10 uM) followed by 1 uM ionomycin was
added to cells to evaluate mPTP opening by measuring
the change in calcein fluorescence intensity every 30 s for
5 min using BD LSR Fortessa Cell Analyzer (FITC chan-
nel), with 10,000 cells counted for each trial. The level of
mPTP opening is represented by the extent of decrease in
calcein fluorescence by quenching from CoCl,.

Cell harvest and immunoblotting

At the indicated time points post-treatment, MEF cells
were harvested and lysed in cold lysis buffer of 1X RIPA
with SDS (Abcam™, ab156034), supplemented with
1X Halt™ protease and phosphatase inhibitor cocktail
(ThermoFisher™ Scientific, 78446) and 2% phenylmeth-
ylsulfonyl fluoride (PMSF) (Pierce™, 36978). Protein
concentration was determined using the Bradford Assay
(Bio-Rad, Quick Start™ Bradford 1X Dye Reagent,
5000205). Equal amounts of proteins were dissolved in
sample buffer (ThermoFisher™ Scientific, 39001, Pierce™
lane marker non-reducing sample buffer). Samples
(15~40 pg) were electrophorized in 12% resolving SDS
polyacrylamide gels at 90 V. The resulting gels were elec-
tro-transferred to PVDF membranes. The membranes
were blocked in 5% Bovine Serum Albumin (Sigma
Aldrich, A9647) in TBST (Santa Cruz Biotechnology,
5¢362311), and probed with primary antibodies overnight
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at 4 °C and HRP-conjugated secondary antibodies (Agi-
lent DAKO™, P0260, polyclonal rabbit anti-mouse
immunoglobulins/HRP; or Agilent DAKO™, P0448, goat
anti-rabbit immunoglobulins/HRP) for 1 h. This was
followed by incubation in ECL substrate solution for
chemiluminescence visualization (Bio-Rad, 170-5061).
The quantification of band intensity was done using the
Image Lab Software (Bio-Rad). a-Tubulin served as the
loading control for all immunoblots, as its molecular
weight (in kilodaltons) is not close to proteins of interest.
Immunoblotting was done using the following primary
antibodies: Phospho-p44/42 MAPK (MAPK/ERK1/2)
(Thr202/Tyr204) (1:5000; Cell Signaling Technology™,
4376 S), p44/42 MAPK (MAPK/ERK1/2) (1:5000; Cell
Signaling Technology™, 4695 S), phospho-MAP2K/
MEK1/2 (Ser217/221) (1:2000; Cell Signaling Technol-
ogy™, 9121 S), MAP2K/MEK1/2 (1:2000; Cell Signaling
Technology™, 9122 S), Phospho-RAF1 (Ser338) (1:1000;
Cell Signaling Technology™, 9427 S), RAF1 (1:1000; Cell
Signaling Technology™, 9422 S), phospho-Thr73 Rabl0
(1:2000; Abcam™, ab230261), Rab10 (1:1000; Cell Sig-
naling Technology™, 8127 S), Phospho-Drpl (Ser616)
(1:1000; Cell Signaling Technology™, 3455 S), Drpl
(1:1000; Cell Signaling Technology™, 8570), phospho-
CaMKII (Thr287) (1:2000; ThermoFisher™ Scientific,
PA5-37833), CaMKII (1:2000; Abcam™, ab52476), Phos-
pho-CaMKI (Thr177) (1:3000; ThermoFisher™ Scientific,
PA5-37833), CaMKI (1:3000; Abcam™, ab68234), MCU
(1:3000; Abcam™, ab219827), COX4 (1:2000; Abcam™,
ab16056), NCLX (1:1000; Abcam™, ab83551) and
a-Tubulin (1:5000; Cell Signaling Technology™, 9099 S).
The original western blots are available in the Supple-
mentary file.

Cellular mitochondrial clearance assay

The mitochondrial clearance assay was performed as
previously reported [13] to compare cellular clearance
of mitochondria in WT and KI MEF cell lines. WT and
KI MEFs were transduced by lentivirus for mito-PAm-
Cherry protein expression, and was selected using cell
sorter (BD FACSAria SORP) and puromycin (Puromycin
Dihydrochloride, ThermoFisher™ Scientific, A1113803).
The positively selected MEFs were refreshed with new
medium for 2 h, and photoactivated for a different dura-
tion (WT MEF: 20 min; KI MEF: 18 min) under 405 nm
(UV-A) exposure. Given the inconsistency of gene deliv-
ery to the genome via viral transduction, the stated dura-
tion of UV-A exposure allowed for similar levels of initial
(t=0 h) red fluorescence under unstimulated conditions.
The red fluorescence at 0 and 24 h were measured by the
BD LSR Fortessa Cell Analyzer (PE-Texas Red Channel).
The rate of mitochondrial clearance was determined by
the decline in red fluorescence (photoactivated mCherry)
at 24 h compared to their initial levels at 0 h. The slopes
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representing relative rates of mitochondrial clearance
from 0 to 24 h were plotted.

Statistical analyses

All experiments were performed based on a sufficient
number of independent trials to achieve statistical sig-
nificance, as indicated in figure legends. Results were
expressed as meanstSEM (standard error of the mean).
Conclusions were drawn based on statistical analyses
using GraphPad™ PRISM software (GraphPad Inc., CA).
Comparison between multiple independent groups was
assessed using one-way ANOVA followed by Tukey’s
multiple comparisons test. Comparison between two
independent groups, and comparison of treatment effects
at different time points against its respective baseline
values were assessed using paired or unpaired Student’s
t-test. p-values less than 0.05 (p<0.05) were considered
statistically significant.

Results
Mitochondrial uncoupler FCCP-induced cytosolic Ca?*
surge was abolished by LRRK2R'44'S mutation
To understand the effect of LRRK2R'**S mutation on
cellular response to mitochondrial stress, mouse embry-
onic fibroblasts (MEFs) carrying homozygous knockin
(KI) LRRK2M441G muytation were challenged with a mito-
chondrial uncoupler, FCCP (carbonyl cyanide p-triflu-
oromethoxyphenylhydrazone) to mimic mitochondrial
depolarization stress. To explore the possible involve-
ment of cellular Ca** signaling in response to mitochon-
drial stress, transient changes in the cytosolic Ca*" level
in KI and wild-type (WT) control MEFs following expo-
sure to FCCP were assessed by real-time confocal imag-
ing of cells stained with Cal-520 (cytosolic Ca**-sensitive
green, fluorescent dye). Treatment of WT MEFs with
FCCP (10 pM) caused an immediate increase in green
fluorescence, indicating a rapid surge in cytosolic Ca**
levels in response to the FCCP-induced stress (Fig. 1A).
The emitted fluorescence reached a peak level within
30 s of FCCP treatment, followed by a gradual decline
towards the baseline by the end of 10-min imaging dura-
tion (Fig. 1B). In contrast, similar treatment with FCCP
on KI MEFs elicited no significant changes in cytosolic
Ca" level as shown by a steady level of Cal-520 fluores-
cence intensity tracing (Fig. 1B). Such absence of cyto-
solic Ca®* response in KI MEFs was also reflected in the
area under curve (AUC) quantification from 3 to 10 min,
which showed significantly smaller cumulative changes
in cytosolic Ca** level of the KI compared to WT cells
(Fig. 1C). This indicates a loss of cytosolic Ca** surge in
response to FCCP treatment in the LRRK2?*S mutant
cells.

To investigate whether the rapid cytosolic Ca*"
surge in response to FCCP was due to mitochondrial
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Differential cytosolic Ca2+ response to mitochondrial depolarization
(WT vs. LRRK2R1441G mytant )

A Transient increase in cytosolic Ca* levelby B Changes in cytosolic Ca? level
acute treatment with artificial uncoupler, FCCP
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Fig. 1 Depolarization of mitochondria induces transient cytosolic Ca’* surge which is disrupted by LRRK2"416 mutation

(A) Representative fluorescent microscopic image of WT and KI MEFs stained with Cal-520 at baseline (t=0 min), and 1 min after the addition of FCCP
(t=4 min), and at final imaging timepoint (t=10 min). Relative cytosolic Ca*" level is indicated by the intensity of green fluorescence (Cal-520). Scale
bar: 50 um. (B) Real-time tracing of the Cal-520 fluorescence intensity of MEFs after addition of FCCP (10 uM), normalized by its own baseline (N=4
experiments). (C) Area under curve (AUC) analysis of changes in cytosolic Ca’" level after FCCP treatment from t=3 to 10 min (N=4 experiments). (D)
Real-time tracing of the Cal-520 fluorescence intensity in WT MEFs after addition of different mitochondrial toxins: FCCP, H,0,, oligomycin and rotenone,
normalized by its own baseline (N> 2 experiments). (E) Real-time tracing of TMRM intensity of WT MEFs at baseline for 3 min, followed by the addition
of different mitochondrial toxins (N> 2 experiments). Data are presented as mean + SEM. Statistical analyses: (C) Unpaired parametric Student’s t-test; (E)

Paired parametric Student’s t-test. ***p <0.001
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depolarization and not by other cellular stresses, a similar
measurement of cytosolic Ca®* transient was performed
in WT MEFs following treatments with other types of
toxins which caused different primary stress to the cells,
including hydrogen peroxide (H,O,, oxidative stress
inducer), rotenone (mitochondrial complex I inhibitor)
and oligomycin (ATP synthase inhibitor). Cal-520 fluo-
rescence intensity plots of WT MEFs showed that none
of these toxins could induce a cytosolic Ca*" surge as
observed with FCCP treatment (Fig. 1D). Similarly, treat-
ment with the drug vehicle, DMSO (0.01% v/v), had no
effect on cytosolic Ca®* levels (Fig. 1D), indicating that
the cytosolic Ca®" surge response was specific to FCCP.
Based on real-time imaging of TMRM fluorescence, it
was further confirmed that the other three toxins (H,O,,
oligomycin and rotenone) did not cause any significant
effects on MMP within the initial 10-min of treatment
(Fig. 1E). This was in contrast to FCCP treatment which
resulted in a rapid decline in TMRM fluorescence inten-
sity, indicating a rapid depolarization of MMP in WT
MEFs (Fig. 1E). Parallel treatment with DMSO also did
not affect MMP (Fig. 1E, red tracing). The mitochondrial
toxins H,O,, oligomycin or rotenone which had no acute
effects on MMP did not elicit cytosolic Ca®* surge, sug-
gesting that the cytosolic Ca®" surge induced by FCCP
appear to be due to mitochondrial depolarization.

FCCP-induced cytosolic Ca?* surge was predominantly
mediated via mitochondrial NCLX but not mPTP opening
Given that FCCP depolarizes mitochondria, we explored
whether the cytosolic Ca*" surge induced by FCCP
involved mitochondria as the origin of Ca®" signaling.
Two possible routes of mitochondrial Ca*" efflux were
investigated, namely the mitochondrial sodium-calcium
exchanger (NCLX) [25] and the mitochondrial permea-
bility transition pore (mPTP) opening [16]. To investigate
the involvement of NCLX, WT MEFs loaded with Cal-
520 were pre-treated with a NCLX inhibitor, CGP-37157,
or drug vehicle (DMSO; 0.01% v/v) for 1 h prior to FCCP
(10 uM) treatment. Since FCCP treatment in KI MEFs
did not elicit any Ca** response, only WT MEFs were
used in this experiment. As observed in the prior Ca*"
imaging experiment, WT MEFs that were pre-treated
with DMSO consistently responded with an immediate
Ca?" surge within 30 s after the addition of FCCP, fol-
lowed by a gradual decline back to baseline within 10 min
(Fig. 2A). In contrast, pre-treatment with CGP-37157
significantly reduced the magnitude of the Ca®* surge by
66% after the cells were exposed to FCCP [AUC analy-
sis from 3 to 10 min of FCCP treatment] (Fig. 2B). These
findings indicate that FCCP-induced cytosolic Ca** surge
is in part due to NCLX activity (i.e. mitochondrial Ca®*
efflux).
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Earlier study showed that FCCP can induce mPTP
opening [26]. Hence, we investigated the effect of FCCP
on mPTP opening in WT MEFs using an established cal-
cein-CoCl, quenching assay [27]. Ionomycin is a calcium
ionophore that induces mitochondrial Ca?* influx and
mPTP opening, and hence was used as a positive control.
In WT cells co-stained with calcein and CoCl,, addition
of ionomycin resulted in an immediate decrease in cal-
cein fluorescence intensity (Fig. 2C), indicating mPTP
opening. However, unlike ionomycin, FCCP treatment
did not significantly alter calcein fluorescence intensity
in the treated MEFs (Fig. 2C), indicating that FCCP has
no direct effect on mPTP opening. To confirm that this
lack of mPTP opening after FCCP treatment was not
due to confounding cross reactivity between calcein or
CoCl, with FCCP, ionomycin was added to the same cells
that formerly showed no mPTP opening with FCCP. It
resulted in an immediate decrease in calcein fluorescence
intensity similar to when the cells were treated with
ionomycin alone (Fig. 2C). These results confirmed that
FCCP has no direct effect on mPTP opening, and that
the impaired Ca®" response in KI was linked to NCLX
activity but not mPTP opening. These results led us to
further examine how LRRK2®M*41G mytation affects mito-
chondrial morphology and function, which can influence
mitochondrial Ca®* efflux activity.

LRRK2R14416 K| MEFs exhibited aberrant mitochondrial
morphology and respiratory dysfunction

As we found that the FCCP-induced cytosolic Ca** surge
was in part due to mitochondria NCLX activity, the mito-
chondrial quality and function of LRRK2 KI MEFs were
assessed and compared to those of WT control. Based
on morphological examination of at least 20 randomly
chosen photomicrographs taken from 3 independent cell
passages under transmission electron microscopy (TEM),
most of the mitochondria in KI MEFs grown under nor-
mal culture condition already exhibited swollen with dis-
organized cristae and disintegrated, hollow structures
(Fig. 3A), indicating inherent mitochondrial defects. This
is in contrast to mitochondria in WT MEFs which exhib-
ited a typical tubular and oval-shaped morphology with
ordered cristae structure (Fig. 3A).

In parallel with the aberrant morphology, mitochon-
dria in KI MEFs exhibited more depolarized basal MMP
compared to those of WT cells, as indicated by signifi-
cantly lower TMRM fluorescence intensity quantified by
flow cytometry (Fig. 3B, C). As KI MEFs contained more
depolarized mitochondria compared to WT (Fig. 3C),
we compared the magnitude of decline in MMP follow-
ing treatment with FCCP in the two cell lines by real-
time imaging of TMRM fluorescence intensity (Fig. 3D).
Cells loaded with TMRM were treated with FCCP after
3 min of baseline measurements. Subsequent changes



Chang et al. Cell Communication and Signaling (2024) 22:485 Page 8 of 19
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Fig. 2 NCLX inhibition reduces the magnitude of FCCP-induced cytosolic Ca®* surge in WT MEFs

(A) Real-time tracing of Cal-520 fluorescence normalized by the baseline (t=0 min) for WT MEFs pre-treated with or without CGP-37157 (NCLX inhibitor),
following the addition of FCCP at 3 min timepoint (N=4 experiments, 60 < cells traced per N). (B) AUC analysis of cytosolic Ca*" measurements in (A)
from 3 to 10 min in WT MEFs (N=4 experiments). (C) Real-time reading of percentage decrease in calcein fluorescence in WT MEFs after the addition of
ionomycin for 300 s (black line, positive control) or WT MEFs treated with FCCP for the first 300 s, followed by ionomycin treatment (red line) (N=3 experi-
ments). Data are presented as mean+SEM. Statistical analyses: (B) Unpaired parametric Student’s t-test between groups with and without CGP-37157

pre-treatment. **p <0.01

in cellular TMRM intensity were quantitatively traced
up to 10 min of imaging duration. Consistent to the
flow cytometry measurements showing more depolar-
ized mitochondria in KI MEFs under basal conditions
(Fig. 3C), the baseline TMRM staining intensity in KI
MEFs at time 0 min was significantly lower than that in
WT MEFs (Fig. 3E). FCCP treatment resulted in a rapid
and significant mitochondrial depolarization as shown
by the exponential decrease in TMRM intensity in both

cell lines (Fig. 3F). However, the rate of decline in TMRM
intensity (within the initial two min of FCCP treatment)
of KI MEFs was significantly slower than WT MEFs, by
approximately 45% (Fig. 3G). AUC analysis also showed
that KI MEFs responded with a significantly smaller mag-
nitude of MMP depolarization by 35% when compared to
WT (Fig. 3H).

Next, the mitochondrial respiratory function of WT
and LRRK2 KI MEFs were assessed by the Seahorse™
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(See figure on previous page.)

Fig. 3 KI MEF exhibit altered unstimulated mitochondrial parameters

(A) Representative TEM photographs showing mitochondrial morphology of WT and KI MEFs under normal culture conditions. Scale bar: 500 nm. (B) Flow
cytometry peaks showing mean TMRM fluorescence intensity (PE-A channel) in unstained WT (serving as blank) and TMRM-stained WT and KI MEFs. (C)
Quantified mean TMRM fluorescent intensity reflecting relative basal MMP of WT and KI MEFs using flow cytometry (N=6 experiments, 10,000 cells per
N). (D) Representative fluorescent microscopic images of WT and KI MEFs stained with TMRM, a potentiometric, red fluorescent dye for mitochondrial
membrane potential (MMP). Scale bar: 50 um. (E) Quantified mean TMRM fluorescence intensity at baseline (0 min) reflecting relative basal MMP of WT
and KI MEFs by microscopy (N=4 experiments, 100 cells traced per N). (F) Real-time tracing of TMRM intensity of cells at baseline and after 3 min of FCCP
(10 uM) treatment. (G) Rate of decline in absolute TMRM intensity in WT and KI MEFs as quantified by the negative slope in the first two min of FCCP
treatment. (H) The magnitude of MMP depolarization in WT and KI MEFs (N=4 experiments). (I-M) Seahorse analysis of WT and KI MEFs showing: (1) oxy-
gen consumption rate and different mitochondrial parameters of (J) basal respiration, (K) maximal respiration, (L) spare respiratory capacity and (M) ATP
production (N=4 experiments, 10 individual wells per N). Dotted lines in (I) indicate the addition of each drug as labelled. (N) Basal cellular ATP level in
WT and KI MEFs quantified using bioluminescence assay (N=9 experiments). (O) Basal cellular ATP: ADP in WT and KI MEFs (N=5 experiments). Data are

presented as mean + SEM. Statistical analyses by unpaired parametric Student’s t-test. *p <0.05, **p <0.01 and ***p <0.001. ns, not significant

XF Cell Mito Stress Test using the Seahorse™ analyzer
(Fig. 3I). The calculated values from the cellular meta-
bolic profile derived from the Seahorse™ analysis showed
that WT and KI MEFs had a similar basal respiration
level (Fig. 3]), but the maximal respiration in KI MEFs
was significantly higher than that of WT (Fig. 3K). Also,
the spare respiratory capacity was significantly higher
in KI MEFs when compared to WT (Fig. 3L), although
ATP production in KI MEFs was similar to that in WT
(Fig. 3M). To verify our findings from the Seahorse
analysis, total cellular ATP level and ATP-to-ADP ratio
(ATP: ADP) of WT and KI MEFs were compared using a
luciferase-based bioluminescence assay. Consistent with
Seahorse bioenergetics profile, there were no statistical
differences in total basal ATP levels between WT and KI
MEFs (WT: 1.76£0.088; KI: 1.69£0.075 uM/ug protein)
(Fig. 3N). However, KI MEFs showed significantly lower
ATP: ADP when compared to WT (by 38.7%) (Fig. 30).
This implies that the cellular ADP level in KI cells was
abnormally higher than WT, indicating an imbalance
between cellular ATP and ADP.

LRRK2R'4416 K| MEFs exhibited lower basal mitochondrial
Ca?* level and reduced mitochondrial calcium uniporter
(MCU) protein expression

Mitochondria can actively buffer Ca®* to maintain intra-
cellular Ca?* homeostasis [16]. Given the observation
of defective mitochondria in KI MEFs, we investigated
whether mitochondrial Ca** buffering in KI MEFs was
perturbed. The relative basal mitochondrial Ca®* store
in WT and KI MEFs were compared using a mitochon-
drial Ca®*-sensing fluorescent dye, Rhod-2. Under basal
culture condition, KI MEFs showed significantly less
mitochondrial Ca’>* compared with that of WT MEFs,
measured using both fluorescent microscopy (Fig. 4A)
and flow cytometry (Fig. 4B, C). To explore the possible
reasons for the lower mitochondrial Ca®* level in the
KI cells, protein expression levels of mitochondrial cal-
cium channels which regulate mitochondrial Ca** level,
namely NCLX (for mitochondrial Ca?* efflux) and mito-
chondrial Ca** uniporter (MCU; for mitochondrial Ca®*
uptake) were assessed using western blotting (Fig. 4D).

Whilst NCLX expression did not significantly differ
between WT and KI cells (Fig. 4E), KI MEFs showed
significantly reduced MCU expression when compared
to WT MEFs (Fig. 4F). This suggests that lower basal
mitochondrial Ca?" in KI MEFs may be related to a
reduced level of MCU which mediates mitochondrial
Ca?* uptake. Both MEFs showed similar COX4 levels
(Fig. 4G), indicating that they had similar amounts of
mitochondria, and that the observed differences in MCU
expression were not due to differences in total cellular
mitochondrial content.

CaMKII-MEK-ERK and Drp1 signals failed to be activated

in LRRK2 KI MEFs under FCCP-induced mitochondrial
depolarization

Having shown that LRRK2 KI MEFs failed to initiate a
cytosolic Ca?* surge under FCCP stress, potential down-
stream molecular events in the context of mitochondrial
stress response signaling pathways in KI MEFs were
investigated. Ca®*/calmodulin-dependent protein kinases
(CaMKs) are a family of proteins that are activated by
the Ca?*-binding protein, calmodulin, which themselves
are activated by elevated cytosolic Ca*" levels [28, 29].
Among the different types of CaMKs (CaMKK, CaMKI,
CaMKII and CaMKIV), activation (i.e. phosphoryla-
tion) of two CaMKs which are predominantly expressed
in cytosol, namely CaMKI and CaMKII, at residues of
Thr177 and Thr286, respectively [30] were assessed in
WT and KI MEFs after FCCP treatment. The two cell
lines were treated with FCCP (10 uM) for 5, 15 and
30 min, and followed by a western blot analysis to deter-
mine the time-dependent changes in the kinase activa-
tion (phosphorylation) (Fig. 5A and Fig. S1A). In parallel
with the cytosolic Ca** surge, FCCP induced CaMKII
activation (Thr286-CaMKII phosphorylation) in WT
MEFs, showing peak phosphorylation levels of 166% at
15 min from their corresponding baseline levels (Fig. 5A,
B). In contrast, KI MEFs showed no significant changes
in p-CaMKII level under the same FCCP treatment
(Fig. 5A, B). Unlike p-CaMKII, p-CaMKI levels did not
change significantly in both MEFs after FCCP treatment
(Fig. S1B), indicating that CaMKI is not involved.
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Lower basal mitochondrial Ca?* store in LRRK2R'#41¢ mutant cells
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(A) Representative microscopy images of WT and KI MEFs stained with Rhod-2 (5 uM), a mitochondrial Cca’t dye. Scale bar: 50 um. (B) Representative flow
cytometry histogram peaks showing Rhod-2 fluorescence readings from PE-A channel for negative control (unstained WT cells), WT and KI MEFs stained
with Rhod-2. (€) Quantified mean Rhod-2 fluorescence intensity in WT and KI MEFs by flow cytometry measurement (N=6 experiments, 10,000 cells
per N). (D) Representative immunoblots showing the protein expression level of NCLX, MCU and COX4 in WT and KI MEFs. Expression level of (E) NCLX
(N=4 experiments) and (F) MCU (N=8 experiments) were normalized using the COX4. (G) Expression level of COX4 was normalized by beta-actin (N=8
experiments). Data are presented as mean + SEM. Statistical analyses by unpaired parametric Student’s t-test. **p < 0.01 and ***p < 0.001. ns, not significant

Along with CaMKII, activation of ERK is also regu-
lated by Ca** [31-33]. ERK is a downstream effector of
the canonical RAF-MEK-ERK cellular stress response
pathway [31]. Given that both cytosolic Ca** surge and
CaMKII activation were impaired in KI MEFs, we next
explored whether the activation of RAF, MEK and ERK
are also involved in FCCP-induced mitochondrial stress
response, and whether such activation was impaired by
LRRK2 mutation. In WT MEFs, FCCP induced phos-
phorylation of Ser217/221 MEK (p-MEK) at 5 min, which
peaked at 15 min (245.4% of baseline), and then declined
back to baseline level by 30 min (Fig. 5C). Similarly, lev-
els of phosphorylated Thr202/Tyr204 ERK (p-ERK) were
also significantly increased after FCCP treatment, and
reached a peak at 15 min (308% from baseline) (Fig. 5D).
Unlike MEK and ERK, levels of phosphorylated RAF1
at Ser338 (required for RAF1 activation) remained
unchanged over the course of the FCCP treatment (Fig.
S1A, C), indicating that FCCP-induced MEK-ERK activa-
tion was independent of the canonical RAF1-mediated

pathways. In contrast to WT MEFs, KI MEFs responded
with a significant reduction in levels of both p-MEK and
p-ERK at 5 min after FCCP treatment, and such effect
persisted even at 15 and 30 min (Fig. 5C, D), indicating an
impaired MEK-ERK activation specifically in the LRRK2
mutant. In parallel with such differential responses,
FCCP treatment induced Drpl activation (i.e. phos-
phorylation at Ser616; pSer616-Drpl) in WT MEFs (peak
activation of 138.7% from baseline) which was similarly
found to be abolished in the KI (Fig. 5E). The basal phos-
phorylation levels of p-CaMKII, p-ERK, and pSer616-
Drpl were similar between WT and KI MEFs (Fig. 5B,
D, E), whilst only the p-MEK level in KI was significantly
higher compared to that of WT (Fig. 5C). Interestingly,
there was a significant initial drop in total ERK protein
level in KI MEFs at 5 min after FCCP treatment, but the
levels were restored to its corresponding baseline level
after 30 min of FCCP treatment (Fig. S1E). Total MEK
and Drp1 protein levels did not change significantly over
30-min treatment (Fig. S1D, F), confirming that impaired
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Differential activation of calcium-dependent CaMKII-MEK-ERK pathway and mitochondrial fission-related Drp1 phosphorylation
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Fig. 5 FCCP-induced activation of CaMKII-MEK-ERK-Drp1 is impaired in KI MEFs

(A) Left: Representative immunoblots of WT and KI MEFs treated with FCCP for 0, 5, 15 and 30 min, showing levels of phosphorylated and total CaMKIl,
MEK, ERK and Drp1, with a-tubulin as loading controls. Right: Diagram showing cellular events occurring in WT MEFs with exposure to FCCP: acute cy-
tosolic Ca?* rise, followed by activation of CaMKII, MEK, ERK and Drp1. (B-E) Quantitation of phosphorylated CaMKIl, MEK, ERK and Drp1 normalized by
their respective total proteins in WT and KI MEFs following FCCP treatment (N=4 experiments). (F) Percentage clearance of mitochondria over 24 h in WT
and KI MEFs is expressed as percentage decrease in mito-PAmCherry fluorescence from its own baseline fluorescence intensity at 0 h by flow cytometry
(N=5 experiments, 10,000 cells per N). (G) Calculated mean slope from 0 to 24 h showing average percentage decrease in mito-PAmCherry fluorescence
per hour. (H) Representative immunoblots of KI MEFs pre-treated with either LRRK2 kinase inhibitor, MLi-2 (30 nM), or vehicle, DMSO, for 1 h prior to FCCP
treatment (10 uM) for 0, 15 and 30 min (N=4 experiments). WT MEFs were pre-treated with DMSO as a positive control, followed by FCCP treatment of
same duration. (I) LRRK2 kinase inhibition by MLi-2 was confirmed by the reduction in p-Rab10 (Thr73) level. Quantitation of phosphorylated (J) MEK and
(K) ERK normalized by their respective total proteins following FCCP treatment. Data are presented as mean+ SEM. Statistical analyses: (B-E) Unpaired
parametric Student’s t-test, each timepoint compared to its own respective baseline value at 0 min; (C) Unpaired parametric Student’s t-test between
baseline values of WT and KI MEFs, #p < 0.05; (F, G) Unpaired parametric Student’s t-test; (I) One-way ANOVA followed by Tukey’s multiple comparisons
test. *p <0.05, *p <0.01 and ***p <0.001. ns, not significant
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CaMKII-MEK-ERK-Drpl1 activation in KI MEFs was not
due to any differences in total protein expression.

Furthermore, to verify that our findings are not con-
founded by clonal effects, similar measurements were
repeated using alternative clones of both WT and KI
MEFs which were independently generated from differ-
ent mice (Fig. S1G). Consistent results in phosphoryla-
tion levels of MEK and ERK were observed in both clones
in response to FCCP treatment, excluding the possibility
of clonal effect.

LRRK2R14416 mutation reduced the basal mitochondrial
clearance

Given the lack of Ca?* response and CaMKII-MEK-ERK-
Drpl activation in LRRK2 KI, we compared the basal
mitochondrial clearance rate between WT and KI MEFs.
Based on a real-time flow cytometry assay to assess
mitochondrial turnover [13], WT and KI MEFs were
engineered to stably express mitochondrial-specific pho-
toactivatable mCherry (mito-PAmCherry), a fluorescent
reporter of cellular mitochondrial clearance. Cells grown
under normal culture condition with refreshed medium
were photoactivated by UV-A and harvested at 0 and
24 h post-photoactivation to determine the magnitude
of decline in mito-PAmCherry fluorescence. Consistent
with our earlier findings [13], KI MEFs exhibited a sig-
nificantly slower mitochondrial clearance rate compared
with that of WT MEFs by ~12%, as shown by the lower
percentage decrease in mito-PAmCherry fluorescence
over 24 h (Fig. 5F, G).

Impaired MEK-ERK activation in KI MEFs was independent
of mutant LRRK2 hyperactivity

LRRK2R*1G mutation causes pathogenic kinase hyper-
activity in PD [34]. Therefore, we determined whether
impaired MEK-ERK activation were mediated by hyper-
active kinase activity of mutant LRRK2. KI MEFs were
pre-treated with MLi-2 (specific LRRK2 inhibitor; 30 nM)
or drug vehicle (DMSO; 0.01% v/v) for 1 h prior to FCCP
exposure (10 uM) for 15 and 30 min, and the activation of
MEK-ERK was determined by western blotting (Fig. 5H).
KI MEFs under basal condition exhibited increased
LRRK2 kinase activity, as shown by significantly higher
level of phosphorylated Rab10 at Thr73 residue (p-Rab10;
a kinase phosphorylation target of LRRK2) by 486%
compared with the relative level in WT cells. Thera-
peutic inhibition of hyperactive LRRK2 by MLi-2 treat-
ment in KI MEFs was confirmed from p-Rab10 level in
KI MEFs that was significantly reduced to level similar to
DMSO pre-treated WT control MEFs (Fig. 5I). The lack
of MEK-ERK activation in KI MEFs under FCCP expo-
sure was not alleviated by therapeutic LRRK2 inhibition,
as shown by a lack of difference between DMSO- and
MLi-2-treated KI MEFs (Fig. 5], K). To further validate
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that LRRK2 hyperactivity was not involved, KI MEFs
were pre-treated again with MLi-2 (30 nM) for a longer
duration of 24 h prior to FCCP challenge. Whilst LRRK2
kinase inhibition was confirmed by reduced p-Rab10 lev-
els in KI MEFs, treating the cells with MLi-2 for longer
duration did not rescue the impaired phosphorylation
of MEK and ERK (Fig. S2), similar to what was observed
with the 1 h MLi-2 pre-treatment. These findings indi-
cate that the impaired MEK-ERK activation in KI MEFs
was not due to hyperactivity of mutant LRRK2.

Discussion

The current work extends our previous study in which
we demonstrated impaired activation of ERK and
Drpl in LRRK2®*IG mutant MEFs that was associ-
ated with abnormal accumulation of autophagosomes
and impaired mitophagy [13]. In this study, we unrav-
elled the underlying mitochondrial defects inherent to
LRRK2M*1G mutant cells to elucidate how pathogenic
LRRK2R*16G of PD influences mitochondrial Ca?* signal-
ing and a cascade of subsequent molecular events which
hindered the activation of ERK-Drpl and mitochondrial
clearance under depolarization stress as mimicked by
treatment with an artificial uncoupler, FCCP. We have
shown that acute mitochondrial depolarization induced
by FCCP caused a rapid, mitochondrial NCLX-depen-
dent cytosolic Ca** surge in WT, but not in LRRK2 KI
MEFs. We found that these defects in the mutant parallel
a loss of CaMKII-MEK-ERK and Drp1 signaling that may
be linked to mitochondrial quality control and mitophagy
as implicated in the pathogenesis of PD.

Intracellular Ca®* plays an essential role in cellular
energy homeostasis and mitophagy [35-37]. In particu-
lar, ERK activation in response to elevation of cytosolic
Ca®" can affect bioenergetics and autophagy [38-40],
yet whether and how pathogenic LRRK2XM*16 mutation
affects these processes in the context of mitochondrial
homeostasis were not explored. Through treatments
with different mitochondrial toxins, we showed that
only FCCP which induced acute mitochondrial depolar-
ization could elicit an immediate cytosolic Ca®* surge
in WT cells, but not those that did not induce acute
mitochondrial depolarization, including rotenone, oli-
gomycin and H,0,. Mitochondrial depolarization, also
caused by exposure to environmental toxins in PD [41],
serves as one of the signaling cues to initiate mitophagy
as a cellular defence to replenish damaged mitochondria
and to maintain energy homeostasis [42]. Therefore, we
explored the molecular changes related to mitochondrial
depolarization and Ca** signaling in the LRRK2 mutant.

Mitochondria serve as cytosolic Ca* buffer via trans-
ports of free Ca?" across mitochondrial membranes [16,
43]. In particular, NCLX is a mitochondrial ion exchange
channel which mediates Ca?* efflux in neurons [44].
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Cytosolic Ca*" signal can arise from sources such as
the endoplasmic reticulum and the extracellular space
[45], but here we found that incubation of WT MEFs
with mitochondrial NCLX inhibitor (CGP-37157) sig-
nificantly suppressed the cytosolic Ca®* surge induced
by FCCP, indicating that the observed Ca®" surge was
primarily initiated by mitochondria. Given that similar
treatment with FCCP did not induce a cytosolic Ca**
surge in KI MEFs, this suggests that mitochondrial Ca®*
efflux via NCLX was repressed by LRRK2R*1S muta-
tion. Our findings are consistent with an earlier study
showing a similar defective Ca®* efflux from NCLX in
mutant LRRK2 patients’ fibroblasts, which was allevi-
ated by upregulation of NCLX activity via protein kinase
A (PKA) [23]. However, this study used permeabilized
cells following stimulation with ATP or CaCl,, which may
involve different pathways distinct from FCCP-induced
mitochondrial stress in our study. Whether impaired
NCLX activity in our LRRK2 KI MEFs also involved PKA
requires further investigation. Nevertheless, our findings
are also consistent with another study that reported regu-
lation of autophagy by NCLX-mediated mitochondrial
Ca?" efflux through its modulation of cytosolic Ca** sig-
naling [46]. In view of cellular response to mitochondrial
depolarization, our findings may provide therapeutic
insights into modulating NCLX [47] to alleviate dysregu-
lated mitochondrial Ca?* flux and cellular stress response
in LRRK2-associated PD.

Whilst NCLX inhibition significantly reduced the
magnitude of FCCP-induced cytosolic Ca?" surge in
WT cells, it did not completely abolish Ca®* response.
This suggests that additional mechanisms may also be
involved. Apart from NCLX, mPTP (mitochondrial
permeability transition pore) is an alternative route for
mitochondrial Ca®" efflux [48, 49]. However, our find-
ings ruled out the involvement of mPTP in Ca”" signaling
under mitochondria depolarization stress. One possible
explanation is that the toxicity level based on our current
FCCP concentration, and the time of treatment may not
be strong enough to induce an immediate mPTP open-
ing. Furthermore, mPTP opening is known to be trig-
gered by mitochondrial Ca®* overload [50, 51]. Given
that our current FCCP treatment induced mitochondrial
Ca?* efflux via NCLX as opposed to mitochondrial Ca**
overload, it is not surprising that mPTP was not involved
in this primary response. Although our current findings
cannot rule out other mechanisms that may also contrib-
ute to the observed cytosolic Ca®* surge, inhibition of
NCLX repressed most of the Ca®" response signal under
mitochondrial depolarization, confirming that mitochon-
dria have played a dominant role in FCCP-induced cel-
lular Ca** response.

To explain for the defects of mitochondrial Ca**
response in KI MEFs, our functional and morphological
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examination revealed a number of inherent mitochon-
drial abnormalities which could be linked to mito-
chondrial Ca** signaling. In particular, KI MEFs under
unstressed condition already showed lower mitochon-
drial Ca*" store and a concomitant reduction of MCU
expression compared with those in WT MEFs. MCU is
localized to the mitochondrial inner membrane where it
loads Ca*" into the matrix [52]. Hence, it is possible that
the reduced MCU expression may perturb mitochon-
drial Ca®" balance from inefficient ion transport. The
reason for reduced MCU level in KI MEFs is unclear, but
it could be due to the disruption of mitochondrial cris-
tae where MCU is localized. Our results are in line with
a transcriptomic study of dopaminergic neurons derived
from mutant Drosophila model of LRRK2S%'%S muta-
tion showing reduced MCU expression [53]. However,
discrepant results were also reported in another study
showing increased MCU expression in LRRK2%1 and
LRRK2RM™MC mutant patients’ fibroblasts [54]. The rea-
son for such disparity is unclear, but the increased MCU
expression in the latter study was associated with mito-
chondrial Ca*" overload. This is in contrast with our
LRRK2RM1G KT MEFs which showed a distinctive pheno-
type of lower MCU expression and lower mitochondrial
Ca?* store. We speculate that such reduced basal mito-
chondrial Ca** store in KI MEFs may be insufficient to
initiate mitochondrial Ca*" efflux in response to FCCP-
induced depolarization [20], leading to a lack of global
cytosolic Ca** surge in KI MEFs.

MMP (mitochondrial membrane potential) is another
key factor that mobilizes mitochondrial Ca** by provid-
ing the electrochemical gradient across mitochondrial
membrane [16, 55, 56]. Our findings showed more depo-
larized mitochondria in KI MEFs compared with that of
WT even under unstressed conditions. As mitochon-
drial Ca** efflux depends on highly polarized MMP [57],
it is reasonable to speculate that reduced basal MMP in
LRRK2 mutant may render them less sensitive to FCCP-
induced depolarization. This is illustrated by a signifi-
cantly lower rate and magnitude of MMP depolarization
in KI MEFs compared to WT after FCCP treatment. Sim-
ilar observation of reduced MMP was reported in other
LRRK2 mutant cell models, including PD patient fibro-
blasts and neuroepithelial stem cells with LRRK2201%5
and LRRK2R*1C mutations [4, 8, 58, 59]. Given that
spatial organization of cristae is critical to maintain over-
all mitochondrial integrity and MMP [60-62], the dis-
ordered cristae structure could be a critical phenotype
underlying lower MMP as observed in our KI cells. Our
findings are similar to the impaired mitochondrial Ca®*
efflux seen in another cell model lacking PINK1 expres-
sion (another PD susceptible gene), where these cells
also showed reduced basal MMP [47, 63]. Nevertheless,
there are also contrasting findings showing impaired
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mitochondrial Ca*" efflux in some LRRK2 patient fibro-
blasts, yet being independent of MMP [23]. This implies
that although LRRK2 mutation alone may not cause
mitochondrial depolarization, it could exacerbate mito-
chondrial dysfunction in the presence of additional cel-
lular stress, which is consistent with the multifactorial
nature of PD.

In addition to regulating Ca** mobilization, mitochon-
drial Ca®* store is also crucial to maintain cellular energy
homeostasis, e.g., via the Krebs cycle which supplies high-
energy substrates for ATP synthesis [64], and efficient
exchange of mitochondrial ATP for cytosolic ADP during
oxidative phosphorylation [65, 66]. Although the basal
ATP levels of WT and KI MEFs were similar, ATP: ADP
ratio was significantly lower in KI MEFs. Despite that KI
MEFs showed higher maximal respiration rate and spare
respiratory capacity compared to WT MEFs, these cells
did not synthesize more ATP relative to the level of WT.
This explains why LRRK2 mutant cells are more sus-
ceptible to ATP depletion [13, 67]. Although the reason
for higher respiratory capacity in KI MEFs is unclear, it
could be due to compensation for inherent morphologi-
cal and functional defects as evident by the distorted
cristae (where mitochondrial Ca?* transport takes place
[16]), and a lower basal MMP in the KI cells. This is also
in line with LRRK2M*IC iPSC dopaminergic neurons
showing reduced MMP and oxidative phosphorylation
yet with no gross energetic deficit [68]. In addition, lower
ATP: ADP ratio without difference in total ATP levels
also implies ADP accumulation in the mutant, which is
a common phenomenon in high energy demanding cells
with impaired mitochondrial function [69]. The reason
for imbalance in ATP and ADP is unclear, but could be
due to ineffective oxidative phosphorylation attributed to
the distorted inner mitochondrial membrane, leading to
accumulation of substrate ADP. ADP accumulation has
been shown to affect cytosolic Ca®" mobilization [69],
which may provide clues to unveil the molecular mecha-
nisms of impaired Ca®* response in KI MEFs.

In the context of mitochondrial stress response, the
lack of stress-induced cytosolic Ca** surge in KI MEFs
was associated with impaired downstream Ca*"-depen-
dent pathway that mediates ERK and Drpl activation,
which is involved in segregation of damaged mitochon-
dria for clearance. Similar impairment in mitochondrial
degradation was reported in mouse LRRK2M*1C neu-
rons in response to induced mitochondrial damage, as
demonstrated by decreased levels of mitophagy marker
pS65Ub [68]. Regarding the possible mechanism(s),
CaMKII plays a central role to regulate mitochon-
drial Ca®" entry via transmitting cellular Ca®* signals in
response to stress [70]. CaMKII, which we found to be
activated in parallel with FCCP-induced Ca®* surge, is
the upstream kinase of MEK and ERK [71-73]. KI MEFs
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failed to induce a cytosolic Ca** surge with FCCP, sug-
gesting that such cellular stress cannot be mediated via
CaMKII and transmitted to the downstream effectors.
This has an important implication for neuronal resilience
upon exposure to environmental stressors, in particular
for how cells respond and survive from mitochondrial
damages.

Mutant LRRK2 hyperactivity has been implicated in
PD pathogenesis as shown by aberrant substrate phos-
phorylation patterns and disrupted cellular signaling
[74]. One therapeutic approach to address the pathogenic
effects of LRRK2®4G mutation is to inhibit its aber-
rant hyperactive kinase activity [75, 76]. However, we
found that the impaired MEK-ERK activation in KI MEFs
was not attenuated by treatment of the LRRK2 inhibi-
tor (MLi-2), indicating that the loss of Ca’" response
was independent of mutant LRRK2 hyperactivity. Simi-
lar findings were reported in LRRK2®M*41€ iPSC-derived
dopaminergic neurons with impaired mitophagy and
mitochondrial function that were not rescued with MLi-2
treatment [68]. Interestingly, unlike in LRRK2RM4G/C
models, LRRK2 inhibition rescued impaired mitophagy
and altered autophagosome transport in LRRK252°1%5 K1
mice [77, 78]. These divergent results suggest that the two
mutations may affect distinct mitochondrial pathways,
which requires further investigation.

Conclusions

Our study showed that pathogenic LRRK2M*1G muta-
tion of PD abolishes mitochondrial depolarization-
induced cytosolic Ca®* surge and subsequent activation
of CaMKII/ERK signal axis as hitherto unreported mito-
chondrial stress response to downstream activation
of mitochondrial fission-related Drpl and mitophagy.
LRRK2 mutant MEFs exhibited inherent mitochondrial
defects, including aberrant morphology and structure,
ATP-ADP imbalance, and reduced basal MMP, mito-
chondrial Ca?* store and MCU expression. These inher-
ent defects may synergistically cause mitochondrial Ca**
imbalance that failed to elicit a Ca®" signal response
under exogenous mitochondrial stress. Such lack of
mitochondrial Ca’** efflux through NCLX repressed
cytosolic Ca*" surge and subsequent activation of the
CaMKII/ERK and Drpl signaling axis in LRRK2 mutant
cells. These inherent defects from LRRK2 mutation may
weaken the cellular defence to scavenge damaged mito-
chondria via mitophagy and rejuvenate mitochondrial
function. It may potentially perturb other downstream
ERK-dependent stress response pathways that support
neuronal survival [79, 80]. The same rationale applies
to our earlier findings that KI MEFs exhibited impaired
autophagic degradation with increased accumulation
of oligomeric a-synuclein [24], the pathogenic species
that underlies synucleinopathies in PD [81]. Our results
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Fig. 6 Hypothetical diagram comparing differential cellular responses under FCCP-induced mitochondrial depolarization in WT (Left) and Kl cells (Right)
Under FCCP-induced mitochondrial damage, WT MEFs undergoes rapid mitochondrial membrane depolarization and mitochondrial Ca?* efflux via
NCLX, which leads to a cytosolic Ca** surge. CaMKI-MEK-ERK signaling axis is activated, followed by activation of Drp1 via Ser616 phosphorylation. Drp1
activation then initiates mitochondrial fission prior to mitophagy, a process through which defective mitochondria is cleared. KI MEFs already exhibit
basal mitochondrial dysfunction even before FCCP-induced stress. Following FCCP, KI MEFs fail to exhibit cytosolic Ca?* surge which is followed by a lack
of activation of CaMKII-MEK-ERK and Drp1. Such signaling defects could impair the mitochondrial fission and mitophagy, leading to the accumulation of
defective mitochondria. The accumulation of dysfunctional mitochondria thus adversely affects overall mitochondrial quality, forming a vicious cycle in

LRRK2 KI MEFs

suggest that the accumulation of dysfunctional mito-
chondria in LRRK2 mutant cells is a possible conse-
quence of impaired mitochondrial Ca?* response and loss
of CaMKII/ERK and Drpl activation, eventually forming
a “death-loop” which further aggravates mitochondrial
dysfunction and neuronal cell death (Fig. 6). Our findings
shed light on targeting mitochondrial Ca?* pathways as
a novel therapeutic strategy to enhancing mitochondrial
quality and function in LRRK2-associated PD.
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