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Abstract

This study utilized human fibroblasts as a preclinical discovery and diagnostic platform for identification of cell biological
signatures specific for the LRRK2 G2019S mutation producing Parkinson’s disease (PD). Using live cell imaging with a
pH-sensitive Rosella biosensor probe reflecting lysosomal breakdown of mitochondria, mitophagy rates were found to be
decreased in fibroblasts carrying the LRRK2 G2019S mutation compared to cells isolated from healthy subject (HS) controls.
The mutant LRRK?2 increased kinase activity was reduced by pharmacological inhibition and targeted antisense
oligonucleotide treatment, which normalized mitophagy rates in the G2019S cells and also increased mitophagy levels in HS
cells. Detailed mechanistic analysis showed a reduction of mature autophagosomes in LRRK2 G2019S fibroblasts, which was
rescued by LRRK2 specific kinase inhibition. These findings demonstrate an important role for LRRK2 protein in regulation
of mitochondrial clearance by the lysosomes, which is hampered in PD with the G2019S mutation. The current results are
relevant for cell phenotypic diagnostic approaches and potentially for stratification of PD patients for targeted therapy.

degeneration is found in the gut, heart and other organs (8-10).

Introduction oo oo
Moreover, genetic risk factors indicate that system-related

The majority of Parkinson’s disease (PD) patients suffer from
sporadic forms of the disease with familial forms accounting
for only ~10% of the affected individuals (1-4). The principal
risk factor for PD is age, with incidence rising significantly
after 50 (5-7). PD manifests in a number of tissues in addition
to the brain. Biochemical and physiological changes including

immune function influences this disease [(11), reviewed in (12)].
Several research teams have employed PD patient skin cells to
investigate the biological changes in PD that could reflect the
underlying mechanisms (13-21). Conceptually, the degeneration
of neuronal cells in PD and many other neurodegenerative
diseases may simply reflect a higher vulnerability of certain
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cell types for age-dependent degeneration upon exposure to
certain environmental or genetic stress ors (22).

An undisturbed cycle of mitochondrial turnover is essential
for efficient cellular function and output (23). Human-induced
pluripotent stem cell (iPSC)-derived neurons from PD patients
carrying the leucine-rich repeat kinase 2 (LRRK2) PD trigger-
ing G2019S mutation have altered mitochondrial movement,
increased vulnerability to chemical stressors of mitochondrial
function (20) and increased mitochondrial DNA damage (24).
Mitochondrial function is compromised in fibroblasts isolated
from PD patients carrying the LRRK2 G2019S mutations and
in sporadic PD patients (20,25-28). Genetic variations in the
LRRK2 locus are associated with an increased risk for sporadic
PD development (29) and an increase in LRRK2 kinase activ-
ity is observed in idiopathic PD brain tissue (30). Accumula-
tion of damaged mitochondria is observed in G2019S transgenic
mice (31). Decrease in mitophagy is observed in PD fibroblasts
and iPSC-derived neurons carrying the LRRK2 G2019S muta-
tion (21,32), whereas others have reported increased mitophagy
linked to changes of calcium homeostasis in primary mouse
cortical neurons carrying the G2019S mutation (33). In aging,
a major risk factor for PD development, cells exhibit impaired
mitochondrial quality control leading to accumulation of large
senescent mitochondria (34). In our recent work, by utilizing a
static co-localization based assay, we have shown that phar-
macological inhibition of LRRK2 kinase (using LRRK2 IN-1) nor-
malizes valinomycin-induced mitophagy in LRRK2 G2019S and
sporadic PD patient fibroblasts (28), suggesting a role for LRRK2
in this cellular process. However, the dynamics of this process,
the underlying mechanisms of the specific LRRK2 function and
its role in PD development are largely unknown.

As mitochondrial function is linked to PD pathogenesis
(35,36), here we investigated the temporal and mechanistic
effect of LRRK2 G2019S mutation on mitophagy rate by using
skin fibroblasts from healthy controls and LRRK2 G2019S
carriers. Mitophagy rates were found to be decreased in human
fibroblasts derived from PD patients carrying the LRRK2 G2019S
mutation compared to healthy subject (HS) controls. Pharma-
cological LRRK2 kinase inhibition and antisense oligonucleotide
(ASO)-based downregulation of LRRK2 normalized mitophagy
indicating that LRRK2 kinase activity is important in regulating
mitochondrial degradation by the lysosome. Furthermore, lower
levels of mature autophagosomes were observed in LRRK2
G2019S fibroblasts compared to wild-type fibroblasts. The
reduced rate of mitophagy can, therefore, be interpreted as a
reduction in autophagosome maturation. Overall, these data
indicate that in human peripheral cells carrying the LRRK2
G2019S mutation, mitophagy rates are reduced, which may lead
to accumulation of damaged mitochondria ultimately increasing
cellular vulnerability to external stressors.

Results

Validation of the Rosella biosensor probe for mitophagy
rate assessment

By utilizing a static Tom20 and Lampl co-localization-based
assay, we have previously shown that pharmacological LRRK2
kinase inhibition with LRRK2 IN-1 restores mitochondrial
and lysosomal co-localization after valinomycin treatment in
mutant, sporadic and HS human fibroblasts, indicating a direct
LRRK2 function in this mechanism (28). However, the dynamics
of this process remain largely unknown. Using new and refined
methods, our goal is to gain a deeper understanding of the

temporal changes in mitochondrial degradation exhibited by PD
patient-derived fibroblasts carrying the LRRK2 G2019S mutation.
For this, live cell imaging of mitophagic flux was performed with
a Rosella pH responsive dual fluorescence reporter bioprobe
[comprising pH-sensitive Green fluorescent protein (GFP)
variant pHluorin and pH-insensitive Red fluorescent protein
(RFP) variant DsRed] containing a human mitochondrial target
sequence [a modification of the Rosella bioprobe (37-40)]. The
dual fluorescence-labeled mitochondria, upon entering the
mitophagic pathway are initially associated with a phagophore
vacuole, before being enclosed into an autophagosome that
matures and eventually fuses with a lysosome. During matu-
ration, the autophagic vesicles undergo acidification, quenching
the Rosella pH-sensitive GFP signal (pHluorin), leaving the RFP
signal unaffected until full mitochondrial degradation. The
resultant green/red fluorescence ratio represents a measure
of the mitophagy rate (Fig. 1A). To validate the specificity of the
newly sub-cloned lentiviral Rosella bioprobe, confocal imaging
was performed on 293T HEK cells transfected with the bioprobe
and treated with 1 puM rotenone (a mitochondrial complex I
inhibitor that induces mitophagy). Assessment of localization
of the Rosella fluorescence signals within the cells showed the
presence of two types of punctae: (i) those where red signal
always colocalized with the green signal and the mitochondrial
marker Tom20, indicative of intact mitochondria or the ones that
just entered the mitophagic pathway (Fig. 1B, yellow arrows) and
(ii) larger Tom20 positive puncta, also positive for red signal, but
devoid of green fluorescence, suggesting the presence of acidic
vacuoles (Fig. 1B, white arrows). To further confirm the function-
ality of the bioprobe, 293T HEK cells transfected with the Rosella
plasmid were treated with compounds that induce mitophagy
[1 pM rotenone and 1 mwm defeiprone (DFP)] and autophagy
(20 nM rapamycin) followed by live cell imaging (Fig. 1C). Com-
pared to the non-treatment condition, treatment with rotenone
and DFP led to a significant increase in the rate of mitophagy
(as indicated by lower green/red fluorescence ratio), and the
cells treated with rapamycin exhibited a significant decrease in
the rate of mitophagy, thus further confirming the specificity
of the bioprobe. Similarly, human HS fibroblasts treated with
10 pM valinomycin (a potassium ionophore that induces loss of
mitochondrial membrane potential), at a dose shown to induce
an increased vulnerability in PD patient fibroblasts harboring
the LRRK2 G2019S mutation (28), presented mitochondrial
network fragmentation and increased mitophagy rate as
shown by immunocytochemistry (Fig. 1D) and live cell imaging
analysis (Fig. 1E). See Supplementary Material, Figure S1 for
representative images from live cell imaging of transfected 293T
HEK cells (Supplementary Material, Fig. S1A) and fibroblasts
(Supplementary Material, Fig. S1B) transduced with the Rosella
bioprobe depicting the processing definition used to analyze
phase, red and green fluorescent signals within the cells.

Mitophagy rate is decreased in fibroblasts harboring
the LRRK2 G2019S mutation

For an in-depth analysis of the alteration in the mitochondrial
degradation process associated with mutations in the LRRK2
gene, mitophagy assay was performed using the optimized
Rosella biosensor probe in human fibroblasts derived from HS
and PD patients carrying the LRRK2 G2019S (LRRK2) mutation
(Fig. 2). Live cell imaging exhibited a significantly increased
green/red ratio, indicative of a decreased rate of mitophagy in
LRRK2 G2019S cells compared to HS controls (Fig. 2A, P=0.0201).
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Figure 1. Validation of methodology to measure mitophagic flux using Rosella biosensor. (A) Schematic representation of the Rosella fluorescence output: Step 1. As the
mitochondria enter the mitophagic pathway, they are associated with phagophore formation before being enclosed into an autophagosome that matures and eventually
fuses with a lysosome. Step 2. During maturation, the autophagic vesicle will undergo acidification. As the pH changes from high mitochondrial pH ~8.2 to the more
acidic pH, green fluorescence decreases while red fluorescence is unaffected, lowering the Rosella green signal and thus decreasing the Rosella green/red ratio. Step 3.
After the lysosomal fusion, the pH drops to ~5.5, quenching the green fluorescence and bringing the green/red ratio down. Eventually, with full mitochondrial protein
degradation, the red fluorescence also decays. Pha: phagophore, Au: autophagosome, Am: amphisome; Ly: lysosome; AuLy: autolysosome. (B) Confocal Z-stack maximal
projection (at 100x magnification) of a Rosella transfected 293T cells treated with 1 pM rotenone for 24 h. Yellow arrows point to Tom20 labeled mitochondria (purple, i)
transfected and expressing both Rosella red (ii) and green (iii). White arrows pointing to Tom20+ (purple, i) and only Rosella red positive (i) mitochondria, most probably
localized in an acidic low pH environment such as the autophagosome on its way to final degradation in the lysosome. Blue labels nuclear Hoechst staining (iv). (C)
Live cell imaging in human 293T HEK cells transfected with the lentivirus-CMV driven Rosella bioprobe and 48 h later treated with 1 pM rotenone, complex I blocker
consequently inducing mitochondrial damage, 20 nm rapamycin, an autophagy inducer, and 1 mM DFP, mitophagy inducer. Cells were imaged using live cell IncuCyte
imaging system every 3 himmediately after compound application. Two-way ANOVA shows a significant difference in the green/red ratio levels between the non-treated
cells and rotenone, rapamycin and DFP treated cells (P<0.0001, F 4,975) =970, with Dunnett’s post hoc multiple testing correction). (D) Confocal Z-stack maximal
projection (at 100x magnification) of Rosella transduced human fibroblasts (HS21) treated with Dimethyl sulfoxide (DMSO) or 10 pM valinomycin, a mitochondrial
depolarizing agent, for 24 h. Arrows point to Rosella transfected (green and red) fibroblasts co-stained with Tom20 to label the mitochondrial networks (purple). Upon
10 pM valinomycin treatment, these networks are visibly fragmented. (E) Live cell imaging of human fibroblasts infected with the lentivirus CMV-driven Rosella bioprobe
and treated with DMSO or 10 pM valinomycin. Cells were imaged using live cell IncuCyte imaging system every 3 h immediately after compound application. Two-way
ANOVA shows a significant difference in the green/red ratio levels between the vehicle-treated and valinomycin-treated cells (P<0.0004, F(l, 314) = 13.05). Error bars

represent standard error of the mean [(SEM); P<0.001 ***, P<0.0001 ****].

LRRK2 is a large protein with multiple subunits and the G2019S
mutation is located in the kinase domain. Previous studies have
found that cells with this mutation have elevated kinase activity
(41), which appears to be responsible for many of its downstream
effects. This prompted us to test whether inhibition of LRRK2
kinase activity could normalize the observed reduction in the
rate of mitophagy in G2019S human fibroblasts. Inhibition of the
kinase was performed (i) pharmacologically, using the previously
established LRRK?2 kinase inhibitors, LRRK2 IN-1 (IN-1) (42) and
MIi-2 (43,44), and (ii) genetically, using ASOs designed to specif-
ically target and skip either exon41 (which houses the G2019S
mutation) or exon?2 of the LRRK2 pre-messenger ribonucleic acid
(mRNA) (Supplementary Material, Figs S2 and S3). Supporting
our hypothesis, LRRK2 kinase inhibition in G2019S cells using
IN-1 (30 uM) rescued the phenotype and increased the rate
of mitophagy to a level comparable to that of HS controls
(Fig. 2B, F(3,16) = 4.136, P =0.0356). While being quite selective, the
first-generation inhibitor IN-1 has also been reported to induce
off-target effects (45). To confirm the involvement of LRRK2
kinase activity in the regulation of mitophagy, an additional,
more specific inhibitor of LRRK2 kinase activity, Mli-2, was
utilized in our study. In an independent experiment, treatment
of fibroblasts with 10 nm Mli-2 rescued the rate of mitophagy
in LRRK2 mutant cells (Fig. 2C, F (555 =7.783, P=0.0021). Recent

reports have identified a subset of RAB GTPases including RAB10
to be primary targets of LRRK2 which gets phosphorylated at
threonine 73 in a kinase-dependent manner (46,47). To assess the
potency of Mli-2 treatment on LRRK2 kinase activity in human
fibroblasts, levels of RAB10 phosphorylation was analyzed.
Treatment with Mli-2 led to a significant downregulation of
phosphorylation of RAB10 with no change in level of the total
RAB10 protein (Supplementary Material, Fig. S4, P=0.0082).
LRRK2 ASOs used for genetic manipulation of the kinase
activity were designed to induce skipping of LRRK2 exon4l,
resulting in a reading frameshift and thereby producing an
messenger ribonucleic acid (nRNA) encoding either a truncated
version of the protein or degradation of the entire transcript
via a nonsense mediated decay induction by the creation of a
premature termination codon (PTC) in exon42 (48). A second
ASO-targeting approach involving skipping of LRRK2 exon 2,
which results in a reading frameshift and consequent mRNA
with a PTC in exon 3, essentially knocking down protein
expression (49), was also used. A non-target (NT) ASO designed
to not bind to any transcript within the genome was included as
a negative control. Further confirming our hypothesis, genetic
inhibition of the LRRK2 kinase activity using LRRK2 exon41l
and exon2 specific ASOs also rescued the decreased rate of
mitophagy observed in G2019S mutant cells (Fig. 2D, Fz1g =
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Figure 2. Patient-derived fibroblasts carrying the LRRK2 G2019S mutation show a decrease in mitophagy rate, which is normalized by LRRK2 kinase inhibition and
LRRK?2 specific ASO treatment. Live cell imaging of HS and LRRK2 G2019S (LRRK2) patient-derived fibroblasts expressing the mitophagy Rosella biosensor probe. (A)
LRRK2 G2019S fibroblasts showed a decreased mitophagic rate compared to HS control cells [green/red ratio, unpaired t-test P =0.0201, N=11 HS and N=9 LRRK2
G2019S (LRRK2), data pooled from two independent experiments]. (B) Mitophagic flux is rescued in patient-derived LRRK2 G2019S fibroblasts treated with 30 pM IN-1
LRRK?2 kinase inhibitor, restoring the mitophagy levels similar to levels as observed in fibroblast cells derived from HS [one-way ANOVA F 2,16) =4136, P=0.0356,
with FDR multiple testing correction (MTC), N=7 HS and N=6 LRRK2 G2019S]. (C) Mitophagic flux is rescued in patient-derived LRRK2 G2019S fibroblasts treated
with 10 nm Mli-2 LRRK2 kinase inhibitor, restoring the mitophagy levels to similar levels as observed in HS fibroblast cells (one-way ANOVA F(2, 28)= 7.783,P=0.0021,
with Tukey’s MTC. Data pooled from two independent experiments N =11 HS and N =10 LRRK2 G2019S). (D) Comparison of mitophagic flux in patient-derived LRRK2
G2019S fibroblasts treated with LRRK2 exon 41 and exon 2 ASO compared to HS and LRRK2 non-target (NT) ASO-treated fibroblasts. LRRK2 ex41 and ex2 skipping
restores mitophagy rate in the LRRK2 fibroblasts [one-way ANOVA (F(3,18) =27.22,P=0.0001) with Tukey’s MTC. Data pooled from two independent experiments N=7
HS and N=5 LRRK2 G2019S]. All data was collected 21 h post media change and the initiation of Rosella live cell imaging. Error bars represent SEM; P<0.5 *, P<0.01 **,

P<0.001 ***, P<0.0001 ****).

27.22,P=0.0001). Exon-skipping and protein expression analysis
performed to validate the activity of the oligonucleotides
showed that transfection of fibroblasts with ex41 ASO induced
~90% skipping of the exon in PD LRRK2 G2019S fibroblasts
(Supplementary Material, Fig. S2A) and reduced the total LRRK2
protein level by 43% (Supplementary Material, Fig. S3A and B).
Treatment with ex2 ASO induced a ~64% skipping of exon 2
in LRRK2 G2019S fibroblasts (Supplementary Material, Fig. S2B)
and reduced the LRRK2 protein levels by 57% (Supplementary
Material, Fig. S3A and B). To further assess the effect of ASO-
induced exon skipping on LRRK2 kinase activity, change in
the expression of phosphoRAB10 (at Th73) was analyzed.
We observed a significant decrease of pRAB10 expression
(1.52 fold, P=0.0004) in fibroblasts (both HS and LRRK2
G2019S) upon treatment with ex41 ASO compared to NT
control (Supplementary Material, Fig. S3C and D), while the
total RAB10 level remain unchanged (Supplementary Material,
Fig. S3C and E).

As the inhibitors reduce LRRK2 kinase activity in all
cells irrespective of their genotype, induction of mitophagy
was also observed in HS fibroblasts when treated with IN-1
(Supplementary Material, Fig. S5A, P=0.0473) and MIli-2 (Sup-
plementary Material, Fig. SS5B, P=0.0007). Similarly, as the ASOs
used here are not mutation specific, exon skipping and reduction
of LRRK2 kinase activity led to an increase in rate of mitophagy
in HS cells as well (Supplementary Material, Fig. S5C, P =0.0005,
Fp19 =12.18). Our data, showing a functional rescue of the
mitophagy phenotype in LRRK2 G2019S fibroblast cells as well
as an induction of increased mitophagy rate in HS cells, strongly

suggests an important role for LRRK2 kinase in the control of
intracellular mitophagic flux.

Alterations in autophagosome maturation contribute to
the decreased mitophagy rate in LRRK2 G2019S human
fibroblasts

Given that LRRK2 G2019S mutant fibroblasts exhibit a signif-
icantly decreased mitophagy rate, we wanted to determine
whether this could be due to alterations in the level of proteins
associated with various stages of the mitophagy pathway
(Fig. 3). Mitochondrial degradation is initiated by labeling and
ubiquitination of the organelle, soon after which it translocates
to a newly formed phagophore. As the process progresses,
the mitochondrial-cargo carrying autophagosome elongates,
matures and eventually fuses with a lysosome, leading to
complete degradation of the dysfunctional mitochondria (50-52).
Each stage of this process, including initiation, transport,
maturation of the autophagosome and degradation by the
lysosomes are tightly regulated by several proteins as depicted
in Figure 3A. To determine the mechanism underlying the
decrease of mitophagic flux in LRRK2 G2019S fibroblasts, protein
expression analysis was performed for the key protein players
of this pathway. As valinomycin induces mitophagy and low
dose (10 pM) valinomycin treatment increased vulnerability
in LRRK2 G2019S fibroblasts (28), mitophagy pathway proteins
were analyzed in HS and LRRK2 G2019S fibroblasts at baseline
and upon valinomycin-induced mitochondrial membrane
depolarization. Moreover, mitophagy is a dynamic process
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Figure 3. Matured autophagosome load is decreased in LRRK2 G2019S-derived fibroblasts. (A) Representation of the role of various proteins of interest in the
process of mitophagic flux and autophagosome maturation. Pha: phagophore, Au: autophagosome, Am: amphisome; Ly: lysosome; Auly: autolysosome. (B) Protein
expression measured 21 h after vehicle, 10pM valinomycin (val) or 15nM bafilomycin A1 (bafAl) treatment in HS and LRRK2 G2019S (LRRK?2) patient-derived fibroblasts.
Representative images from N =7 HS and N =6 LRRK2 G2019S. (C) Quantification of western blot protein analysis represented in (B) for Atg12, LC3A, LC3B and Tom20.
In an independent experiment, LC3A and LC3B II/I protein ratios and Tom20 protein levels in LRRK2 G2019S fibroblasts were rescued after Mli-2 LRRK2 kinase inhibitor
treatment (N =9 HS and N =8 LRRK2 G2019S). Statistical analysis was performed either using unpaired Student t-test, one way ANOVA or Kruskal-Wallis test depending
on the character of the data set and its distribution. Error bars represent SEM; P<0.5 *, P<0.01 **, P<0.001 ***.

with a quick turnover of autophagic vesicles and proteins
associated with it. Hence, to investigate the total content of
the autophagosomes and associated proteins, it is important
to include a treatment condition that leads to blockage of
the pathway at the degradation stage. This was achieved
using treatment of the control and mutant cells with 15 nm
bafilomycin A1 (bafAl), an inhibitor of vacuolar H+ ATPase-
dependent lysosomal acidification and the autophagosome-
lysosome fusion (53).

To assess the initiation of the mitophagy process and the
autophagosome load in human fibroblasts, the expression of the
mature autophagosome content markers LC3A and LC3B and
early autophagosome formation marker Atgl2 were analyzed.
Three human LC3 isoforms (LC3A, LC3B and LC3C) undergo post-
translational modifications during autophagy. Cleavage of LC3
at the carboxy terminus immediately following synthesis yields
the cytosolic LC3-I form. During autophagy, LC3-I is converted to
LC3-II through lipidation by an ubiquitin-like system involving
Atg7 and Atg3 that allows for LC3 to become associated with
autophagic vesicles. The presence of LC3 in autophagosomes
and the conversion of LC3-I to the lower migrating form, LC3-II,
have been used as indicators of autophagy and autophago-
some load and maturation (54,55). LC3A and LC3B II/I ratios
were both significantly reduced in the LRRK2 G2019S fibroblasts
after bafA1 treatment, an inhibitor of autophagosome-lysosome
fusion and autophagosome degradation resulting in accumula-
tion of late autophagosomes, suggesting lower autophagic flux
and lower levels of mature autophagosome in the mutant cells
(Fig. 3B and C, t-test LC3AII/I P=0.007, LC3BII/I P=0.003). In an
independent experiment, Mli2 LRRK2 kinase inhibition rescued
the LC3A and B II/I ratios in the bafAl-treated LRRK2 G2019S
fibroblasts, increasing the autophagosome load levels to the
levels expressed in the HS cells (LC3A P=0.014, KW stat=_8.552,
LC3B P=0.0004, F(; ,;) =11.81). Both the free Atg12 and the Atgl2
covalently bound to Atg5 that are targeted to phagophore vesicle
at the early stages of autophagosome formation, showed no
change in expression between the HS and the LRRK2 G2019S
fibroblasts (Fig. 3B and C), suggesting no alteration in the initial
formation of autophagosomes in these cells.

In alignment with our live cell mitophagy rate analysis,
increased levels of Tom20 [marker of mitochondrial mass (56,57)]
were detected in the LRRK2 G2019S fibroblasts compared to the
HS cells after valinomycin treatment (Fig. 3C, P=0.013), further
supporting our finding of decreased rate of mitochondrial degra-
dation in these cells. Mli2 LRRK2 kinase inhibition normalized
the Tom20 protein levels in LRRK2 G2019S cells to match the HS
levels (P=0.005, F(; ) =6.8), indicating a functional involvement
of LRRK2 kinase in the control of mitochondrial degradation.

No changes were observed in other proteins associated
with various stages of the mitophagy pathway such as the
autophagic mitochondria-specific adaptor protein optineurin
(58,59), general autophagy adaptor protein p62 that plays a
role in mitophagic flux (60) and in the total levels of poly-
ubiquitin or ubiquitin between the two-cell groups. Lampl, a
lysosomal transmembrane protein that serves as a marker for
lysosomal content, involved in regulation of lysosomal motility
and lysosome-phagosome fusion, also showed no difference
in expression between the two cellular genotypes, both in the
glycosylated and the unglycosylated form (data not shown).

In summary, (i) decreased ratios of autophagic flux and
mature autophagosome marker LC3IV/I, (ii) no change in the
Atgl2 autophagosome formation marker, (iii) increased levels
of Tom20 mitochondrial load and (iv) no changes in other
mitophagy nor lysosomal proteins, all suggest alterations in
autophagosome load and maturation in human fibroblasts
carrying the LRRK2 G2019S mutation.

Discussion

The current results demonstrate that human PD patient fibrob-
lasts carrying the LRRK2 G2019S mutation exhibit a decreased
mitophagy rate, which was rescued by pharmacological LRRK2
kinase inhibition and ASO-mediated reduction of LRRK2.
Furthermore, analysis of key proteins that regulate mitophagy
revealed that the LRRK2 mutant cells have lower levels of mature
autophagosome load. This work further validates the use of
skin fibroblasts as a source for identification of clinical cell
biological signatures linked to PD-specific pathologies. Such
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fibroblasts also provide a preclinical platform for testing new
agents for their ability to ameliorate mitochondrial deficits
characteristic of PD.

LRRK2 kinase plays a role in the rate of mitophagic flux

LRRK2 has been linked to autophagy, where both LRRK2 gain-
and loss-of-function affect autophagic output [reviewed in
(61,62)]. This suggests that LRRK2 activity needs to be balanced
and maintained within certain levels to successfully control
the appropriate rate of autophagic flux. The LRRK2 G2019S
mutation was shown to decrease autophagic flux contributing
to an accelerated DA neuron loss in Caenorhabditis elegans
(63) and was reported to slow down the initiation of mitophagy
in human iPSC-derived neurons and fibroblasts, by failing to
remove Miro from the microtubular-dependent mitochondrial
transport system (21). These studies, coupled with our previous
data that described the importance of LRRK2 kinase activity in
regulating co-localization of mitochondria and lysosome (28),
suggest a prime role for this protein in mitophagy.

Employing Rosella mitophagy biosensor and temporal live
cellimaging analysis, a decrease in mitophagy rate was observed
in the LRRK2 G2019S PD patient fibroblasts. In combination
with the increase in Tom20 levels (upon valinomycin treatment),
this finding indicates an increase in the number of undigested
mitochondria. Further in-depth analysis of the key molecular
players of the mitophagic pathway showed that these mutant
cells have an overall reduced level of late autophagosomes, as
observed from the decreased ratio of LC3A and B II/I, with no
change in early phagophore formation marker Atg5. Given that
these cellular phenotypes were rescued using pharmacological
LRRK2 kinase inhibition and ASOs regulating LRRK2 function,
the accumulation of undigested mitochondrial load is likely
due to a LRRK2 G2019S-dependent mechanism involving
autophagosomes. Supporting our findings and in the context
of reported increased LRRK2 kinase activity in sporadic PD (30),
a recent study found decreased LC3B levels in the cerebrospinal
fluid (CSF) of early-stage PD patients, identifying autophagy dys-
regulation as an early molecular change in PD progression (64).

An important influence on the regulation of mitophagy by
LRRK2 could be by its regulation of RAB GTPases to control
the transport of autophagic vesicles to lysosomes. Several Rab
proteins have been found to be involved in autophagosome
formation, transport and maturation [reviewed in (50-52,65)],
and a subset of them have been recently identified to be phos-
phorylated by LRRK2, leading to their inactivation (46,47). Specif-
ically, RAB7, which is primarily involved in the transport of late
endosomal vesicles to the lysosome, may have an important
role in the late stages of autophagy (66-70). The activity of
RAB7 was shown to be decreased in fibroblasts from PD patients
with LRRK2 G2019S mutation (71). This indicates a potential
negative regulation of the activity of RAB7, and thereby vesicular
transport, by the LRRK2 kinase.

Decreased mitophagy rate can induce increased
vulnerability in cells carrying the LRRK2 G2019S
mutation

PD is best known for its neuronal degeneration in the midbrain
and in other vulnerable brain regions. However, new evidence
clearly suggests that the disease processes also occur outside the
central nervous system (8-10). Such PD disease mechanisms are
linked to the same genetic, aging and pathological interactions
with the immune system as seen in the brain [(11), reviewed

in (12)]. Mitochondrial dysfunction is linked to PD pathogenesis
(35,36) and LRRK2 has been proposed to participate in mito-
chondrial dynamics (1,72,73). Our previous work has shown that
human iPSC-derived neurons are ~10 times more vulnerable
to valinomycin, a mitochondrial stressor, compared to human
fibroblasts (20,28). Cooper et al. (20) previously demonstrated that
human PD patient iPSC-derived neurons and PD patient fibrob-
lasts carrying the LRRK2 G2019S mutation exhibited increased
cell death relative to control subjects upon treatment with con-
canamycin A, a direct autophagy inhibitor that blocks the vac-
uolar HT-ATPases. Decreased mitophagy rate can contribute to
the accumulation of damaged mitochondria in the cell, inhibit-
ing the efficiency of electron transport chain and lowering the
metabolic output, thereby increasing the accumulation of free
radical formation (20,28) and increasing the number of mito-
chondria with mitochondrial DNA lesions (24). All of these fac-
tors can, in a cumulative manner, lead to increased cellular vul-
nerability to external stressors, as observed upon mitochondrial
membrane depolarization and inhibition of autophagy (20).

PD patient-based cellular phenotypes and assays as
cell biological signatures and discovery platforms

Clinical symptoms of PD manifest much later than the onset
of neuronal degeneration, which limits the effectiveness of
potential neuroprotective therapies due to the low number of
remaining neurons (74). For neurodegenerative diseases, it is
useful to identify accessible novel peripheral cell biological
signatures or cellular biomarkers and develop assays to
identify risk groups and evaluate potential treatments for early
intervention. Although PD is primarily defined by neurological
signs and symptoms, at a cellular level, disease-associated
mutations and molecular phenotypes are present in most
cell types of the human body (9,75-78). However, relative
vulnerability of some types of cells over others to the disease-
causing mechanisms account for the specific loss of dopamine
neurons in the substantia nigra (20,79-82). For assessing disease
progression and for the identification of successful therapeutic
interventions, in vitro modeling of the specific cellular problem
characteristic of the disease is of essence. In recent years,
through advances in iPSC-technology, neuronal PD patient-
based phenotypic modeling has been successful in identifying
novel cellular mechanisms affected by PD [reviewed in (83)] and
contributed to the rapid advancement of potential pharmaco-
logical treatments. However, this technology is resource and
labor intensive and is not appropriate for large-scale diagnostic
assays. Because of this limitation, the use of peripheral, readily
available non-neuronal cells presents an advantage as a better
in vitro disease modeling platform. The use of these primary
cell samples and liquid biopsies such as exosomes can also
help in defining novel pathobiological mechanisms involved in
PD and for the stratification of sporadic patients into groups
based on underlying common molecular mechanisms. Being
able to define the predominant cellular mechanism involved
in a specific group of sporadic patients, as observed during
our study of mitochondrial deficits in human fibroblasts (28),
is of interest for the development of novel targeted personalized
treatment strategies. Human fibroblasts, blood PBMCs, iPSC-
derived neurons or immune cells isolated from PD patients
can be utilized for this purpose as a discovery platform for the
identification of preclinical cellular biological signatures specific
to the disease phenotype.

Several efforts to define biomarkers have been on-going
[reviewed in (84), reviewer in (85-90)] and include the Parkinson’s

610z Jlequeldag g| uo Jasn Aleiqi] aouslog joge) ‘Alelqi 8b9jj0 pleatleH Ag L 0892SS/92Z LZPR/BWU/S60L 0L /10pAoRaSge-|o1le-aoueApe/Guly/woo dnoolwspede)/:sdiy woly papeojumoq



Progression Marker Initiative, which is an international,
multicenter study aimed at collecting comprehensive data
including biological samples, imaging and clinical information
from its cohort of ~400 patients and 200 HS controls (91).
Utilizing this data, Nalls etal. (92) were able to develop a
diagnostic algorithm based on a combination of genetic risk
factors and non-motor symptoms to differentiate people with
PD from HSs. Nevertheless, despite new efforts in this field,
there is a very large need for refined cellular biomarkers and
phenotypic data that link to PD mechanisms and genetics. A
recent study identified significant decrease in LC3B levels in the
CSF of early stage PD patients compared to controls, correlated
with clinical and [18F] N-(3-fluoropropyl)-28-carbon ethoxy-
3B-(4-iodophenyl) nortropane positron emission tomography
(PET) data, suggestive of a potential phenotypic prognostic
and diagnostic biomarker for the disease (64). Such use of
cellular biological signatures, or disease-specific phenotypic
biomarker, has recently been implemented in an Amyotrophic
lateral sclerosis (ALS) clinical trial phase 2, where ALS-specific
hyperexcitability of the iPSC-derived neurons was used as a
biomarker in ALS patients (by measuring upper and lower
motor neuron excitability) and the effect of Ezogabine on
this readout (93). Likewise, our observation of reduced rate of
mitophagy in human fibroblasts carrying the LRRK2 G2019S
mutation could serve as a phenotypic biomarker for diagnostic
assays and stratification of patients for personalized therapy.
Such biomarkers may come from use of non-neuronal cells,
liquid biopsies, advanced imaging technology and advanced
biological algorithms (91,92). In the current study, the LRRK2
G2019S mutation fibroblasts exhibited a decreased mitophagy
rate, a phenotype that was reversed by pharmacological or
ASO treatments. In a broader context, this work speaks to the
future use of peripheral cells for disease identification and
development of novel treatments.

Materials and Methods
Fibroblast lines

HS and PD patient-derived fibroblast cell lines with LRRK2
G2019S mutation were obtained from the Coriell and the NIA
Aging Cell biorepositories or the Mayo clinic (Table 1). Some of
the HS and the PD cell lines were described previously (20,28).
The age average of the control and the mutant fibroblasts has
been matched and is 65 and 62 years, respectively.

Cell culture

HS and PD patient-derived fibroblast lines were cultured in
DMEM (Gibco) supplemented with 10% FBS (Hyclone), 1%
penicillin-streptomycin (Gibco #10378-016), 0.5% glutamine
(Gibco) and 1% non-essential amino acids (Gibco). Cells were
kept in an incubator at 37°C and 5% CO,. Cultures were
maintained in 15 cm petri dishes and passaged approximately
twice a week or when 90% confluent. For passaging, cells
were washed with phosphate buffered saline (PBS) prior to
dissociation with 0.05% Trypsin (Gibco) followed by seeding to
a final density of 40-50%. Cell lines were not kept in culture
beyond 20 passages.

Pharmacological compounds

Valinomycin (Sigma-Aldrich #v0627), bafilomycin Al (Sigma-
Aldrich B1793) and LRRK2 kinase inhibitors IN-1 (Tocris #4253)
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Table 1. Detailed clinical information of the HS and PD patient-
derived fibroblasts used in the current study

Cell ID Description Sex Age at biopsy
HS10 Healthy subject F 68

HS11 Healthy subject F 60

HS17 Healthy subject F 62

HS18 Healthy subject F 65

HS20 Healthy subject M 66

HS21 Healthy subject M 66

HS22 Healthy subject F 61

HS23 Healthy subject F 76

HS24 Healthy subject M 67

HS25 Healthy subject M 61

HS26 Healthy subject M 66

HS29 Healthy subject M 66

HS30 Healthy subject M 67

PD4 LRRK2 G2019S Not Not

documented documented

PD12 LRRK2 G2019S M 72

PD13 LRRK2 G2019S M 57

PD16 LRRK2 G2019S M 52

PD20 LRRK2 G2019S M 73

PD23 LRRK2 G2019S Not Not

documented documented

PD28 LRRK2 G2019S homo. M 77

PD29 LRRK2 G2019S M 36

PD36 LRRK2 G2019S homo. M 55

PD37 LRRK2 G2019S homo. M 74

and Mli-2 (Tocris #5756) were all dissolved in DMSO before being
diluted to assay concentrations in culture maintenance medium.
For vehicle treated controls, DMSO was added to cells at a con-
centration equivalent to the DMSO amount present in cultures
that were treated with the respective compounds.

Live cell imaging of mitophagy rate in human
fibroblasts

Mitophagy rate was measured with a bioprobe comprising
human ATP3 (mitochondrial membrane ATP synthase protein)
mitochondrial target sequence, coupled to a Rosella fusion
construct encoding DsRed (pH-insensitive RFP variant) fused
with pHluorin (pH-sensitive GFP variant) (39,40), generously
gifted to us by Dr Devenish and previously used in HeLa
cells (37). Upon entering the mitophagy pathway, pH changes
from high in mitochondria to the more acidic lysosomal pH,
leading to quenching of the green fluorescence of the bioprobe
while leaving the red fluorescence unaffected. Hence, active
mitophagy will decrease the green signal and the resultant
green/red ratio (Fig. 1). The original Rosella signaling sequence
was cloned into a CMV promoter containing CD510B1 lentivirus
backbone (without EF1-Puro) and used to produce lentivirus.
The 5000 cells/well were seeded into a 96-well plate and
transduced the following day with the Rosella lentivirus at
MOI 75. Fibroblasts were cultured for 5 days to allow for high
Rosella fluorescence expression before media change or 10 pM
valinomycin treatment followed by immediate initiation of live
cellimaging (0.5 h) of the green and red fluorescence signals. Live
cell imaging was performed at 3 h intervals for 45 h (Incucyte
ZOOM, Essen Bioscience). Green and red fluorescence intensities
were quantified using the ZOOM Essen software and normalized
to both the phase cell confluence measurements and the
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total fluorescence intensity of each cell line to correct for cell
density and the infection rate, respectively. This was followed
by calculation of the green/red ratio as a measure of mitophagy.
Time point of 21 h post initiation of live cell imaging was selected
for final analysis. See Supplementary Material, Figure S1 for
exemplar live cell images and the processing definition used
for quantification and analysis. Independent experiments were
performed with the addition of LRRK2 inhibitors IN-1 (30 pM)
and Mli-2 (10 nM) 1 h or 24 h prior to live cell imaging initiation,
respectively. For the ASO experiments, fibroblasts were first
seeded into a 12-well plate at 60000 cells per well and were
infected 4 h later with the Rosella lentivirus at MOI 75. After
48 h, cells were re-plated into a 96-well plate at 2000 cells per
well and transfected with ASOs as described below.

Live cell imaging of mitophagy rate in 293T cells

Mitophagy rate was measured in 293T HEK cells with the
Rosella bioprobe described above. Briefly, 100000 cells/well
were seeded into a 24-well plate and transfected the following
day with the Rosella lentivirus plasmid using Lipofectamine
3000 (ThermoFisher, #L3000015) according to the manufacturers
protocol. Cells were cultured for 3 days before they were
treated with 1 uM rotenone (Sigma-Aldrich), 20 nm rapamycin
(Sigma-Aldrich), 1 mm DFP (Sigma-Aldrich) or vehicle (DMSO)
just before the start of live cell imaging. Live cell imaging
was performed at 3 h intervals for a total duration of 36 h
(Incucyte ZOOM, Essen Bioscience). Green and red fluorescence
intensities were quantified using the ZOOM Essen software and
the green/red ratio was calculated as described previously (see
Supplementary Material, Fig. S1 for images).

Immunocytochemistry

Twenty-four hours after 1 pM rotenone or 10 pm valinomycin
treatment, Rosella transfected 293T HEK cells or Rosella-
transduced human fibroblasts were fixed with 4% paraformalde-
hyde, washed three times with PBS and placed in blocking
solution containing 0.1% PBS-Triton X-100 (PBS-T, Sigma)
and 10% normal donkey serum (Jackson ImmunoResearch
Laboratories, 017-000-121) for 1 h at room temperature (RT).
The cells were then incubated in Tom20 antibody (1:50, Santa
Cruz, SC F-10) in blocking solution at 4°C overnight (O/N). The
following day, cells were washed in 0.1% PBS-T and incubated
with Alexa Fluor-694 goat-anti-mouse (1:400, A-11011, Life
Technologies) for 2 h at RT. Secondary staining was followed by
incubation with nuclear dye Hoechst for 10 min at RT. Coverslips
containing the cells were mounted in Mowiol and cells were
imaged as a Z-stack at 100x magnification using the Zeiss LSM
510 Meta confocal microscope.

LRRK2-specific antisense oligomer treatment

To demonstrate the specific LRRK2-G2019S mutation effect on
our cellular phenotypes, ASOs that base pair to the 5 splice site
of either LRRK2 exon 2 (ex2 ASO: 5'-AGTGAAAACAATGCCTTTAC
CTGCT-3') or exon 41 (ex41 ASO: 5-AGACAGACCTGATCACCTACC
TGGT-3') were developed to induce skipping of the targeted
exon. All ASOs were phosphorodiamidate morpholino oligomers
(Gene Tools, LLC). As a negative control, a non-target standard
control oligonucleotide (Ctrl ASO) sequence was used: 5'-
CCTCTTACCTCAGTTACAATTTATA-3' (GeneTools, LLC). One day
post plating into a 96-well format, the fibroblast cells were

transfected with 1 pM of ASOs using Endo-Porter reagent
according to manufacturer’s protocol (Gene Tools, LLC).

RNA isolation and LRRK2 exon-skipping analysis

Exon-skipping analysis was performed as described in Hinrich
et al. (94). RNA was isolated from cells 45 h after the initiation
of mitophagy experiment using TRIzol reagent (Life Tech-
nologies, Carlsbad, CA, 155960) according to manufacturer’s
protocol. The 0.25-1 pg of RNA was reverse transcribed using
GoScript reverse transcriptase (Promega, Madison, WI, A5003).
The 1-2 pl of the resultant complementary deoxyribonucleic acid
(cDNA) was used in PCR reactions with GoTaq Green (Promega),
0.1-0.25 ul of «-3?P-dCTP and primers specific for human
LRRK2: hLRRK2ex40F (CCTACAGCACAGGATTGC), hLRRK2ex42R
(CCTCTACTATTCTACCTCC), hLRRK2ex1F (5-GTTCACGTACTCC
GAGCG-3'), hLRRK2ex6R (5'-CAGTCAGTTGCTCCTCTGAG-3'). Pro-
ducts were separated on a 6% nondenaturing polyacrylamide
gel and quantified using a Typhoon 9400 phosphorimager (GE
Healthcare).

Immunoblotting and protein expression quantification

Cells were washed once in cold PBS before being lysed with RIPA
buffer (Thermo Scientific) supplemented with Halt protease
and phosphatase inhibitor cocktail (Thermo Fisher Scientific
#1861284) and EDTA (Thermo Fisher Scientific #1861283). Cell
lysates were collected and sonicated in a sonicator before
centrifugation. Protein concentration of the supernatant was
measured with a BCA Assay (Pierce). The 30 pg of protein was
loaded into Criterion precast 4-20% gradient polyacrylamide gels
(Bio-Rad) and size separated using a Bio-Rad electrophoresis
system. Proteins were transferred to a PVDF membrane using
Trans-Blot Turbo system (Bio-Rad) at 21 V and 2.5 amps for
7 min or at 25 V and 1.3 amps for 15 min for LRRK2 detection,
prior to blocking for 1 h with 5% protein blocker (Bio-Rad) in
Tris-buffered saline with 0.1 % Tween 20 (TBST). Membranes
were then incubated overnight at 4°C with primary antibody:
anti-Tom20 (Santa Cruz, #sc11415), anti-LC3A (Cell Signaling,
mAb#4599), anti-LC3B (Cell Signaling, mAb#3868), anti-Atgl2
(Cell Signaling, mAb#2010), anti LRRK2 [(100-500) UDD3, MRC,
University of Dundee, Monoclonal Rabbit 30-12], anti phospho-
RAB10 (Abcam, ab230261), anti RAB10 (Cell signaling, #8127) and
anti-GAPDH (EMD Millipore, #AB2302). After washing 3 x 10 min
with TBST, the membranes were incubated with HRP-coupled
secondary antibody for 1 h at RT. Following another 3 x 10 min
wash with TBST, the membranes were developed using Advansta
WesternBright Sirius chemifluorescent substrate (Advansta,
K-12043-D20) and imaged using Chemidoc XRS with Image Lab
software. Optical density analysis for assessment of protein
expression was performed with Image Lab software (Bio-Rad)
and normalized to GAPDH.

Quantification and statistics

Statistical data analysis was performed in GraphPad Prism
software V7.0c. All data are expressed as mean +/— SEM.
Data was analyzed for normal distribution using Shapiro-
Wilk test. Differences between groups at different time points
were analyzed using two-way ANOVA, followed by post hoc
testing to compare between more than two means. One-way
ANOVA was used to determine an overall effect on means
followed by post hoc testing to compare between more than
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two means. An unpaired two-tailed Student’s t-test or ratio
paired t-test was used to compare two means as appropriate.
When data proved to be not normally distributed, statistical
analysis was performed using Mann-Whitney test. For each
experiment, the specific statistical analysis used is noted in the
figure legend. P-value < 0.05 was considered significant for all
analyses.

Supplementary Material

Supplementary Material is available at HMG online.
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