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ABSTRACT: Background: Parkinson’s disease (PD) is a common neurodegenerative disease, characterized by
symptoms like tremors, muscle rigidity, and slow movement. The main cause of these symptoms is the loss of dopamine-
producing neurons in a brain area called the substantia nigra. Various genetic and environmental factors contribute
to this neuronal loss. Once symptoms of PD begin, they worsen with age, which also impacts several critical cellular
processes. Leucine-rich repeat kinase 2 (LRRK2) is a gene associated with PD. Certain mutations in LRRK2, such
as G2019S, increase its activity, disrupting cellular mechanisms necessary for healthy neuron function, including
autophagy and lysosomal activity. Exposure to rotenone (RTN) promotes LRRK2 activity in neurons and contributes
to cellular senescence and a-syn accumulation. Methods: In this study, human dopaminergic progenitor cells were
reprogrammed to study the effects of RTN with the co-treatment of LRRK2 inhibitor on cellular senescence. We
measured the cellular senescence using quantifying proteins of senescence markers, such as p53, p21, Rb, phosphory-
lated Rb, and P-galatocidase, and the enzymatic activity of senescence-associated P-galatocidase. And we estimated
the levels of accumulated a-synuclein (a-syn), which is increased via the impaired autophagy-lysosomal pathway by
cellular senescence. Then, we evaluated the association of the G2019S LRRK2 mutation and senescence-associated
B-galatocidase and the levels of accumulated or secreted a-syn, and the neuroinflammatory responses mediated by
the secreted a-syn in rat primary microglia were determined using the release of pro-inflammatory cytokines. Results:
RTN raised senescence markers and affected the phosphorylation of Rabl0, a substrate of LRRK2. The inhibiting agent
MLI2 reduced these senescence markers and Rabl0 phosphorylations. Additionally, RTN increased a-syn levels in
the neurons, while MLI2 aided in degrading it. When focusing on cells from PD patients with the G2019S mutation,
an increase in cellular senescence and release of a-syn was observed, provoking neuroinflammation. Treatment with
the LRRK2 inhibitor MLI2 decreased both cellular senescence and a-syn secretion, thereby mitigating inflammatory
responses. Conclusion: Overall, inhibiting LRRK2 may provide a beneficial strategy for managing PD.
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1 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease worldwide. The
main symptoms of PD are characterized by abnormal spontaneous movements and postural disturbances,
including tremors, rigidity, bradykinesia, and postural instability. The loss of dopaminergic neurons in
the substantia nigra pars compacta is a major pathological hallmark of PD and is the primary cause of
its motor symptoms [1]. Various genetic and environmental factors contribute to dopaminergic neuron
degeneration [2,3]; however, neuroinflammation caused by reactive microglia or astrocytes plays a crucial
role in mediating neuronal loss [4]. Recent studies have reported that a lack of neurotrophic factors
increases the vulnerability of dopaminergic neurons to cellular stress [5]. Once PD symptoms appear, they
progressively worsen with age. Aging plays a pivotal role in most neurodegenerative diseases by altering
critical cellular processes essential for survival [6]. One such process is cellular senescence—an irreversible
aging-related state distinct from quiescence [7]. Cellular senescence in dopaminergic neurons leads to
impaired lysosomal function, promoting the accumulation of a-synuclein (a-syn) within cells [8]. The
aggregation of a-syn is a major molecular hallmark of PD pathology, and its propagation through brain tissue
via neuron-to-neuron and neuron-to-astroglia interactions is closely linked to disease progression [9,10].

Leucine-rich repeat kinase 2 (LRRK2), a causative gene of PD, exhibits increased penetrance with
aging in sporadic PD patients. The mutants of LRRK2, including G2019S, R1441C/G/H, and 120207, have
been extensively studied because these variants are associated with enhanced LRRK2 kinase activity [11]. As
LRRK2 kinase activity increases, several cellular mechanisms essential for maintaining homeostasis, such
as autophagy [12], vesicle trafficking [13], lysosomal function [14], mitochondrial membrane potential [15],
and programmed cell death [16], become disrupted in dopaminergic neurons. Additionally, LRRK2 kinase
activity is implicated in the activation of microglia and astrocytes, processes that are also closely linked
to cellular senescence. In our previous study, rotenone (RTN) increased LRRK2 kinase activity in the
human neuroblastoma cell line SH-SY5Y upon differentiation into dopaminergic neurons using retinoic
acid. Simultaneously, RTN treatment induced cellular senescence, lysosomal dysfunction, and autophagic
accumulation, thereby exacerbating a-syn deposition. Notably, treatment with an LRRK2 kinase inhibitor
rescued RTN-induced LRRK2 kinase activation, mitigated cellular senescence, restored autophagy-lysosome
pathway function, and promoted a-syn degradation [8]. We observed similar findings in rat primary
cortical neurons and the mouse midbrain, confirming that LRRK2 kinase inhibition modulates these RTN-
mediated cellular processes across multiple models. Here, we sought to reproduce the effects of LRRK2
kinase activity modulation by RTN in induced human dopaminergic neurons (iDP-neurons) and investigate
whether iDP-neurons reprogrammed from fibroblasts of a G2019S LRRK2 patient—harboring the kinase-
enhancing mutation—exhibit increased cellular senescence and a-syn accumulation. Furthermore, we
examined whether LRRK2 kinase inhibition could rescue cellular senescence and a-synucleinopathy in
this system.

2 Materials and Methods

2.1 Cell Culture and Drug Treatment

All human fibroblast cell lines used in this study were obtained by Dr. Janghwan Kim from the
Coriell Institute (Camden, NJ, USA) [17]. To generate induced human dopaminergic progenitor (iDP) cells,
human fibroblast cells were reprogrammed using AG02261 (RRID: CVCL_0D99; WT LRRK2) and ND38262
(RRID: CVCL_EZ26; G2019S LRRK?2) cell lines. The cells were cultured in human neural reprogramming
medium, which consisted of a 1:1 mixture of advanced Dulbeccos Modified Eagle’s Medium (DMEM)/F-12
(12634-010; Gibco, Carlsbad, CA, USA) and Neurobasal medium (21103-049; Gibco). The medium was sup-
plemented with 0.05% AlbuMAX (11020-021; Gibco), 1x N2 (17502-048; Gibco), 1x B27 without Vitamin A
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(12587-010; Gibco), 2x GlutaMAX (35050; Gibco), 3.0 pM CHIR99021 (4423; Tocris, Minneapolis, MN,
USA), and 0.5 uM A83-01 (2939; Tocris) at 37°C with 5% carbon dioxide. Additionally, the culture medium
contained 50 pg/mL 2-phospho-L-ascorbic acid (49752; Sigma-Aldrich, St. Louis, MO, USA), 200 pg/mL
sonic hedgehog (SHH, 464-SH-200; R&D Systems, Minneapolis, MN, USA), and 100 pg/mL fibroblast
growth factor 8 (FGF8, 100-25; Peprotech, Cranbury, NJ, USA). For neuronal differentiation, iDP cells
(4 x 10° cells per well) were plated onto 12-well plates (30012; SPL, Pocheon-si, Republic of Korea) and
cultivated in neuronal differentiation medium, which consisted of DMEM/F-12 (11330-032; Thermo Fisher
Scientific) supplemented with B27 without Vitamin A, 50 pg/mL 2-phospho-L-ascorbic acid, 20 ng/mL
brain-derived neurotrophic factor (BDNE, 450-02; Peprotech), 20 ng/mL glial cell line-derived neurotrophic
factor (GDNE, 450-10; Peprotech), and 0.5 mM dibutyryl-cAMP (dbcAMP, CN125-100; Enzo Life Sciences,
Farmingdale, NY, USA). During the cultivation of iDP cells or the differentiation of neurons, there were
no mycoplasma contaminations. For experiments involving RTN and MLI2, an LRRK2 kinase inhibitor,
differentiated iDP-neurons were maintained for 21 days with media changes every other day to reproduce
the iDP-neuron in the previous study [17]. RTN (200 nM) or MLI2 (300 nM) was simultaneously added
to the neuronal differentiation medium and administered to iDP-neurons for 3 days to harvest cells before
cell death by RTN. To investigate the effect of the LRRK2 kinase inhibitor on G2019S LRRK2 iDP-neurons,
300 nM MLI2 or vehicle (DMSO) was mixed with the neuronal differentiation medium and replaced every
other day for 21 days. Although it varies depending on the cells and culture conditions, MLI-2 shows toxicity
at high concentrations, such as 1 uM; the concentration was set at 300 nM, with the understanding that it
is treated with RTN simultaneously. Furthermore, we administered 300 nM MLI-2 to avoid similar toxic
effects along with the long-term treatment. However, to ensure a definitive effect, MLI-2 was treated at higher
concentrations than the initial report, which described the drug’s Inhibitory Concentration 50 at 0.76 to
3.4 nM [18].

2.2 Preparation of Fibrillar a-Syn

EndoClear™ ( Franca, Brazil) human recombinant a-syn protein (Anaspec, AS-55555-1000) was pur-
chased and reconstituted according to the manufacturer’s instructions. Recombinant a-syn (2 pg/mL) was
incubated at 37°C for 21 days under continuous rotation at 300 rpm to induce fibril formation using a shaking
incubator (SI-600R, Jeiotech, Deajon, Republic of Korea). Following incubation, the heterogeneous a-syn
mixture was subjected to ultracentrifugation at 100,000x g for 1 h at 4°C. The fibrillar a-syn was collected as
a pellet after centrifugation. The concentration of fibrils was then determined using an a-syn enzyme-linked
immunosorbent assay (ELISA).

2.3 Western Blot Analysis

Protein quantification was performed as follows: First, cells were washed twice with Dulbecco’s
phosphate-buffered saline (DPBS; LB001-02; Welgene, Gyeongsan-si, Republic of Korea) at 4°C. The cells
were then harvested using 4x Laemmli sample buffer, reducing agent (L1100-001; GenDEPOT, Katy, TX,
USA), and 1x sample buffer diluted with sterile water. Samples were sonicated for 20 s at 10% amplification
frequency using a sonicator (VCX 130; Sonics & Materials, Inc., Newtown, CT, USA) and subsequently
boiled at 95°C for 5 min. Each sample was loaded onto a 4%-20% MINI-PROTEAN” TGX Precast Protein
Gel, 15-well (15 pL; 4561096; Bio-Rad, Hercules, CA, USA) and subjected to electrophoresis at 100 V for
100 min. Following electrophoresis, proteins were transferred to nitrocellulose membranes (10600004;
Cytiva, Marlborough, MA, USA) using sodium dodecyl sulfate-polyacrylamide gel electrophoresis at
300 mA for 80 min. The membranes were then blocked with 5% skim milk in Tris-buffered saline containing
0.1% Tween-20 (TBST) for 30 min at room temperature (RT). Primary antibodies (listed in Table 1) were
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diluted in 1% bovine serum albumin (BSA) in TBST and incubated with the membranes overnight at 4°C.
The membranes were washed three times with TBST before incubation with secondary antibodies (Table 1)
for an hour at RT. The primary antibodies were administered at an initial ratio of 1:1000, while the secondary
antibodies were administered at an initial ratio of 1:5000. Immunoreactive signals were developed using
Luminata Crescendo Western horseradish peroxidase (HRP; WBLUR0500; Merck & Co., Inc., Kenilworth,
NJ, USA). Protein bands were visualized using a MicroChemi 4.2 camera (Shimadzu, Kyoto, Japan).

Table 1: Antibodies used for the detection of proteins of interest

Antibody Company Catalog number
Rb Cell Signaling Technology, Beverly, 9309 S
MA, USA
pRb (Ser807/811) Cell Signaling Technology 9308 S
p53 Santa Cruz Biotechnology, Dallas, TX, sc-126
USA
p21 ECM Biosciences, Versailles, KY, USA CM5131
B-galactosidase Santa Cruz Biotechnology sc-377257
pRabl10 (Thr73) Abcam, Cambridge, UK ab230261
Rab10 Abcam ab237703
a-syn BD Biosciences, San Jose, CA, USA 610786
LC3B Cell Signaling Technology 27758
p62 Abcam ab56416
B-actin Santa Cruz Biotechnology sc-47778
Goat peroxidase-conjugated Jackson Immunoresearch Laboratories 115-035-003
AffiniPure anti-mouse IgG (H + L) Inc., West Grove, PA, USA
Goat peroxidase-conjugated Jackson Immunoresearch Laboratories 111-035-144
AffiniPure anti-rabbit IgG (H + L) Inc.

2.4 The Measurement of Lysosomal Activity

We seeded iDP-neurons differentiated for one week onto 96-well dark plates and differentiated them
for another two weeks. After simultaneously treatment with 200 nM rotenone and 300 nM MLi-2 for 3 days,
500 nM LysoSensor™ Blue DND-167 (L7533, Invitrogen, Carlsbad, CA, USA) was added without fixation,
and analyzed with Flexstation 3 (Molecular Device, San Jose, CA, USA)) at 375 nm excitation and 425 nm
emission wavelengths..

2.5 Senescence-Associated f3-Gal Activity Staining

The SA B-gal activity was assessed using the Senescence B-gal Staining Kit (9860; Cell Signaling
Technology), following the manufacturer’s instructions. All images were captured using the EVOS M7000
microscope (AMF7000HCA; Thermo Fisher Scientific). For image analysis, co-treatment images involving
RTN and MLI2 were processed using Image] 1.52a (National Institutes of Health, Bethesda, ND, USA),
applying the Alcian Blue & Haematoxylin vector in Color Deconvolution 2. Similarly, images of WT, G20195,
and vehicle or MLI2-treated samples were analyzed by applying the Astra Blue and Fuchsin vectors in Color
Deconvolution 2 of Image].



BIOCELL. 2025;49(7) 1229

2.6 Total and Fibril o-Syn ELISA

After collecting the culture media, iDP-neurons were washed twice with DPBS. Crude extracts of
iDP-neurons were prepared using M-PER Mammalian Protein Extraction Reagent (78503, Thermo Fisher
Scientific) supplemented with 1x Xpert Protease Inhibitor Cocktail Solution (P3100; GenDepot, Katy, TX,
USA) and 1x Xpert Phosphatase Inhibitor Cocktail Solution (P3200; GenDepot). Both culture media and
crude extracts were centrifuged at 4000 rpm for 10 min at 4°C using Combi514R (Hanil Scientific Inc.,
Gimpo, Republic of Korea). The resulting supernatants were analyzed using ELISA, previously established
in our laboratory, to detect total and fibrillar a-syn using two pairs of antibodies (Table 2) [19].

Table 2: Antibodies used for a-syn ELISAs

Clone name Company Catalog number
Purified Mouse BD Biosciences 610786

Anti-a-Synuclein Clone 42 (BD
Biosciences, #610786)

Capture antibody
Anti-a-synuclein aggregate Abcam ab209538
antibody [MJFR-14-6-4-2]
Detection antibody a-synuclein Antibody (211) Santa Cruz sc-12767

HRP Biotechnology

2.7 Concentration of Culture Media

To prepare iDP-neuron culture media for application to primary mouse microglia, the culture medium
was concentrated to 5x the original volume and subsequently washed five times with equal volumes of
DMEM/F-12 (LM002-04; Welgene). Concentration was performed using 10K filter tubes (Microsep Advance
Centrifugal Devices with Omega Membrane—10K, MCP010C41; Pall, Port Washington, NY, USA). Follow-
ing concentration and washing, the 5x concentrated culture medium was collected in 2.0 mL Eppendorf
tubes (MCT-200-C; Axygen, Union City, CA, USA) and stored in a deep freezer. Before use, the concentrated
medium was freshly diluted in the culture media for rat primary microglia to achieve a 1x concentration level.

2.8 Rat Primary Microglia Isolation

The rats at embryonic day 15 (Sprague Dawley; 37 females, 23 males) were purchased from
Hanna Biotech (Pyeontaek-si, Republic of Korea). Primary microglia and astrocyte cultures were ini-
tiated using cortices isolated from fetal rat brains at embryonic day 17 of 12 females via euthanizing
by carbon dioxide. The cortices were dissected and enzymatically dissociated by incubating in 0.25%
trypsin-ethylenediaminetetraacetic acid (EDTA) with phenol red (25200056; Gibco) and bovine pancreatic
deoxyribonuclease I (DN-25-100MG; Sigma-Aldrich) for 30 min. The cells were dissociated using pipetting,
and cell debris and myelin were removed by centrifugation at 200x g for 10 min at room temperature. The
resulting cell suspension was filtered through a nylon mesh and seeded into T75 culture flasks (11090; SPL).
The flasks were maintained in DMEM/F-12 (LM002-04; Welgene) supplemented with 10% fetal bovine serum
(FBS; BFS-1000; T&I, Chuncheon-si, Republic of Korea) and 1x antibiotic-antimycotic. After one week, cells
were detached using TrypLE™ Express enzyme (1x) without phenol red (12604013; Gibco) and replated into
T75 flasks for further expansion. After two weeks, microglia were selectively detached by gentle tapping.
Subsequently, 5 x 10° primary mouse microglia were seeded into 12-well plates (30012; SPL) for experimental
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procedures. The following day, iDP-neuron culture media was added to microglial cultures and incubated
for 24 h. Cells and culture media were then harvested for subsequent analyses.

2.9 Cytokine ELISA

To measure pro-inflammatory cytokine levels, culture media from rat primary microglia were harvested
by centrifugation at 4000 rpm for 10 min at 4°C using Combi514R. The levels of tumor necrosis factor-alpha
(TNFa) and inducible nitric oxide synthase (iNOS) were quantified using ELISA MAX™ Deluxe Set Rat
TNF-a (438204; BioLegend, San Diego, CA, USA) and iNOS ELISA Kit (MBS723326; MyBiosource, San
Diego, CA, USA), following the manufacturer’s instructions. Absorbance was measured at 450 nm using a
Synergy 2 microplate reader (Biotek Instruments, Inc., Winooski, VT, USA).

2.10 Data Analysis

Senescence-associated (-gal activity staining intensities were analyzed using Image] (RRID:
SCR_003070, Ver. 1.52a, National Institutes of Health, LOCI, University of Wisconsin, Madison, WI, USA)
with the Color Deconvolution 2 plug-in [20]. Western blot protein quantification from nitrocellulose
membranes was performed using Multi Gauge V 3.0 (Fujifilm, Tokyo, Japan). All datasets were analyzed and
visualized using Prism 8 (GraphPad Software, San Diego, CA, USA). The methods and significance of all
statistical analyses are described in the figure legends.

3 Results
3.1 Rontenone Mediates Cellular Senescence via LRRK2 Kinase Activation

Our previous study demonstrated that the elevation of LRRK2 kinase activity by RTN in differentiated
SH-SY5Y cells, rat primary cortical neurons, and the mouse midbrain exacerbated cellular senescence [8].
Additionally, treatment with an LRRK2 kinase inhibitor mitigated RTN-induced cellular senescence. How-
ever, whether cellular senescence is directly influenced by RTN-mediated LRRK2 kinase activity or LRRK2
kinase inhibition in an authentic human dopaminergic neuron remains unclear. To address this, we cultured
reprogrammed human dopaminergic progenitor cells and differentiated them into iDP-neurons. RTN
treatment significantly elevated cellular senescence markers, including an increase in beta-galactosidase
(B-gal), p53, and p21, along with a decrease in the phosphorylation of retinoblastoma protein (Rb) (Fig. la—¢).
Furthermore, Rabl0, a well-established LRRK2 kinase substrate, exhibited significantly increased phospho-
rylation following RTN treatment (Fig. 1a,f). Notably, treatment with the LRRK2 kinase inhibitor MLI2
rescued RTN-mediated cellular senescence and concurrently inhibited Rabl0 phosphorylation (Fig. 1).
Additionally, RTN-induced activation of senescence-associated P-gal was reversed by MLI2 treatment
(Fig. 2). Collectively, these findings suggest that RTN is a crucial environmental factor that promotes cellular
senescence via LRRK2 kinase activity in multiple models, including iDP-neurons, the mouse midbrain, rat
primary cortical neurons, and secondary human cell lines. Moreover, LRRK2 kinase inhibition represents a
potential therapeutic strategy for individuals exposed to environmental toxins.
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Figure 1: Induction of cellular senescence via LRRK2 kinase activation by rotenone and its amelioration by LRRK2
kinase. Inhibition of RTN-mediated cellular senescence was assessed in iDP-neurons, and the effect of LRRK2 kinase
inhibition by MLI2 was examined. (a) Western blot analysis was performed to evaluate the effects of RTN and MLI2
on cellular senescence markers and LRRK2 kinase activity. (b-e) Densitometry quantification of cellular senescence
marker proteins, including B-gal (b), phosphorylated Rb (pRb) and total Rb (c), p53 (d), and p21 (e), was performed
and plotted as a graphical representation. (f) Changes in LRRK2 kinase activity following RTN and MLI2 treatment
were determined by measuring phosphorylated Rabl0 (pRabl0) levels normalized to total Rabl0. Cells were treated
with 200 nM RTN or 300 nM MLI2 for 72 h. N = 6 (duplicates per N); statistical analysis was performed using two-way
ANOVA with Bonferroni’s post hoc analysis. Significance levels: ns, not significant; *p < 0.05; **p < 0.01; ****p < 0.0001
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Figure 2: Senescence-associated 3-gal staining and LRRK2 kinase activity modulation by RTN or MLI2. Senescence-
associated B-gal activity was assessed following RTN or MLI2 treatment. (a) X-gal staining was performed to visualize
senescence-associated B-gal activity, with arrowheads indicating stained cells. White bar = 15 pm. (b) Quantification
of B-gal activity was plotted as a graphical representation. Cells were treated with 200 nM RTN or 300 nM MLI2 for
72 h. N = 6 (one image per N); statistical analysis was performed using two-way ANOVA with Bonferroni’s post hoc
analysis. Significance level: ***p < 0.001

3.2 Rotenone-Mediated Cellular Senescence Increases Accumulation of «-Syn

The accumulation of a-syn was previously shown to be enhanced by LRRK2-mediated cellular senes-
cence in our earlier studies [8,21]. Here, we investigated whether RTN induces a-syn accumulation and
whether MLI2 treatment facilitates a-syn clearance in iDP-neurons. We found that fibrillar a-syn signifi-
cantly accumulated in iDP-neurons following RTN treatment, whereas MLI2 treatment effectively degraded
a-syn fibrils (Fig. 3a,b). This accumulation was speculated to be due to abnormalities in the degradation
mechanism of aggregates known to be primarily degraded by autophagy, and p62 and LC3B, key markers of
this mechanism, were investigated. p62 is a selective autophagy receptor that recognizes ubiquitinated cargo
and links it to the autophagosome by binding to LC3B on the autophagosome membrane [22]. The cleavage
of pro-LC3B by Atg4 generates LC3B-I, which is then modified to its membrane-associated form (LC3B-II),
a crucial step for its incorporation into the autophagosome and interaction with p62, thereby facilitating
the engulfment and degradation of specific cellular components; both p62 and LC3B-II are eventually
degraded within the autolysosome, making p62 degradation a marker of autophagic flux and the conversion
of LC3B-I to LC3B-II an indicator of autophagosome formation [23]. RTN increased the expression of
p62/sequestosome-1, which was subsequently reduced by MLI2 treatment. Similarly, LC3B-II accumulation
was elevated by RTN and attenuated by MLI2 (Fig. 3a,c,d). These results were observed without blocking the
autophagy-lysosome flux by treating with bafilomycin Al. In a previous study, we performed the experiment
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under similar conditions using SH-SY5Y cells differentiated into dopaminergic neurons by treating them
with retinoic acid for 7 days, and the accumulation of LC3II and p62 coincided with the decrease in the
active lysosomes exhibiting low pH [8], suggesting that this similar result of low lysosomal activity in iDP-
neuron would support the decrease in the autophagy-lysosome pathway (Fig. Al). These findings suggest that
RTN-induced LRRK2 kinase upregulation promotes a-syn accumulation and aggregation in dopaminergic
neurons. Furthermore, treatment with LRRK2 kinase inhibitors may enhance the degradation and clearance
of a-syn. a-Syn would exist as monomers, dimers, tetramers, or small oligomers in cells, and in this study,
we did not identify any conformational species or strains of a-syn, as our approach was to use artificial fibrils
composed of recombinant alpha-synuclein to investigate the accumulation of alpha-synuclein aggregates as
a consequence of cellular aging via an autophagic failure. Furthermore, it was not possible because the alpha-
synuclein fibrils we processed are more likely than other a-syn conformers to aggregate fibrillar structure
due to seeding effects as reported in previous studies [24,25], and the amount of endogenous a-syn already
present is too small to identify these structures by an immunoblot, and there are no structure-specific
antibodies available to identify them.
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Figure 3: Clearance of RTN-induced a-synuclein accumulation via LRRK2 kinase inhibition. The effect of LRRK2
kinase inhibition on a-syn clearance was assessed following RTN and MLI2 treatment. (a) Western blot analysis was
performed on cells treated with 100 nM fibrillar a-syn, along with 200 nM RTN or 300 nM MLI2 for 72 h. (b-d)
Accumulated a-syn fibrils were measured in each lane (open bracket). Quantification of a-syn accumulation (b), p62
levels (c), and the LC3B-II/LC3B-I ratio (d) was plotted as graphical representations. N = 6 (duplicates per N); statistical
analysis was performed using two-way ANOVA with Bonferroni’s post hoc analysis. Significance levels: *p < 0.05;
#*p < 0.01
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3.3 G2019S LRRK2 Mutant Increases Cellular Senescence and a-Syn Secretion

To verify the effect of LRRK2 kinase activity on cellular senescence, we used iDP-neurons derived from
PD patients’ fibroblasts carrying the G2019S LRRK2 mutation (G2019S). The phosphorylation of Rabl0, a
direct LRRK2 kinase substrate, was significantly increased in G2019S iDP-neurons (Fig. 4a,b). Additionally,
senescence-associated -gal activity was distinctly elevated in G2019S iDP-neurons (Fig. 4¢,d). To determine
whether G2019S enhances a-syn accumulation in iDP-neurons, we performed an a-syn enzyme-linked
immunosorbent assay (ELISA), capable of quantifying both intracellular and secreted total and fibrillar
a-syn, as established in our previous study. Surprisingly, intracellular levels of both total and fibrillar a-syn
were decreased in G2019S iDP-neurons (Fig. 5a,b), whereas the secretion of both total and fibrillar a-syn
was dramatically increased in G2019S iDP-neurons (Fig. 5¢,d). Previous studies have demonstrated that
extracellular a-syn plays a role in neuroinflammation by interacting with microglial receptors, such as toll-
like receptor 2 and toll-like receptor 4 [26,27]. Therefore, we investigated whether fibrillar a-syn secreted
from G2019S iDP-neurons could stimulate microglial neuroinflammatory responses. To eliminate potential
confounding effects from iDP-neuron culture media, we concentrated the conditioned medium before
applying it to microglial cultures. We observed that the increased secretion of fibrillar a-syn from G2019S
iDP-neurons strongly induced the release of proinflammatory cytokines, including TNFa and inducible
iNOS, in rat primary microglia (Fig. 5e,f). However, the phosphorylated or tetrameric form of alpha-
synuclein could not be analyzed because it was well below measurable levels. Taken together, these findings
suggest that the endogenous G2019S LRRK2 mutation promotes the secretion rather than the intracellular
accumulation of fibrillar a-syn in iDP-neurons, leading to the stimulation of neuroinflammatory responses.

3.4 LRRK?2 Kinase Inhibition Attenuates Cellular Senescence and a-Syn Release

To further elucidate the role of LRRK2 kinase activity in cellular senescence and neuroinflammation,
we treated G2019S iDP-neurons with MLI2, a selective LRRK2 kinase inhibitor. MLI2 treatment significantly
reduced the phosphorylation of Rabl0 in iDP-neurons (Fig. 6a,b) and markedly decreased senescence-
associated B-gal activity (Fig. 6¢,d). Moreover, MLI2 treatment reversed a-syn accumulation, restoring
levels comparable to those observed in wild-type (WT) iDP-neurons (Fig. 7a,b). Simultaneously, MLI2
treatment significantly alleviated a-syn secretion in G2019S iDP-neurons (Fig. 7¢,d). To ensure that residual
MLI2 in the conditioned media did not confound our results, we thoroughly washed and concentrated
the media prior to subsequent experiments. Additionally, MLI2-treated G2019S iDP-neurons’ conditioned
media suppressed the release of proinflammatory cytokines, including TNFa and iNOS, compared to
vehicle-treated G2019S iDP-neurons (Fig. 7¢,f). Collectively, these findings suggest that LRRK2 kinase
inhibition is a potential therapeutic strategy for PD, as it mitigates cellular senescence and attenuates
a-syn-mediated neuroinflammation.
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Figure 4: Elevation of cellular senescence by kinase activation of G2019S LRRK2 in iDP-neurons. (a) LRRK2’s modular
structure includes N-terminal Armadillo (ARM) and Ankyrin (ANK) repeats for protein interactions, followed by
the Leucine-rich repeat (LRR) domain. The central ROC GTPase domain is coupled with the unique COR domain,
and the core kinase domain (KIN) phosphorylates substrates. These domains collaboratively govern LRRK2’s diverse
cellular functions, impacting processes relevant to neuronal health and PD pathology. The G2019S mutation specifically
changes the amino acid at position 2019 from glycine to serine, and it resides within the kinase domain. (b,c) Western
blot analysis of cell lysates was performed to determine whether the kinase activity of G2019S LRRK2 was elevated
compared to WT LRRK2, as indicated by Rabl0 phosphorylation levels. N = 4 (duplicates per N); statistical analysis
was performed using an unpaired Student’s t-test, **p < 0.01. (d,e) Senescence-associated P-gal activity was assessed
using X-gal staining, and quantification was plotted as a graphical representation. White bar = 30 um. N = 3 (3 images
per N); unpaired Student’s ¢-test, **p < 0.01
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Figure 5: Enhanced secretion of a-synuclein in G2019S LRRK2 iDP-neurons leading to neuroinflammation. (a,b) Cell
lysates were analyzed using ELISA to quantify the levels of total a-syn and fibrillar a-syn. (¢,d) Culture media from
iDP-neurons were collected and subjected to ELISA to measure total a-syn and fibrillar a-syn levels. (e,f) Concentrated
culture media, after washing with DMEM/F-12, were applied to rat primary microglia for 24 h, and cytokine levels
were quantified using ELISA for TNFa and iNOS. N = 3 (duplicates per N); statistical analysis was performed using an
unpaired Student’s ¢-test. Significance levels: ***p < 0.001; ****p < 0.0001
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Figure 6: Recovery of cellular senescence by LRRK2 kinase inhibition in G2019S LRRK2 iDP-neurons. iDP-neurons
carrying the G2019S LRRK2 mutation were cultivated and differentiated in the presence of DMSO (vehicle) or 300 nM
MLI2 for 21 days. (a,b) LRRK2 kinase activity was assessed by measuring Rabl0 phosphorylation levels using western
blot analysis. N = 4 (duplicates per N); statistical analysis was performed using an unpaired Student’s ¢-test, ****p <
0.0001. (¢c,d) Senescence-associated -gal activity was quantified following X-gal staining, and the results were plotted

as a graphical representation. White bar = 30 pm. N = 3 (3 images per N); unpaired Student’s ¢-test, ***p < 0.001
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Figure 7: Mitigation of neuroinflammation by reducing a-synuclein release via LRRK2 kinase inhibition in G2019S
LRRK?2 iDP-neurons. (a,b) Cell lysates were analyzed using ELISA to quantify total a-syn (a) and fibrillar a-syn (b).
(c,d) Culture media from iDP-neurons were collected, and the levels of total a-syn (c) and fibrillar a-syn (d) were
measured using ELISA. (e,f) Concentrated culture media from iDP-neurons were applied to rat primary microglia for
24 h, and the release levels of TNFa (e) and iNOS (f) were quantified using ELISA. N = 4 (duplicates per N); statistical
analysis was performed using an unpaired Student’s ¢-test. Significance levels: **p < 0.01; ***p < 0.001; ****p < 0.0001

4 Discussion

Studies have shown that LRRK2 kinase activity is altered via cellular stresses, particularly under
conditions of oxidative stress induced by RTN [8,16,28]. Our previous studies demonstrated that treatment
with an LRRK2 kinase inhibitor mitigates cellular senescence and reduces the accumulation of a-syn [8,21].
However, the effect of LRRK2 on cellular senescence in human dopaminergic neurons is not the sole
pathomechanism underlying PD. Although LRRK2 phosphorylation in human dopaminergic neurons has
been shown to modulate cellular senescence (Figs. 1,2,4,6), elucidating the precise mechanisms underlying
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the observed increase in a-syn secretion rather than intracellular accumulation in G2019S LRRK2 mutant
neurons remains challenging (Figs. 5a—d and 7a-d). LRRK2 has emerged as a critical regulator within the
complex pathophysiology of PD, a progressive neurodegenerative disorder characterized by the selective
loss of dopamine-producing neurons in the substantia nigra. Encoded by the LRRK2 gene, this large multi-
domain protein is involved in an intricate network of cellular processes. While its precise physiological
functions continue to be meticulously investigated, LRRK2 is known to participate in several crucial
pathways, including vesicular trafficking, autophagy, mitochondrial homeostasis, and neuroinflammatory
signaling. Disruptions to these pathways, particularly those arising from pathogenic LRRK2 mutations, are
thought to be central to PD pathogenesis.

One of the key roles of LRRK2 is its regulatory influence on vesicle trafficking, a process essential for the
coordinated movement of membrane-bound vesicles that transport proteins, lipids, and other vital molecules
within the cell’s intracellular network [13]. The tightly regulated formation, trafficking, and fusion of these
vesicles are critical for fundamental cellular functions, including intercellular communication, nutrient
uptake, and organelle homeostasis [29]. LRRK2 has been shown to regulate specific aspects of vesicular
transport through the phosphorylation of members of the Rab protein family, particularly those involved
in endocytic pathways, which mediate the internalization and processing of extracellular substances [30,31].
Disruptions in LRRK2’s regulatory control over vesicle trafficking have been linked to impaired protein
sorting, the accumulation of misfolded proteins, and heightened cellular stress [32,33]. The interaction
between LRRK2-mediated cellular senescence and vesicle trafficking may play a key role in modulating the
secretion of fibrillar a-syn in G2019S LRRK2 mutant neurons. Notably, the enhanced release of pathological
a-syn observed in G2019S LRRK2 mutant neurons contributes to the exacerbation of neuroinflammatory
responses (Figs. 5e,f and 7e,f).

Beyond its role in vesicle trafficking, LRRK2 is also implicated in maintaining protein quality control
through autophagy, the cell’s intrinsic recycling and degradation system [12]. Autophagy plays a crucial
role in clearing damaged proteins, organelles, and other cellular debris, thereby preserving cellular home-
ostasis and preventing the accumulation of toxic substances, including dysfunctional mitochondria [34].
LRRK?2 is thought to regulate various stages of autophagy, from autophagosome formation to autolysosome
maturation and degradation [35,36]. Pathogenic LRRK2 mutations have been shown to impair autophagy,
leading to defective clearance of cellular waste products, which in turn contributes to cellular stress and
neurodegeneration [37,38]. While the role of LRRK2 in these processes is becoming increasingly evident,
the precise mechanisms underlying the selective vulnerability of dopamine neurons in PD remain an area
of intense investigation. Current hypotheses suggest a multifaceted interplay between vesicle trafficking
disruptions and impaired autophagy, which collectively trigger a cascade of events leading to neuronal
degeneration [39,40]. Although it has been hypothesized that LRRK2 kinase activity accelerates accumu-
lation, the findings of this study indicate that G2019S LRRK2 mutant neurons preferentially secrete a-syn
into the extracellular space rather than accumulating it intracellularly (Figs. 5a-d and 7a-d). In this study,
dopamine neurons were cultured and differentiated for 21 days; however, if the experiment were extended to
mimic the prolonged pathological environment of the human midbrain, a-syn accumulation might intensify
and eventually surpass the rate of secretion. Lysosomal dysfunction due to LRRK2 mutations significantly
impacts the autophagic process, in which cellular debris is delivered to lysosomes for degradation [14].
Lysosomes are essential organelles responsible for breaking down and recycling various macromolecules,
including proteins, lipids, and cellular debris. These organelles contain a diverse array of hydrolytic enzymes
that facilitate the degradation of biomolecules, thereby maintaining cellular homeostasis [41]. Impaired
autophagy leads to the accumulation of damaged mitochondria and other cellular waste, contributing
to cellular stress and neuronal death [42]. In PD, lysosomes play a critical role in degrading misfolded
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a-syn [43]. Given previous findings that lysosomal accumulation of a-syn can lead to its release through
an unconventional secretory pathway [44,45]. One potential mechanism for the secretion of a-syn could be
via the GTP-binding protein, Rab35. It has been demonstrated in previous studies that the G2019S mutation
causes a significant release of a-syn from neurons, leading to its propagation and the progression of PD [32].
Or it is plausible that cells may adopt a strategy of releasing accumulated a-syn in order to counteract with
cellular stress [46]. However, under prolonged pathological conditions, the concomitant accumulation of a-
syn and upregulation of LRRK2 kinase activity may overwhelm these compensatory mechanisms, ultimately
disrupting cellular homeostasis and accelerating PD progression.

In recent years, there has been a growing interest in the study of senescent microglia and their
implications in neurodegenerative diseases [47]. Microglia, the resident immune cells of the brain, play a
pivotal role in maintaining homeostasis and responding to neuronal damage [48]. However, with aging,
these cells can enter a state of senescence, leading to impaired function and an increased propensity to
contribute to inflammation and tissue damage. Senescent microglia are characterized by a loss of their
normal surveillance functions and an enhanced secretion of pro-inflammatory factors, collectively known
as the senescence-associated secretory phenotype (SASP) [49]. This chronic pro-inflammatory environment
is particularly detrimental in neurodegenerative diseases such as Alzheimer’s disease (AD) and PD, where
inflammation plays a key role in disease progression. In AD, senescent microglia have been shown to
exacerbate the accumulation of amyloid-beta and tau proteins, which are pathological hallmarks of the
disease [50]. Similarly, in PD, senescent microglia contribute to the buildup of a-syn, further promoting
neuronal damage [51]. The role of senescent microglia in neurodegeneration underscores the potential of
targeting these cells for therapeutic intervention. One promising approach is the use of senolytic drugs,
which selectively eliminate senescent cells. Preclinical studies have demonstrated that senolytics can reduce
neuroinflammation and improve cognitive function in animal models of AD [52]. Cellular senescence in
microglia is strongly associated with LRRK2-induced neuroinflammation, suggesting that LRRK2 kinase
inhibitors may exert senolytic-like effects [8]. However, the precise role of this relationship in PD progression
remains unclear and warrants further investigation. Understanding this mechanism may provide additional
evidence for LRRK2 phosphorylation inhibitors as a potential therapeutic strategy in PD.

5 Conclusion

The identification of LRRK2 as a key factor in PD has significantly advanced our understanding of
the disease’s pathogenesis and has opened new therapeutic avenues. Current research efforts are focused
on developing LRRK2-targeting drugs with the goal of slowing or even halting PD progression. Inhibitors
of LRRK2 kinase activity are actively being investigated as potential therapeutic agents. However, further
research into the complex biological functions of LRRK2 is essential for the development of more targeted
and effective treatments for this debilitating disease. A deeper understanding of the precise mechanisms
by which LRRK2 contributes to PD pathology will not only enhance our knowledge of the disease but
also facilitate the design of novel therapeutic strategies that could ultimately alleviate the burden of PD for
affected individuals.
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Nomenclature
PD Parkinson’s disease
a-syn Alpha-synuclein
LRRK2 Leucine-rich repeat kinase 2
iDP-neuron Induced-human dopaminergic neuron
RTN Rotenone
B-gal Beta-galactosidase
TLR2 Toll-like receptor 2
TLR4 Toll-like receptor 4
TNFa Tumor necrosis factor-alpha
iNOS Inducible nitric oxide species
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Figure Al: The changes of active lysosome population by LRRK2 kinase activity in iDP-neurons. The active lysosomes,
which are associated with acidic conditions, were stained with LysoSensor Blue DND-167, and its intensity was
measured at 373 nm excitation and 425 nm emission wavelengths. N = 12 (duplicates per N); statistical analysis was
performed using two-way ANOVA with Bonferroni’s post hoc analysis. Significance levels: ns, not significant; *p < 0.05;
*ep < 0.0001
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