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Parkinson’s disease (PD) is a neurodegenerative pathology characterized by movement-associated 
symptoms due to the selective loss of dopaminergic neurons in the substantia nigra pars compacta. 
Autophagy is an essential mechanism that restores homeostasis and promotes cell survival. Mutations 
in the Leucine-Rich Repeat Kinase 2 (LRRK2) gene are among the most common in the familial cases. 
The LRRK2 E193K mutation falls in the Armadillo (ARM) domain and modifies LRRK2 interactome. 
The role of LRRK2 in autophagy has been widely explored, but the impact of E193K mutation on 
autophagy remains unknown. We found that the E193K variant increases autophagy in primary 
fibroblasts obtained from an E193K carrier. By cryo-based electron microscopy we observed that 
E193K fibroblasts present a higher amount of phagophores/autophagosomes. We showed that LRRK2 
binds to the Dynein-1 complex, an essential regulator of retrograde transport of autophagosomes. 
Noteworthy, the E193K mutation jeopardizes this interaction and increases the cellular sensitivity to 
1-methyl-4-phenylpyridinium (MPP+) toxin in fibroblasts as well as in a heterologous cell model. Our 
study reveals that the LRRK2 E193K variant influences the autophagic regulation and suggests that the 
dysregulation of the LRRK2-Dynein-1 complex causes autophagic defects and, eventually, cell death.
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Parkinson´s disease (PD) is a chronic, progressive and disabling neurodegenerative pathology with a variable 
onset, between 45 and 70 years1. The number of patients affected by PD has doubled in the last 20 years and it 
will reach 12 million worldwide by 2040, becoming the second most common aged-related neurodegenerative 
disorder2. Clearly, there is an urgent need for effective therapeutic options to modify both the onset and the 
evolution of the disease3. The clinical PD diagnosis depends on the characterization of several movement-
associated symptoms, such as tremor, slowed movements and postural instability. These symptoms worsen 
with longevity and the progression of the disease. Patients are frequently affected by non-motor manifestations, 
including cognitive impairment, depression, sleep disorders, and gastrointestinal or olfactory alterations4. The 
physiopathology of PD is mainly related to the dopamine deficiency in the striatum due to the selective loss of 
dopaminergic neurons in the substantia nigra pars compacta (SNpc).

The etiology of PD is complex and reflects the interaction among ageing, genetic, and environmental 
factors5. Indeed, neuronal death is precipitated by the exposure to toxic substances such as pesticides (rotenone 
or paraquat), dithiocarbamates or organochlorines. Accordingly, the administration of MPP+ toxin, an active 
metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), recapitulates PD in both in vitro and in 
vivo models6. Although most PD cases are considered sporadic forms (~ 84% of the cases), the identification 
of more than 90 genes and loci associated with PD susceptibility and familial cases linked to specific mutations 
confirmed the relevance of genetics in the disease onset7,8. Among PD-genetic causes, mutations in the gene 
encoding Leucine-Rich Repeat Kinase 2 (LRRK2) protein are the most frequent9. LRRK2 is a multi-domain 
protein with two scaffolding terminal domains that orchestrate LRRK2-protein interactions10,11. LRRK2 
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organizes a complex signaling network lying at the core of different pathways and cellular structures including 
synaptic vesicles, endo-lysosomal and autophagic compartments, mitochondria and the cytoskeleton12. The 
biological function of LRRK2 is hampered by different missense mutations in the LRRK2 gene. LRRK2 single 
nucleotide polymorphisms (SNPs) are responsible for 2–5% of familial PD cases with autosomal dominant 
inheritance, and they are recognized as a common risk factor even in sporadic forms, accounting for 1% up to 
2% of cases13,14. Among the different mutations, the G2019S substitution is the best characterized and the most 
frequent in both sporadic and familial PD cases15. Genetic studies have identified less explored pathological 
variants falling outside the enzymatic domains of LRRK2. That applies to the E193K substitution we identified in 
3 siblings of a non-consanguineous Italian family16- to our knowledge the only cases reported so far. The E193K 
variant is an extremely rare mutation responsible for PD onset around 45 years old. Although the substitution of 
glutamic acid for lysin in LRRK2 sequence does not affect kinase activity, this mutation modifies LRRK2 protein 
folding and interactome, thus affecting both mitochondrial dynamics and synaptic vesicle trafficking16,17.

Macroautophagy (autophagy, hereinafter) is a fundamental mechanism to eliminate aberrant cellular 
compounds and restore homeostasis in both healthy and pathological situations18,19. This dynamic multi-step 
pathway involves the engulfment of damaged organelles or aggregated proteins in unique, double-membrane 
vesicles called autophagosomes and eventually, their degradation via fusion with endosomes20 and/or the 
lysosomes19,21. Cumulating evidence demonstrates the role of LRRK2 in autophagy22–25. Although the effects 
of several LRRK2 mutations in autophagy have been described23,24, the impact of the E193K mutation on 
autophagic processes is still unknown.

Nascent autophagosomes generally move centripetally along the microtubule cytoskeleton for subsequent 
fusion with endosomes and/or lysosomes, though the specific molecules and mechanisms involved do vary 
in detail depending on cell type21,26–28. Coordinated vectorial movements of all those organelles are essential 
for efficient organelle encounters leading finally to autolytic clearance; this is particularly challenging in the 
uniquely shaped, polarized neurons because of the highly differential distributions of autophagosomes, forming 
in the distal axon and perinuclear endo/lysosomes in the soma29. The retrograde movement of autophagosomes 
is sustained by molecular motors as the Dynein 1 (Dyn-1) complex27,30. Dyn-1 is a homodimer composed by 
a motor domain, the Dynein-1 heavy chains (Dyn-1 HC), and a tail domain formed by multiple accessory 
chains as Dynein-1 intermediate chains (Dyn-1 IC), Dynein light-intermediate chains (Dyn-1 LIC) and Dynein 
light chains (dyn-1 LC)31. It is known that isolated LRRK2 catalytic domains interact with microtubules and 
block Dyn-1 transport32, but it is not clear whether PD mutations interfere with LRRK2-Dyn-1 complex and 
autophagosome mobility.

In the present study we focused on the impact of the E193K LRRK2 variant on autophagy and on the response 
to MPP+ neurotoxin. Moreover, we investigated the effect of the E193K mutant on the LRRK2 Dyn-1 complex. 
As a cell model, we used primary skin fibroblasts derived from one patient carrying this E193K mutation16, the 
only patient samples available so far with this variant.

Materials and methods
Cell cultures and treatments
Human control and E193K PD primary fibroblasts were provided by the Telethon Cell Line and DNA Biobank 
from patients affected by Genetic Diseases (protocol #1339) at passages 1–2. Cells had been prepared by skin 
biopsy gathered from one PD patient carrying the E193K LRRK2 mutation and one age and sex-matched healthy 
control patient, as previously described16. Cells were grown in culture medium composed by Dulbecco’s Modified 
Eagle Medium (DMEM) (DMEM-HPXA, Capricorn Scientific) supplemented with 20% Fetal Bovine Serum 
(FBS) (FBS-11 A, Capricorn Scientific), 1% L-glutamine (SH30852.0, Cytiva) and 1% Penicillin/Streptomycin 
(PS-B, Capricorn Scientific). Cells were used for all experiments until 15 passages in vitro. HEK293 cells (ATCC 
CRL-1573) were grown in culture medium prepared with DMEM medium supplemented with 10% FBS, 1% 
L-glutamine and 1% Penicillin/Streptomycin. Both human fibroblasts and HEK293 cell line were maintained at 
a density of 2 × 106 cells in a 100 mm cell culture dish (Sarstedt) and incubated at 37 °C in a saturated humidity 
atmosphere containing 5% CO2 and passaged once or twice in a week using Trypsin-EDTA 0,05% (TRY-4B, 
Capricorn Scientific).

Cellular treatments were performed, when indicated, by adding MPP+ iodide (1mM), NH4Cl (5mM) or fresh 
cell culture medium for 24 h or the specific indicated time period. NH4Cl (A9434) and MPP+ iodide (D048) 
were purchased from Sigma-Aldrich-Merck.

Plasmids and transfection
Full-length wild-type Strep-FLAG-hLRRK2 construct was previously described33,34, while E193K variant was 
generated by site-directed mutagenesis using the Quick-change Mutagenesis kit (Stratagene, Sigma-Aldrich). 
Strep-FLAG LRRK2 construct lacking 1–912 aa at the N-terminal part (named as Δ-Nter) was produced by 
PCR from the LRRK2 cDNA and cloned into pDEST Strep-FLAG (N-SF-TAP) plasmid as already described16. 
Strep-FLAG LRRK2 vector composed by aa 1–2141 and lacking the WD40 domain (named as Δ-WD40) was 
previously generated35. GFP-mCherry-LC3B vector was purchased from Addgene (#123230). HEK293 cells 
were transfected by using polyethylenimine (PEI) reagent (43896, Alfa Aesar) and specific vectors and processed 
after 48 h. Human fibroblasts transfection was performed with Amaxa Basic Nucleofector System (Lonza) as 
previously mentioned16. Briefly, each transfection was performed by resuspending 1 × 106 fibroblasts in 100 
µL of Nucleofector Solution for mammalian cells (Lonza) and mixed with 3 µg of GFP-mCherry-LC3 plasmid. 
Nucleofection was performed using the A33 program on the Amaxa apparatus. Then, 500 µL of fibroblasts 
culture medium were added to the cuvette and 1 × 106 fibroblasts were plated on 12-mm coverslips for 24 h 
before NH4Cl treatment.
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Pull-down assay, co-immunoprecipitation and western-blotting
For the pull-down experiments, 48 h after transfection HEK293 cells were solubilized in lysis buffer (150mM 
NaCl, 50mM Tris-HCl, 2mM EDTA, 1% NP-40 and 0.25% sodium deoxycholate, pH 7.4) containing protease 
inhibitors (539131, Calbiochem) for 1 h at 4 °C. LRRK2 was immobilised using Strep-Tactin Superflow Resin 
(2–1208-010, Iba) for 2 h at 4 °C. Then, resin was washed three times with a high salt buffer (300mM NaCl, 
50mM Tris-HCl pH 7.4) and interacting proteins were eluted in Laemmli buffer 2X at 55 °C for 10 min and 
evaluated by Western-blot assay.

For the immunoprecipitation assays, 4 µg of rat anti-LRRK2 (LANK/24D8 clone, provided by Dr. Gloeckner) 
antibody or rat anti-IgG (sc-2026, Santa Cruz Biotechnology) were incubated with 1 mg of mouse adult brain 
lysate and loaded onto protein G-Agarose resin (193258, Abcam). Then, resin was washed three times with high 
salt buffer (300mM NaCl, 50 mM Tris-HCl pH 7.4) and samples were eluted with Laemmli buffer 2X for 10 min 
at 55 °C. Co-immunoprecipitated proteins were evaluated by Western-blot assay.

For the Western blotting analysis of protein content, human fibroblasts and HEK293 cells were lysed 
with lysis buffer (150mM NaCl, 2mM EDTA, 50 mM Tris-HCl, 1% NP-40 and 0.25% sodium deoxycholate, 
pH 7.4) completed with protease inhibitors (539131, Calbiochem), for 1 h at 4 °C. Protein concentration was 
measured using BCA-Pierce method (Thermo Scientific), following the manufacturers’ instructions. For protein 
analysis by Western blotting, 10–30 µg of total proteins were loaded onto 8–15% Tris-SDS-PAGE gels. After 
electrophoresis proteins were transferred onto PVDF membrane (162 − 0115, Bio Rad) in semi-dry conditions at 
250 mA for 90 min. In all experiments, the primary antibodies were applied overnight in blocking buffer (20mM 
Tris, pH 7.4, 150mM NaCl, 0.1% Tween 20, and 5% non-fat dry milk). Primary antibodies included: rabbit anti-
LRRK2 1:500 (133474 Abcam), rabbit anti-p62 1:1000 (5114, Cell Signalling), rabbit anti-LC3 1:500 (NB100-
2220, Novus), mouse anti-Dynein IC 1:1000 (s-13524, Santa Cruz), mouse anti-LAMP2 (sc-18822, Santa Cruz), 
mouse anti-Rab7 (sc-376362, Santa Cruz), mouse anti-Tubulin 1:5000 (CP06, Calbiochem) and rabbit anti-
GAPDH 1:3000 (0411, Cell Signalling). Membranes were washed three times for 10 min with TBS-Tween buffer. 
The secondary antibodies HRP-conjugated anti-rabbit (P0448, Dako) or anti-mouse (P0447, Dako) were used 
at 1:5000 dilution in blocking buffer. Proteins were detected using the chemiluminescent reagent (42582, Serva). 
Images were acquired with a manual acquisition system (Fujifilm) and protein quantification was performed by 
densitometric analysis of the specific bands using the ImageJ software (V1.53a) (NIH Image, https://imagej.net).

Cell viability assay
Cell viability was evaluated by measuring Lactate Dehydrogenase (LDH) release into the cellular culture medium 
as previously described36. Human fibroblasts were seeded in 24 well plates (Sarstedt) at a cellular density of 
100,000 cells/mL and incubated for 24 h. After treatment with MPP+ (1mM), cell culture media were collected, 
and cells were washed with phosphate buffered saline (PBS) and lysed using Triton X-100 (T-9284, Sigma) (0.9% 
v/v) in PBS. LDH activity, both in culture medium and cellular lysates, was measured using the kit CytoTox 96 
Non-radiactive Cytotoxicity Assay (G-1782, Promega) at 490 nm, using a microplate reader (BioRad). Cellular 
viability was expressed as the percentage of LDH released to the culture medium compared to total LDH amount 
(expressed as LDH amount in cell lysates plus LDH released to the culture medium).

Fluorescence microscopy
Human primary fibroblasts were transfected by electroporation with the GFP-mCherry-LC3B construct and 
seeded on 12-mm coverslips for 24  h. Then, cells were treated with NH4Cl (5mM) for 24  h and fixed with 
4% paraformaldehyde for 10  min at room temperature. Coverslips were mounted with FluorSave™ Reagent 
(Millipore) and analyzed with the epifluorescence microscope ZEISS AXIO IMAGER M2 using a 40x objective, 
camera settings of 0.102 μm x 0.102 μm pixel size. The number of mCherry- and/or GFP-positive puncta per 
cell profile as seen in single focal planes were counted using ImageJ software (V1.53a) (NIH Image, ​h​t​t​p​s​:​/​/​i​m​a​
g​e​j​.​n​e​t​​​​​)​.​​

Electron microscopy
For sample preparation we employed rapid cryofixation through means of high-pressure freezing, freeze 
substitution and epoxy resin embedding as previously described16,37, instead of conventional chemical fixation 
(Supplementary Figure S1A and S1B). The obtained superior ultrastructure preservation allowed a more precise 
delineation of the individual organelle contours and better distinction of the organelles’ internal morphology. 
This facilitated organelle classification ─an essential advantage for quantitation. Cells were cultured for 3 days 
on sapphire discs, optionally treated with NH4Cl and processed as described16. Ultrathin epoxy resin sections 
(approx. 100nm thick) were analyzed with a CM120 transmission electron microscope (Philips, Eindhoven, 
The Netherlands) equipped with a MORADA G1 digital camera (EMSIS, Münster, Germany). Processing of 
digital electron micrographs was optionally carried out with Adobe Photoshop V.9, including adjustment of 
contrast and brightness, gray‐scale modification, sharpening, median and high‐pass filtering. For a provisional 
classification of autophagic organelles we distinguished between phagophores plus autophagosomes (pooled), 
autolysosomes (including amphisomes), multivesicular late endosomes38 and lysosomes, referring largely to 
the terminology presented by Holzbaur and colleagues39. To refine quantification we tentatively distinguished 
bona fide immature from mature, degradative autolysosomes39 based mainly on morphology, including serial 
section analysis. Autolysosomes were considered (i) as immature, when housing at least one structurally clearly 
intact, undigested, membrane-bound subcompartment/area inside; (ii) as mature/degradative, when all their 
(membranous) contents appeared partly or largely digested; (iii) as lysosomes, when highly disintegrated, 
compacted membrane remnants, opaque inclusions and/or virtually amorphous organelle matrix predominated 
(Supplementary Figure S2). For thorough morphometry of autophagic and endo-lysosomal organelles we 
analyzed ≥ 18 cell profiles cut parallel to the substrate and running roughly through the cell center (n = 3 
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independent cell culture experiments for each genotype/condition, with ≥ 3 technical replicates each). This 
corresponded to at least 170 digital micrographs (taken at a primary microscope magnification of x11.500) per 
genotype/condition. Measurement tools of the iTEM software (iTEM V.5.0.0., analySIS Image Processing, from 
EMSIS, Münster, Germany) were used for point counting, length and area measurements.

Statistical analysis
Data are expressed as the mean value ± standard error of the mean (SEM). All data were analyzed using the 
Prism GraphPad software (V10, GraphPad, USA). We applied an unpaired Student´s t-test (two classes), one-
way ANOVA followed by Tukey’s post hoc test or two-way ANOVA followed by Sidak´s comparisons test (more 
than two classes). The statistical analysis, the number of experiments (n) and the level of significance (p) values 
are reported in the figure legends. P values smaller than 0.05 were considered significant.
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Results
E193K variant disrupts LRRK2-Dynein-1 IC interaction
LRRK2 is a hub for protein interactions10,40. LRRK2 interacts with microtubules41 and the isolated LRRK2 catalytic 
region interferes with motor proteins as kinesin and dynein32. In order to expand the LRRK2 interactome, we 
explored the LRRK2 association to the Dyn-1 complex. We validate the LRRK2-Dyn-1 IC interaction by an 
immunoprecipitation assay of endogenous LRRK2 protein from adult mouse brain lysate (Fig. 1A). LRRK2 
structure includes two platforms typically involved in protein-protein interactions, the N-terminal armadillo 
(ARM), ankyrin and Leucin Rich Repeat (LRR) domains and the WD40 domain at the C-terminus42. To map 
the regions of LRRK2 responsible for the interaction with Dyn-1 IC, we overexpressed Strep-FLAG LRRK2 
full-length wild-type (wild-type), Strep-FLAG LRRK2 missing the C-terminal WD40 domain (Δ-WD40) and 
Strep-FLAG LRRK2 construct lacking the N-terminal fragment (Δ-Nter) (Fig. 1B) in HEK293 cells. After 
streptavidin pull-down, we studied LRRK2-Dyn-1 IC interaction by Western-Blot. We found that both WD40 
and N-terminal domains interact with Dyn-1 IC protein (Fig. 1C and D).

Previously, we demonstrated that the E193K variant alters LRRK2 binding properties16,17. Thus, we 
investigated whether E193K LRRK2 mutation modified LRRK2-Dyn-1 complex formation. To this aim, we 
isolated Strep-FLAG-LRRK2 wild-type and Strep-FLAG-LRRK2 E193K mutant (Fig. 1E) upon overexpression 
in HEK293 cells. Although Dyn-1 IC protein expression was similar in wild-type and E193K samples, we noticed 
that the wild-type form associates specifically to Dyn-1 IC, while E193K mutation hampered the interaction 
between LRRK2 and Dyn-1 IC (Fig. 1F and G). PD has a multifactorial origin resulting from the combination of 
genetic susceptibility and exposure to environmental toxins, such as MPP+43. On this matter, the latest hypothesis 
regarding the development of PD suggests the involvement of several contributing elements such as facilitators, 
including genetic predisposition and triggers like toxic agents44. Therefore, we assessed whether the neurotoxin 
MPP+ could influence LRRK2-Dyn-1 IC interaction and we observed that MPP+ exposure did not alter the 
affinity of either LRRK2 wild-type or E193K for Dyn-IC or Rab7, a key regulator of autophagy45 (Fig. 1F, G and 
H). This finding suggests that the E193K mutation influences the stability of the Dyn-1 IC-LRRK2 complex.

E193K LRRK2 mutation affects autophagy
Both LRRK2 and dynein complex play a critical role in the autophagic-lysosomal pathway46. In particular, 
the dynein complex allows the retrograde transport of autophagosomes47 and PD-LRRK2 mutations modify 
basal autophagy25. To monitor autophagy, several complementary methods have been established48. We 
applied microscopy techniques to study autophagy in our human fibroblast model. Qualitative and quantitative 
electron microscopy (Fig. 2A, B and C) was performed on rapidly cryofixed samples. The operational organelle 
classification is described in the Material and Methods section and Supplementary Figure S2. Subcellular 
characteristics of wild-type and E193K primary fibroblasts, as well as morphometry of autophagic and endo-
lysosomal organelles are illustrated and summarized in Fig. 2A, B and C (see also Supplementary Figure S1B and 
S2). In baseline conditions frequencies of autophagosomes/phagophores, immature and mature autolysosomes 
as well lysosomes were quite similar in both genotypes (Fig. 2A, B and C). However, only E193K fibroblasts 
showed a significantly increased number of autophagosomes/phagophores and immature autolysosomes 
upon treatment with the lysosomal inhibitor NH4Cl49. Mature autolysosomes accumulated to a similar extent 
in both genotypes after lysosomal blocking, frequencies of lysosomes remained almost stable. The amount of 
multivesicular late endosomes remained almost stable upon NH4Cl exposure in wild-type controls, but doubled 
in E193K cells (Fig. 2A and C), indicating alterations of the endolysosomal pathway as well.

Thus, electron microscopic observations on the entire autophagic and lysosomal population of untransfected 
fibroblasts clearly showed enhanced autophagy in E193K fibroblasts. In addition, they strongly suggested, in 
both genotypes, functional organelle maturation at least up to the stage of mature, degradative autolysosomes, 
presumably corresponding to functional autophagic flux/turnover. Yet, conclusions on subsequent steps 
of autophagy, thus, efficiency and progression of (auto)lysosomal degradation were not possible from those 
experiments.

Fig. 1.  LRRK2 interacts with Dynein-1 complex and E193K variant impairs LRRK2-Dynein-1 IC interaction. 
(A) Immunoprecipitation of LRRK2 protein from adult mouse forebrain. Brain extracts were incubated with 
rat IgG or anti-LRRK2 antibody and immunocomplexes were precipitated with protein G-Agarose beads. 
LRRK2-Dyn-1 IC interaction was analyzed by Western-Blot. (B) Representation of Strep-FLAG-LRRK2 
constructs. (C) HEK293 cells where transfected with strep-FLAG-empty vector, strep-FLAG-LRRK2 wild-type, 
strep-FLAG-LRRK2 Δ-WD40 (Δ-WD40) and strep-FLAG-LRRK2 Δ-Nterminal (Δ-Nter) for 48 h. Strep-
FLAG-LRRK2 variants were isolated on streptavidin resin and interacting proteins were resolved by Western-
Blot using anti-LRRK2 and anti-Dyn-1 IC antibodies. (D) The graph represents the extent of Dyn-1 IC binding 
to LRRK2 by quantification of the amount of Dyn-1 IC protein co-precipitating with LRRK2 wild-type, LRRK2 
Δ-WD40 and LRRK2 Δ-Nter. Data are expressed as mean ± SEM; n = 4 (E) Representation of Strep-FLAG 
LRRK2 wild-type and Strep-FLAG LRRK2 E193K variant. (F) HEK293 cells overexpressing strep-FLAG-empty 
vector, strep-FLAG-LRRK2 wild-type or strep-FLAG-LRRK2 E193K variant were treated with MPP+ (1mM, 
24 h), when indicated. Cellular lysates were processed for streptavidin isolation of immunocomplexes, which 
were evaluated by Western-Blot using anti-LRRK2 and anti-Dyn-1 IC antibodies. (G) The graph reports the 
extent of Dyn-1 IC binding to LRRK2 by quantification of the amount of Dyn-1 IC protein co-precipitating 
with strep-FLAG LRRK2 variants. Data are expressed as mean ± SEM; n = 4. *p < 0.05 Two-way ANOVA. (H) 
The graph reports the extent of Rab 7 interaction to LRRK2 by measuring the amount of Rab7 protein co-
precipitating with strep-FLAG LRRK2 variants. Data are expressed as mean ± SEM; n = 4.

◂
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Fig. 2.  LRRK2 E193K variant promotes the enrichment of autophagosomes. (A) Electron micrographs of 
autophagic organelles from cryo-fixed human fibroblasts from wild-type and E193K carriers at steady state 
or upon exposure to NH4Cl (5mM, 24 h). For explanations of organelle lettering, see Supplementary Figure 
S2; autophagosome = arrow-heads, multivesicular late endosome = cross, lysosome = asterisk, immature 
autolysosome = arrow, degradative autolysosome = double arrows; white arrows mark corresponding organelles 
in the overviews (left and middle rows) and the respective enlarged frames (right row). Scale bars = 1μm. 
(B) Ultrastructural morphometry of relative frequencies (per 1000 square micrometer) of early maturation 
stages of autophagic organelles: autophagosomes/phagophores pooled and immature autolysosomes and (C) 
Ultrastructural morphometry of relative frequencies (per 1000 square micrometer) of mature, degradative 
autolysosomes, lysosomes and multivesicular late endosomes. Data are expressed as mean ± SEM, n = 3 (6–8 
cells for each experiment). ***p < 0.001, #p < 0.05, ##p < 0.01,###p < 0.001. Two-way ANOVA.
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To complement these observations, we studied autophagy by exploiting the fluorescent reporter GFP-
mCherry-LC3B. This reporter emits simultaneously GFP and mCherry fluorescence when the protein localizes 
in non-acidic structures as the autophagosomes. By contrast, the emission of only the red fluorescence indicates 
that LC3B is located in acidic, degradative autolysosomes, where the GFP signal is quenched50. Accordingly, we 
transiently expressed the GFP-mCherry-LC3B reporter in wild-type and E193K primary fibroblasts for 48 h 
and treated the cells with NH4Cl (5mM) for the last 24 h. Treating cells with NH4Cl (5mM) caused a significant 
enrichment of those early maturation stages of autophagic organelles in both wild-type and E193K LRRK2 cells. 
However, compared to wild-type cells, E193K LRRK2 fibroblasts showed a significantly higher number of yellow 
puncta, thus, mostly autophagosomes (Supplementary Figure S3). The number of red puncta, i.e., degradative 
autolysosomes newly formed upon transfection, clearly increased in wild-type fibroblasts as a result of NH4Cl 
administration, but slightly decreased in E193K cells (Supplementary Figure S3).

Taken together, our complementary light and electron microscopic data indicate enhanced autophagy in 
E193K variant expressing cells.

MPP+ treatment induces cell death in human fibroblasts
We have previously reported that LRRK2 E193K influences mitochondrial dynamics and response to 
mitochondrial toxins16. Thus, we assessed the impact of a prolonged MPP+ toxin exposure on cellular viability. 
To this aim, we treated wild-type and E193K fibroblasts with MPP+ toxin (1mM) up to 120 h. We evaluated cell 
viability by measuring lactate dehydrogenase (LDH) release to the culture medium (Fig. 3). MPP+ treatment 
triggered cell death in both wild-type and LRRK2 E193K cells after 96 h and 120 h of exposure. Noteworthy, 
we observed that cell death was significantly higher in E193K LRRK2 cells than in controls upon long time 
incubation (> 96 h). These findings confirmed that the E193K variant increases the sensitive toward MPP+ toxin.

MPP+ exposure activates autophagy only in wild-type fibroblasts
MPP+ insult can trigger a compensatory autophagic response51. First, we assessed autophagy in control conditions 
based on the peculiar migratory features upon Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) of the microtubule-associated protein 1 Light Chain 3B I (LC3BI, cytosolic) and II (LC3BII, bound 
to autophagic membranes) isoforms48,52. We monitored LRRK2 expression, LCBII levels, LC3BII/LC3BI ratio, 
and LC3BII degradation, assessed according to53, in baseline conditions and in the presence of the lysosomal 
inhibitor NH4Cl49, (Supplementary Figure S4). Notably, we noticed that LC3BII degradation decreased in E193K 
LRRK2 cells (Supplementary Figure S4D). The levels of P62, as an autophagic adaptor, can be evaluated to 
assess autophagic activity54. We noticed that P62 protein expression was higher in E193K fibroblasts compared 
to wild-type fibroblasts in basal conditions (Supplementary Figure S4). To investigate the effect of MPP+ on 
autophagy in our experimental model, we exposed wild-type and E193K human fibroblasts to 1mM MPP+ for 
24 h, i.e. a treatment that did not induce overt toxicity. As expected, MPP+ treatment enhanced LC3BII levels 
and autophagic flux in wild-type fibroblasts (Fig. 4A, B and C). However, in E193K LRRK2 cells, MPP+ exposure 
did not significantly modify either autophagosomes basal levels or the autophagic flux (Fig. 4A, B and C). The 
autophagic activity was also assessed by evaluating P62 protein levels. We observed that the addition of MPP+ 
toxin did not modify P62 amount in either wild-type cells or E193K LRRK2 fibroblasts. NH4Cl treatment alone 
or combined to MPP+ caused the accumulation of P62 protein in both wild-type and E193K lines (Fig. 4D and 
E).

To exclude gross damages of the autophagic organelles we measured the levels of Rab7 and the lysosomal 
associated-membrane protein 2 (LAMP2). Rab7 regulates autophagosome maturation55 and LAMP-2 is a key 
lysosomal protein56. We observed that LAMP-2 and Rab7 protein levels were not modified after MPP+ exposure 
in both wild-type and E193K fibroblasts (Supplementary Figure S5).

Fig. 3.  LRRK2 E193K fibroblasts are more sensitive to MPP+ treatment. Human primary fibroblasts collected 
from a healthy control patient and a E193K LRRK2 carrier were exposed to MPP+ (1mM) for several time 
periods (24 h, 48 h, 72 h, 96 h and 120 h) and cell viability was assessed by the LDH assay. Results are expressed 
as the percentage of the amount of LDH released to the medium compared to total LDH amount (LDH 
released plus intracellular LDH amount). Data are expressed as mean ± SEM; n = 3–5; *p < 0.05. Student´s t test.
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Fig. 4.  Autophagic response to MPP+ is altered in E193K cells. LC3BI and LC3BII (A) and P62 (D) protein 
levels in human primary fibroblasts carrying wild-type or E193K LRRK2 mutation were evaluated by Western-
Blot. Cells were treated with NH4Cl (5mM, 24 h) and/or MPP+ (1mM, 24 h) when indicated. The graphs report 
LC3BII (B) and P62 (E) protein levels expressed by measuring the optical density of each band and normalized 
versus β-tubulin or GAPDH amount. (C) The graph shows LC3BII/LC3BI ratio by quantification of LC3BII 
and LCBI bands. LRRK2 (F), LC3BI and LC3BII (H) protein levels in HEK293 cells overexpressing LRRK2 
wild-type and E193K LRRK2 mutation were evaluated by Western-Blot. Cells were treated with MPP+ (1mM, 
24 h) when indicated. The graphs report LRRK2 (G) and LC3BII (I) levels expressed by measuring the optical 
density of each band and normalized versus β-tubulin amount. (J) The graph shows LC3BII/LC3BI ratio by 
quantification of LC3BII and LCBI bands. Data are expressed as mean ± SEM, n = 4–7, #p < 0.05, ##p < 0.01, 
###p < 0.001. Two-way ANOVA.
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Finally, we studied autophagy in HEK293 cell line upon the overexpression of hLRRK2 wild-type and 
E193K LRRK2 mutant. While LRRK2 total levels did not change substantially (Fig. 4F and G), we observed 
that the treatment with MPP+ toxin (1mM, 24 h) triggered autophagy just in wild-type cells, but not in E193K 
overexpressing cells (Fig.  4H and I). Autophagic flux remained unaffected after MPP+ exposure in both 
genotypes (Fig. 4H and J). As above, LAMP-2 and Rab7 protein levels were not altered after MPP+ exposure 
in both wild-type and E193K overexpressing cells (Supplementary Figure S5). These data indicate that MPP+ 
treatment induces autophagy in wild-type cells but has no major effects in E193K LRRK2 cells.

Discussion
LRRK2 mutations are one of the most common causes of sporadic and familial PD, thus representing an 
excellent model to understand the molecular mechanisms underlying the pathology57. Among LRRK2 variants, 
we previously described that the E193K mutation leads to the disruption of synaptic vesicle trafficking17 and 
mitochondrial dynamics16. Our present findings show the detrimental impact of the E193K mutation on 
autophagy. The increment of the autophagy marker LC3BII, suggestive for the deposit of autophagic organelles, 
characterizes the neurons of PD patients58. Applying complementary biochemical and microscopy methods 
we found that E193K mutation affects autophagy and upon lysosomal blockage, E193K cells show increased 
amounts of autophagosomes/phagophores. In these conditions, LC3BII and P62 protein clearance was 
reduced in fibroblasts harbouring the E193K mutation. This indicates that the accumulation of early/immature 
autophagosomes observed in E193K cells is caused by impaired progression rather than enhanced induction of 
autophagy. Lysosomal defects may explain inefficient and/or delayed digestion of lysosomal contents. Reduced 
degradative capacity of lysosomes in G2019S models, for example, has been attributed to lower acidity and 
increased size of (auto)lysosomes59,60, altered expression of LAMP-2, V-ATPase and cathepsins61–63, as well as 
to disturbed mannose 6-phosphate receptor (MPR) trafficking and/or disturbed lysosomal reformation64,65. 
Whether, and to what extent those factors reported from G2019S cells might contribute to the phenotype 
observed in E193K cells still remains to be investigated.

Another, mutually not exclusive cause of hampered autolysosomal clearance may relate to the transport 
of autophagosomes. Nascent autophagosomes move to the perinuclear area28,66 and it was shown that 
impaired retrograde transport and the blockage of autophagosome-lysosome fusion induces autophagosome 
accumulation and cellular stress67,68. The Dyn-1 complex is critical for the retrograde transport of organelles as 
autophagosomes27,30,69. The disruption of Dynein-cargo complex impairs axonal transport in neurons leading to 
degeneration70,71. Among the different subunits of the Dyn-1 complex, Dyn-1 IC is essential for the activation of 
the motor complex and participates in the binding of Dyn-1 complex to specific cargos72. Here we demonstrated 
that LRRK2 associates to the Dyn-1 complex through the Dyn-1 IC subunit. A previous report described that 
the kinase domain of LRRK2 interacts with the Dyn-1 complex32. Our data suggest that LRRK2 binding to 
Dyn-1 IC involves N-terminal and C-terminal parts of the protein. This is not surprising, given that LRRK2 
acts as a dimer involving distant interdomain interaction73. Our previous results have demonstrated that the 
E193K variant modifies LRRK2 biochemical properties and LRRK2 interactome16,17. Accordingly, we found 

Fig. 4.  (continued)
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here that E193K substitution impairs the interaction between LRRK2 and the Dyn-1 complex. This study was 
conducted in a human primary fibroblast monolayer cell model derived from biopsies of the so far one and 
only donor carrying this variant16. Cleary, organelle patterns of non-migrating, unpolarized fibroblasts differ 
from those of the uniquely shaped neurons. In fibroblasts, distribution of nascent autophagosomes tends to 
be more diffuse and scattered throughout the cytoplasm, whereas acidic, degradative lysosomes are usually 
enriched in the perinuclear region. However,  finely tuned vectorial, bidirectional transport of autophagic and 
endo-lysosomal organelles is in any cell type mandatory for successful organelle encounters and fusion47. This 
pertains also to our patient-derived, fibroblasts which still rely on microtubule-based transport and dynein-
mediated movement of autophagosomes toward lysosomes and can, therefore, be considered an adequate 
cell model74,75. We have not studied here the transport of the endo-lysosomal compartments involved, or the 
possible contribution of adaptors such as Snapin, Rab-interacting lysosomal protein like 1 (RILPL1) or JNK-
interacting proteins 3 (JIP3) and 4 (JIP4)69,76–80 to the complex autophagic processes, issues that certainly 
need further investigation. Nevertheless, it can be argued on the basis of our present results, that the E193K 
variant disrupts the interaction between LRRK2 and the Dyn-1 complex. This provides indirect evidence for 
affected autophagosome trafficking that, eventually, contributes substantially to the accumulation of autophagic 
organelles and in turn, compromised autolytic clearance. This notion is also supported by recent data from 
others on the G2019S LRRK2 mutation39,69, showing defects in directed transport and/or controlled fusion of 
endosomes and/or lysosomes with autophagosomes to be associated with, or causative for, impaired autolytic 
clearance. G2019 mutant exhibits increased kinase activity39, instead, E193K variant does not modify LRRK2 
kinase activity16 indicating that the observed impairment of autophagy in E193K cells may occur independently 
of its kinase function.

PD is a complex and multifactorial pathology in which the genetic predisposition combined with specific 
environmental factors, potentiates the neurodegenerative process. This is the case for the variant G2019S, which 
enhances the cellular susceptibility to MPP+ neurotoxin81. In line with this idea and our previous results16, 
our data indicate that E193K mutation potentiates the cellular sensitivity to MPP+ toxicity and exacerbates the 
cellular damage. Autophagy is an essential mechanism to guarantee homeostasis and cell survival in response 
to toxic stimuli. An insufficient autophagic activity could aggravate chemical-induced toxicity82. Although 
previous studies have reported controversial effects of MPP+ on autophagy53,83, in our human fibroblast model 
we noticed a differential response upon MPP+ exposure in wild-type versus E193K cells. The most recent 
hypothesis explaining PD pathogenesis is based on the gene x environment theory but additionally, it proposes 
that the disease arises from the interplay among various contributing factors classified as: triggers (such as 
environmental toxins), facilitators (like genetic predisposition) and aggravators (such as impaired autophagy)44. 
Our data revealed that MPP+ addition enhances autophagy in LRRK2 wild-type fibroblasts, without any overt 
effect in E193K harbouring cells. Although we recognize the inherent limitations associated with a specific 
primary fibroblast line, we successfully replicated our principal findings in a heterologous cell model through 
over-expression of the LRRK2 E193K variant. The deficient autophagosome maturation or impaired autophagy 
in E193K LRRK2 fibroblasts may hamper the autophagic response to MPP+ treatment, leading to early 
autophagic organelle accumulation and autophagic stress. The blockage in autophagy activation may exacerbate 
the cellular vulnerability to the MPP+ toxin in E193K mutant cells and accelerate cell death (Fig. 5). In neurons, 
this stress potentially may contribute to the dopaminergic neuronal loss, thereby amplifying or boosting the 
neurodegeneration and the classical motor symptoms characteristic of the disease.

Conclusions
Our work describes new potential pathological mechanisms related to the E193K LRRK2 mutation, beyond 
the alteration of synaptic vesicle movement and mitochondrial function. Our data link the alteration of 
LRRK2 interactome with defects in the autophagic pathway. Our findings highlight the prominent role of 
LRRK2 as a protein adaptor that regulates autophagosome maturation mediated by the Dyn-1 complex. The 
E193K variant alters LRRK2-Dyn-1 complex binding and disrupts autophagosome processing, contributing 
to defective autophagic regulation and thereby, potentiating cellular damage of MPP+ toxin. These advances 
in the understanding of PD pathogenesis remark the importance of LRRK2 mutations in the regulation of 
autophagy through the Dyn-1 complex and confirm their essential role in PD pathogenesis in the light of gene 
x environment theory.
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