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Abstract Mutations in leucine-rich repeat kinase 2
(LRRK?2) are a major cause of familial Parkinsonism, and
the G2019S mutation of LRRK?2 is one of the most pre-
valent mutations. The deregulation of autophagic processes
in nerve cells is thought to be a possible cause of Parkin-
son’s disease (PD). In this study, we observed that G2019S
mutant fibroblasts exhibited higher autophagic activity
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levels than control fibroblasts. Elevated levels of auto-
phagic activity can trigger cell death, and in our study,
G2019S mutant cells exhibited increased apoptosis hall-
marks compared to control cells. LRRK?2 is able to induce
the phosphorylation of MAPK/ERK kinases (MEK). The
use of 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenyl-
thio]butadiene (U0126), a highly selective inhibitor of
MEK1/2, reduced the enhanced autophagy and sensibility
observed in G2079S LRRK2 mutation cells. These data
suggest that the G2019S mutation induces autophagy via
MEK/ERK pathway and that the inhibition of this exac-
erbated autophagy reduces the sensitivity observed in
G2019S mutant cells.
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Abbreviations
Baf Al Bafilomycin Al

cDNA DNA complementary

CMFDA 5-chloromethylfluorescein diacetate

Cytc Cytochrome ¢

SDS-PAGE  Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis

EBSS Earle’s balanced salt solution medium

ERK MAPK/extracellular signal-regulated
protein kinase

ERM Ezrin/radixin/moesin

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

Ho Hoechst 33342

LAMP-2 Lysosomal-associated membrane protein 2

LRRK2 Leucine-rich repeat kinase 2

LTR LysoTracker Red DND99

MAPK Mitogen-activated protein kinase

MBP Myelin basic protein

MEK MAPK/ERK kinase

mTOR The mammalian target of rapamycin

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PD Parkinson’s disease

PI Propidium iodide

ROS Reactive oxygen species

V0126 1,4-diamino-2,3-dicyano- 1,4-bis
[2-aminophenylthio]butadiene

Wt Wild-type

Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by the progressive loss of dopaminergic
neurons in the substantia nigra of the midbrain. Exposure to
certain environmental toxins [1], age and genetic predis-
position are important factors in the initiation and
progression of the disease. Even in sporadic PD, genetic
susceptibility likely plays an important role; gene products
may interact with certain environmental toxins to block or
modify cellular processes, particularly processes related to
defense against oxidative stress and mitochondrial function
and protein degradation mechanisms such as the ubiquitin
proteasome system and autophagy [2, 3].

Leucine-rich repeat kinase 2 (LRRK2) is a protein
encoded by the PARKS locus. Several mutations through-
out the sequence of LRRK2 have been linked to hereditary
Parkinsonism [4, 5]. The G2019S LRRK?2 mutation is the
most prevalent and is responsible for 0.5-2 % of sporadic
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cases of PD and more than 10 % of familial PD cases [6].
The substitution of glycine for serine at position 2019
(G2019S) increases the accessibility of the kinase domain
to the substrate, which increases the enzyme’s capacity for
autophosphorylation 2.5-fold and its capacity for substrate
phosphorylation threefold [7]. This increase in kinase
activity induces a dramatic increase in the toxicity of
LRRK2 [8]. In this sense, many studies have associated
changes in LRRK2 kinase activity with cellular death
processes; thus, the search for physiologic substrates is of
great importance. LRRK2-catalyzed phosphorylation of
myelin basic protein (MBP) is increased by the G2019S
LRRK2 mutation [7, 9]. Moesin and tubulin-beta, related
proteins that are associated with the cytoskeleton and the
cytoplasmic membranes, have also been described as
LRRK?2 substrates [10]; thus, LRRK?2 has been proposed to
be a regulator of the cytoskeleton [11]. Initiation factor 4E-
binding protein (4E-BP1) has also been postulated as a
LRRK?2 substrate [12].

In addition, LRRK?2 autophosphorylation activity has
been reported, and the regulation of the GTPase and kinase
activity of LRRK2 depends on this autophosphorylation
capacity [13]. A recent study has revealed that Ser2403,
Thr1410, and Thr1491 in the Roc domain, like Thr1967
and Thr1969 in the kinase domain, can be phosphorylated
by the LRRK?2 molecule [14]. Ser910 and Ser935 can also
be autophosphorylated and are essential for maintaining the
molecule’s stability [15, 16].

Some studies have linked the LRRK2 protein to cellular
maintenance functions and cell morphology [17]. More-
over, additional studies have investigated interactions
between LRRK?2 and mitogen-activated kinases (MAPKSs),
such as extracellular signal-regulated kinase (ERK), Jun
N-terminal kinase (JNK) and p38 [18], as well as other
proteins involved in PD, such as alpha-synuclein [19] and
parkin [20]. LRRK?2 is also involved in protein transport
through synaptic vesicles [21] and the ubiquitination pro-
cess [22]. In addition, some studies have associated
LRRK?2 with autophagy [17].

Highly conserved throughout evolution, autophagy is an
intracellular catabolic mechanism by which a cell recycles
or degrades damaged proteins and cytoplasmic organelles
[23]. Autophagy has been associated with cellular dys-
function in various diseases such as cancer [24],
cardiomyopathies [25], and neurodegenerative processes,
including those observed in PD [3, 26]. These neurode-
generative processes are associated with the increased
formation of autophagic vacuoles in the substantia nigra of
patients with PD [27]. Paradoxically, some authors con-
sider autophagy to be a protective process for the cell
because it is thought to contribute to the recycling of
potentially cytotoxic protein aggregates [28]. However,
other authors believe that the autophagic process may play
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a role in triggering cell death through the execution of a
program for irreversible cellular self-destruction [29].

The regulation of autophagy is complex [30]. The mam-
malian target of rapamycin (mTOR) protein is one of the
most commonly studied repressors of autophagy. mTOR is a
protein kinase that is active under favorable cellular condi-
tions and suppresses autophagy by interacting with protein
phosphatase 2A (PP2A) [31]. Phosphoinositide 3-kinase
(PI3K) class I is also involved in the negative regulation of
autophagy through a direct interaction with mTOR. Similar
to class I PI3K, NF-kappa-B regulates autophagy through the
suppression of mTOR [32]. Bcl-2 inhibits autophagy by
inhibiting activation pathways, such as class III PI3K inter-
actions via Beclin-1, and via the protection that Bcl-2 exerts
on the mitochondrial membrane of the cell [33]. Among the
mechanisms that positively regulate autophagy, the most
well known is class III PI3K pathway-dependent Beclin-1,
which activates the early stages of autophagosome formation
[34]. Some studies have described the production of reactive
oxygen species (ROS) [35] or the ERK/MEK route as pos-
sible inducers of autophagy [17, 36, 37]. Constitutively
active IKK subunits have been found to stimulate autophagy
and transduce multiple signals that operate in starvation-
induced autophagy, including the phosphorylation of AMPK
and JNKI1 [38]. The relationship between autophagy and
LRRK2 is evident, although it is not known exactly how they
interact. Multiple studies have shown interactions between
LRRK2 and various proteins involved in the autophagy
process. For example, LRRK?2 interacts with AMPK/mTOR/
ULKI1 [39, 40], an important mechanism for cells in situa-
tions of metabolic stress. LRRK2 is also important for
cytoskeleton maintenance [41], which is essential for
autophagy flux [42]. LRRK2 participates in Beclin-1 inde-
pendent autophagy [43] and is intimately linked to the MEK/
ERK pathway [18, 44, 45], which is also involved in the
autophagy induction process.

In this study, we investigated the effect of the G207/9S
LRRK2 mutation. We then analyzed the role of the MEK/
ERK pathway in these processes because the G2019S
LRRK?2 mutation is known to activate these MAP kinases.
Our results indicate that MEK/ERK plays an active role in
the increased level of autophagy observed in cells with the
G2019S LRRK?2 mutation.

Materials and methods

Subjects

Skin samples were obtained from three PD patients
(G2019S group, denoted as GS1-GS3) and four healthy

individuals (control group, termed C1-C4) who were
undergoing plastic surgery. There were no significant age

differences between the control (59.71 £ 17.22 years of
age) and G2019S groups (65.33 £ 0.55 years of age); the
t value for this comparison was 0.6. There were also no
significant differences in the gender composition of the two
participant groups. All subjects gave informed consent
using forms approved by the Ethical Committee on the Use
of Human Subjects in Research at Donosti Hospital. The
three PD patients were diagnosed with familial PD at the
Movement Disorders Unit of Donosti Hospital, according
to the Gelb criteria [46]. The patients presented with a
typical parkinsonian syndrome, and all experienced onset
of the disease in their mid-fifties.

Human dermal fibroblast isolation and culture

Skin was collected in RPMI 1640 medium with 2 % peni-
cillin (1,000 U/ml)/streptomycin (10,000 pg/pl) (Invitrogen,
Carlsbad, CA, USA). All of the fat tissue was removed with
sterilized scissors and a scalpel and washed with fresh med-
jum. Briefly, washed skin was chopped into 2-3 mm’
fragments and placed on a surface moistened with modified
Eagle’s medium (MEM) (Invitrogen, Carlsbad, CA, USA)
containing 13 % new-born calf serum (Invitrogen, Carlsbad,
CA, USA), 0.4 % penicillin/streptomycin and 2 mM L-glu-
tamine (Sigma, St. Louis, MO, USA). The flasks were
incubated vertically for 3—6 h at 37 °C with 5 % CO,. The
flasks were then carefully placed horizontally and returned to
the incubator at 37 °C with 5 % CO,. The medium was
changed twice a week. Human fibroblasts were cultivated in
DMEM (Invitrogen, Carlsbad, CA, USA) containing 10 %
FBS (Invitrogen, Carlsbad, CA, USA) and antibiotics. Pri-
mary cells were used for all experiments with less than ten
passages in vitro.

Reagents and induction of cell death

Confluent cells (80 %) in 75-cm? tissue culture flasks were
trypsinized, seeded in tissue culture dishes at a concentration
of 5 x 10*cells/cm?, and incubated at 37 °C. To analyze the
flux of autophagy, the cells were treated with Bafilomycin A1
(Baf Al) (Sigma, St. Louis, MO, USA) for 24 h at a con-
centration of 100 nM to block autophagy and were cultivated
with Earle’s balanced salt solution medium (EBSS) (Sigma,
St. Louis, MO, USA) for 24 h to induce autophagy. To ana-
lyze the effect of MEK/ERK inhibition, the cells were treated
with  1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]
butadiene (U0126) for 24 h at a concentration of 20 uM.

Flow cytometry
To observe apoptosis-associated changes by cytofluorome-

try, we used 3,3-dihexyloxacarbocyanine iodide [DiOCq(3),
40 nM] to quantify the mitochondrial transmembrane
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Fig. 1 Detection of autophagy in the control and G2019S fibroblast
groups. a, b Control and mutant fibroblasts were transfected with
pDest-mCherry-GFP-LC3B. The number of yellow (autophago-
somes) or red vesicles (autophagolysosomes) was quantified. The
frequency of the measured changes is presented in a, and represen-
tative images are shown in b [obtained from the C1 (control) and GS1
(G2019S) cell lines]. Data are expressed as the mean == SEM of all
cell lines within each group, control (C1-C4) and G2019S (GS1-
GS3), counted in 200 cells per condition (***p < 0.001 between the
untreated control and G2019S groups). ¢ Electron microscopy images
of the representative cells are shown in Fig. S4. Data represent the
mean = SEM values of the number of autophagosomes per cross-
sectioned cell counted in ten cells per condition, control (C1-C4) and
G2019S (GS1-GS3) (**p < 0.01 between the control and G2019S
groups). d, e G20/9S LRRK2 mutants yield a greater number of cells
with an accumulation of acidic compartments. Fibroblasts were
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stained with CMFDA to observe the presence of acidic compartments
as indicated in the “Materials and methods” section. Acidic
compartments are visualized as holes. Representative microphoto-
graphs are depicted in Fig. S5. The data represent the mean &= SEM
values of area occupied by acidic compartments per cell counted in
200 cells per condition, control (C1-C4) and G2019S (GS1-GS3)
(d) and % of cells with acidic compartments, counted in 200 cells per
condition (e) (***p < 0.001, **p < 0.01 between the control and
G2019S groups). f Study of protein degradation in control and mutant
fibroblasts. The protein half-life was determined by pulse-chasing
with radioactive valine as indicated in the “Materials and methods”
section. The data represent the mean + SEM of the individuals within
each group, control (C1-C4) and G2019S (GS1-GS3), in the presence
or absence of Baf Al (***p < 0.001 between the untreated control
and G2019S groups)



The LRRK2 G2019S mutant exacerbates basal autophagy 125
Fig. 2 Western-blot analyses A Contral 620198 B 4 = Beclin-1
of autophagy—relateq proteir}s, C1 C2 C3 C4 GS1 GS2 GS3 o " | dedkedk
Western-blot analysis showing ] 3 1P 5 T, |ecrcevaues
differences in autophagy Beclin-1 I I > 2 @ G51-G53 values
proteins in the control and = __g -
G2019S LRRK2 mutant GAPDH | o S £ 1 =
fibroblasts. Western blots were 0
probed for all cell lines within Contral G2019S
each group, control (C1-C4) c D
and G2019S (GS1-GS3), with 2 p-mTOR
antibodies against Beclin-1 (a), p-mTDR[ — ]239 kDa % 1.5 ——
p-mT(S)(}IE and ng}I} (©, = ® GS1-GS3 values
p-p70°"" and p70°°" (), LC3-/ mTOR P“ - S— |289 wa B * _®
1I (g), p62 (i), LAMP-2 (k), and : = - B -—
GAPDH (used as a loading £
control under the same GAFOH S7kDa 0
conditions). b (Beclin-1), Control G2018S
d (p-mTOR), f (p-p70°°), E E 3
h (LC3), j (p62) and _ __ . p-p7056K
. = 2
densitometry of each band, > . ® GS1-GS3 values
in arbi i 1 +
expressed in arbitrary units for o7 Osﬁk bb' S | 70 kD2 g * |, .l
each Western-blot analysis. = B ®
Horizontal bars represent the GAPDH i- -_— e = - q 37 kDa <
mean £ SEM of all cell lines = ]
within each group, control Control G20198
(C1-C4) and G2019S G H
(GS1-GS3), and individual 12 P LC3
values are represented by points I}C(.;SP’I: i‘: R o aEm ]Ig Ega 2 ol - 1 ° *%k
(***p E 0001, **p S 001 . — ——— a g @C1-C4 values
between the control and GAPDH I —— —— —— - |37 kDa > 6 BCA1:C2 vallies
G2019S groups) g 5
Z 3.
< t
0
Control G2019S
! J 1.4 p62
- e — 1.2 4 -
pe2 [ |620a g - + ekt
. 0.8+ - ©GS1-GS3 values
- e — - E'
GAPDH | ELEeY
5 041 »
> 0.21 = le
e Control G20198
K L
8 LAMP-2
2 S e
LAMP-2 | , am—— . “-‘I 120 kDa 5 64 - @C1-C4 values
> 4 ©GS1-GS3 values
GAPDH | N |3? kDa g
S 24
< +.
& Control G2019s

potential, annexin V labeled with fluorescein isothiocyanate
(FITC) (all from Molecular Probes, Eugene, OR, USA) to
assess phosphatidylserine exposure and propidium iodide
(PI, 1 pg/ml) to identify cells with permeabilized mem-
branes. The annexin-positive cells were considered to be
apoptotic. Hydroethidine (HE, 10 pM) was used to determine
superoxide anion generation. After the different experimental
conditions were established, the cells were trypsinized and
labeled with fluorochromes at 37 °C, followed by

cytofluorometric analysis with a FACS Scan (Becton—Dick-
inson, Franklin Lakes, NJ, USA).

Immunofluorescence
The cells were cultured on coverslips pre-treated with poly-
L-lysine. After the experimental conditions were estab-

lished, the cells were fixed with paraformaldehyde (4 %
wt/vol) and then treated for the detection of cytochrome c
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(Cyt ¢) and lysosomal-associated membrane protein 2
(LAMP-2) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), activated caspase-3 and LC3B (Cell Signaling
Technology, Beverly, MA, USA). Staining patterns were
identified with an anti-mouse or anti-rabbit Alexa-Fluor
conjugated immunoglobulin as appropriate (Molecular
Probes, Eugene, OR, USA). The cells were counterstained
with Hoechst 33342 (Ho) (2 uM; Sigma, St. Louis, MO,
USA) before mounting. To visualize acidic compartments,
the cells were stained with 5-chloromethylfluorescein
diacetate (CMFDA) (Invitrogen, Carlsbad, CA, USA).
Results were analyzed as % area with acidic compartments
per cells and % cells with acidic compartment (number of
cells in which at least 50 % of the cytoplasmic area was
occupied by “black holes”). The staining was analyzed
with Image] software. To visualize lysosomes, the cells
were stained with LysoTracker Red DND99 (LTR)
(Invitrogen, Carlsbad, CA, USA). After treatment, cells
were stained with CMFDA for 30 min at 37 °C and LTR
for 15 min at 37 °C. Fluorescence was analyzed with an
Olympus IX51 microscope equipped with a DC300F
camera (Olympus Espafia, S.A.U., Barcelona, Spain).

Western-blot analysis

The cells were lysed in a buffer containing 50 mM Tris—
HCI, pH 6.8, 10 % glycerol and 2 % SDS, heated at 95 °C
for 10 min and stored at —80 °C until Western blotting was
performed. Equal amounts of protein (40 pg/condition)
were resolved by 6-12 % SDS-gel electrophoresis and
transferred to polyvinylidene fluoride (PVDF) membranes
according to a partially modified conventional protocol
[47]. The procedure for immunodetection included transfer
and blocking of the membrane with TTBS (10 mM Tris
HCI pH 7.5, 150 mM NaCl and 0.2 % Tween-20) con-
taining 10 % non-fat dry milk. The membranes were then
incubated with the corresponding primary antibodies: gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH) from
Chemicon (Chandlers Ford, UK), Atg5, p-44/42 MAPK
ERK1/2 (Thr202/Tyr204), MAPK ERKI1/2, p-mTOR
(Ser2448), mTOR, p-p705°% (Thr389, Thr421/Ser424),
p705°%, LAMP-2, p-ezrin (Thr567)/radixin (Thr564)/moe-
sin (Thr558), ezrin/radixin/moesin from Cell Signaling
(Beverly, MA, USA), Beclin-1 from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA), LC3 and cathepsin B from
Sigma (St. Louis, MO, USA), p62 from BD Biosciences,
and LRRK2 from MJFF (C81-8 from Epitomics). The
membranes were subsequently incubated with peroxidase-
conjugated secondary antibodies. The detection of bound
antibodies was visualized by chemiluminescence using the
ECL-plus reagent (GE Healthcare, Bucks, UK). Quantifi-
cation was conducted with ImagelJ software using GAPDH
or nonphosphorylated forms as loading controls.

@ Springer

Fig. 3 Effects of starvation in fibroblasts with or without the p»

G2019S LRRK2 mutation. a, b Detection of apoptotic events by
immunofluorescence. Fibroblasts cultured on poly-L-lysine-treated
coverslips were exposed to nutrient deprivation with EBSS medium
for 24 h followed by fixation and immunostaining for active caspase-
3 (green) and staining with Hoechst 33342 to visualize nuclear
chromatin condensation (blue). The frequency of the measured
changes is presented in b, and representative images are shown in
a [obtained from the C1 (control) and GS1 (G2019S) cell lines]. The
scale bar represents 10 pm. Data are expressed as the mean + SEM
of all cell lines within each group, control (C1-C4) and G2019S
(GS1-GS3) (***p < 0.001, **p <0.01, *p < 0.05 between the
treated and untreated cells). ¢ Detection of Pl-positive cells.
Fibroblasts were treated as in a, followed by staining with PI to
determine the viable cells. Data are expressed as the mean & SEM of
all cell lines within each group, control (C1-C4) and G2019S (GS1-
GS3) (***p < 0.001, *p < 0.05 between the treated and untreated
cells). d—j Autophagy exacerbation mediated by EBSS in fibroblasts
with or without the G20/9S mutation. d Detection of acidic
compartments and lysosomal accumulation after starvation. Fibro-
blasts cultured on poly-L-lysine-treated coverslips were exposed to
nutrient deprivation for 24 h followed by staining with CMFDA
(green) to observe the presence of acidic compartments, and LTR to
observe lysosomal swelling, as indicated in the “Materials and
methods” section. Acidic compartments are visualized as holes. Data
are expressed as the mean = SEM of all cell lines within each group,
control (C1-C4) and G2019S (GS1-GS3) (***p < 0.001, *p < 0.05
between the treated and untreated cells). e—j Western-blot analysis
showing the effects of starvation on autophagy in both fibroblast
groups. e Representative blot of the C1 and GS1 cell lines probed with
antibodies against p-mTOR, mTOR, LC3-I/Il, p62, LAMP-2, and
cathepsin B. GAPDH expression was used as a loading control under
the same conditions. f (mTOR), g (LC3), h(p62), i (LAMP-2), and
Jj (cathepsin B) show the densitometry of each band, expressed in
arbitrary units for each Western-blot analysis (***p < 0.001,
*p < 0.05 between the treated and untreated cells)

Transient transfection plasmid DNA

We used plasmid pDest-mCherry-GFP-LC3B were kindly
provided by Dr. Johansen Terje (Molecular Cancer
Research group, Institute of Medical Biology. University of
Tromsg, Norway) for transient transfection. Fibroblasts
were plated in six-well cell culture plates 1 day prior to
transfection and transfected with plasmid using the Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s recommendations. After
5 h, the transfection medium was replaced with fresh cul-
ture medium, and the cells were incubated for another 24 h
prior to different treatments. Fluorescence was analyzed
with an Olympus IX51 microscope equipped with a
DC300F camera (Olympus Espaiia, S.A.U., Barcelona,
Spain). The staining was analyzed with ImageJ software.

RNA interference
RNA interference was performed by transient transfection

of cells with siRNA (10 uM) against the designated genes
using Lipofectamine 2000. Human Atg5 siRNA and
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LRRK?2 siRNA was obtained from Cell Signaling (Beverly,
MA, USA).

Transmission electron microscopy (TEM)

Ultrastructural examinations were conducted in both con-
trol and G2079S LRRK2 mutant fibroblasts. For this
purpose, smaller fragments (~2 mm) were cut from
biopsy samples prior to formalin fixation. These samples

were fixed in 1.0 % paraformaldehyde/1.5 % glutaralde-
hyde in 0.05 M cacodylate buffer (pH 7.4) for 2 h at 4 °C,
post-fixed in 1 % osmium tetroxide, dehydrated, and
embedded in Durcupan (Fluka A.G., Buchs, Switzerland).
Semi-thin 1-pm-thick sections were stained with Toluidine
Blue 0 (Sigma-Aldrich, Cedex, France), and ultra-thin
sections of selected fields were examined with a Jeol JEM-
1010 electron microscope (Jeol Ltd., Tokyo, Japan) after
staining with uranyl acetate and lead citrate.
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Analysis of protein degradation

Human fibroblasts were incubated with 0.2 mCi/ml L-[14C]
valine (GE Healthcare) for 24 h at 37 °C. Unincorporated
radioisotope was removed by washing the cells three times
with PBS (pH 7.4). The cells were then incubated in
DMEM in the presence of 10 mM cold valine in the
presence or absence of Baf Al (prechase period). Subse-
quently, the medium was replaced by the appropriate fresh
medium for 4 h (chase period). The cells and radiolabeled
proteins from the medium were precipitated with trichlo-
roacetic acid (TCA) at a final concentration of 10 % (vol/
vol). The precipitated proteins were separated from the
soluble radioactive fraction by centrifugation at 600 x g
for 20 min and then dissolved in 1 ml of 0.2 N NaOH. The
rate of protein degradation was calculated by determining
the ratio of acid-soluble radioactivity recovered from both
the cells and the medium to the radioactivity of trichloro-
acetic acid-precipitated proteins obtained from both the
cells and the medium, respectively [48].

Gel electrophoresis

PCR products and restriction analyses were visualized by
electrophoresis in 2 % or 3 % (wt/vol) agarose gels (Bio-
Rad, Hercules, CA, USA). Electrophoresis was performed
in 0.5 % Tris—borate-EDTA buffer. The gels were stained
with 0.5 pl/ml ethidium bromide (Bio-Rad, Hercules, CA,
USA), visualized by ultraviolet transillumination and
photographed with a GEL-DOC 2000 system (Bio-Rad,
Hercules, CA, USA).

Statistical analysis

Student’s ¢ test was used for two-group comparisons
(control and G2019S or treated and untreated conditions).
Results were considered significant when the probability of
their occurrence by chance alone was less than 5 %. The
data were evaluated with the SPSS ver. 19.0 (SPSS Inc.,
Chicago, IL) software. Each experiment was repeated at
least three times.

Results

The presence of the G2019S LRRK?2 mutation does
not affect the expression level of the LRRK?2 protein
but significantly increases LRRK2 kinase activity

in fibroblasts

The first step in analyzing the role of the G207/9S LRRK?2

mutation in autophagy in human fibroblasts was to confirm
the presence or absence of the mutation. The analysis of the
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LRRK2 PCR products, which were amplified from cDNA
or genomic DNA, before and after restriction endonuclease
digestion with Sfcl confirmed the presence of the mutation
in the G2019S fibroblasts (Fig. S1 A and B). However, the
G2019S LRRK?2 mutation was identified in the G2019S
fibroblast group by direct sequencing (Fig. S1 C). The
expression levels of LRRK2 in these fibroblasts were then
determined. In agreement with recent studies, the presence
of the G2079S LRRK?2 mutation in the fibroblasts did not
affect LRRK2 mRNA expression [49], as determined by
gPCR (Fig. S2 A), or protein expression, as determined by
Western blotting with a commercial antibody against
LRRK?2 (Fig. S2 B and C). Therefore, we investigated the
LRRK2 kinase activity levels in fibroblasts with or without
the G207/9S LRRK2 mutation. As observed previously
[7, 9], kinase activity levels were higher in fibroblasts with
the G2019S LRRK2 mutation (Fig. S3 A and B). This result
was corroborated by Western-blot analysis, which demon-
strated that the phosphorylation levels of the LRRK?2
substrate ezrin/radixin/moesin (ERM) were higher in
G2019S LRRK?2 fibroblasts than in control fibroblasts
(Fig. S3 C and D). We also showed that this phosphorylation
was due to LRRK2 because LRRK2 knockdown reverses the
increase in phosphorylated ERM caused by the G2019S
LRRK?2 mutation (Fig. S3 E and F).

Fibroblasts with the G2019S LRRK?2 mutation exhibit
higher autophagic activity levels than control
fibroblasts

We next investigated the role of autophagy in control
fibroblasts and those from individuals with the G2019S
LRRK2 mutation. Previous studies have shown that
LRRK2 plays an important role in regulating autophagy
[50], as demonstrated in SH-SY5Y human neuroblastoma
cells with the G2079S mutation [17].

We tested the autophagosome-lysosome fusion effi-
ciency. We expressed LC3B-GFP-mCherry in human
fibroblasts with or without the G20719S LRRK?2 mutation
under basal conditions and with inhibitor of autophagy
process (Baf Al). We observed an increase in number of
yellow-fluorescence vesicles (autophagosomes) and red-
fluorescence (autophagolysosomes) in mutant cells as
compared with that in control cells. By inhibiting the
formation of autophagolysosome (in the presence of Baf
Al), we observed an increase of yellow fluorescence
(autophagosomes) and decrease of red fluorescence (auto-
phagolysosomes) in both cell types (Fig. la, b). The
analysis of these cells by transmission electron microscopy
(representative images shown in Fig. S4) verified the
existence of a double membrane in the vacuoles and higher
number of autophagosomes in G20/9S LRRK?2 mutant
cells (Fig. 1c). We also found that mutant fibroblasts
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exhibited a significant increase in the presence of acidic
compartments (representative images shown in Fig. S5)
compared to cells without the mutation (Fig. 1d, e).
Moreover, the quantification of protein turnover revealed a
threefold increase in protein turnover in the cells carrying
the mutation. To verify the relationship between higher
levels of protein degradation and increased levels of
autophagy, both cell types were treated with the autophagy
inhibitor Baf Al. A significant decrease in protein degra-
dation levels was found in both cell types after treatment
with this agent (Fig. 1f). Similarly, Western blotting
revealed the accumulation of the autophagosome marker
LC3-II (Fig. 2g, h), which was correlated with an increase
in p62 degradation (Fig. 2i, j). Moreover, we observed
increased levels of Beclin-1 protein (Fig. 2a, b) and
LAMP-2 (Fig. 2k, 1) in fibroblasts with the G2019S
LRRK2 mutation compared to fibroblasts without the
mutation. By contrast, we detected no differences between
control and G2019S LRRK?2 fibroblasts in the phosphory-
lation (Ser2448) status of mTOR (Fig. 2c, d) or in the
degree of substrate (p70°°) binding (Fig. 2e, f).
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Fig. 4 Effects of treatment with bafilomycin Al in fibroblasts with
or without the G207/9S LRRK?2 mutation. a, b Apoptotic events were
detected by immunofluorescence. Fibroblasts cultured on poly-L-
lysine-treated coverslips were treated with Baf A1 (100 nM) for 24 h
followed by fixation and immunostaining for active caspase-3 (green)
and Ho staining for nuclear chromatin condensation (blue). The
frequency of the measured changes is presented in b, and represen-
tative images are shown in a [obtained from the C3 (control) and GS1

“Baf A1

Effects of starvation on fibroblasts
with or without the G20/9S LRRK?2 mutation

Nutrient starvation is a well-characterized strategy to
induce autophagy. During starvation, the mTOR protein, a
nutrient-responsive kinase, is dephosphorylated and fails to
inhibit autophagy downstream target and this is, indeed,
stimulating the process [51]. We analyzed the effects of
nutrient deprivation with the use of EBSS for 24 h in
fibroblasts with or without the G207/9S LRRK2 mutation.
As shown in Fig. 3, nutrient starvation caused a significant
increase in apoptotic cell death in both cell types. This
finding was corroborated by the immunofluorescent anal-
ysis of two parameters of apoptotic death (caspase-3
activation and nuclear condensation) (Fig. 3a, b) and with a
cytofluorometric assay with a PI stain (Fig. 3c).

To investigate the starvation-induced changes in
autophagy levels observed in fibroblasts, the accumulation
of acidic compartments in the cytoplasm was determined
by CMFDA staining at 10 uM concentration. Lysosomal
swelling was observed by LTR staining, at 1 mM

Baf A1
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(G2019S) cell lines]. The scale bar represents 10 pm. Data are
expressed as the mean == SEM of all cell lines within each group,
control (C1-C4) and G2019S (GS1-GS3) (***p < 0.001 between the
treated and untreated cells). ¢ Detection of Pl-positive cells.
Fibroblasts were treated as in a, followed by staining with PI to
determine the viable cells. Data are expressed as the mean £+ SEM of
all cell lines within each group, control (C1-C4) and G2019S (GS1-
GS3) (***p < 0.001 between the treated and untreated cells)
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concentration in fibroblasts exposed to starvation. Treat-
ment with EBSS increased the number of cells with acidic
compartments and the intensity of LTR staining in control
fibroblasts (Fig. 3d). These findings were correlated with
an accumulation of LC3-II in cells exposed to starvation
(Fig. 3e, g) and accumulations of lysosomal-like LAMP-2
protein (Fig. 3e, i) and cathepsin B (Fig. 3e, j). As
expected, the increase in autophagy was accompanied by a
decrease in p62 protein levels (Fig. 3e, h). Moreover,
treatment with EBSS caused a significant dephosphoryla-
tion of mTOR in both control and mutant fibroblasts

(Fig. 3e, 1).

Effects of bafilomycin Al treatment in fibroblasts
with or without the G207/9S LRRK?2 mutation

We analyzed the effects of Baf Al, a potent and specific
inhibitor of vacuolar HY ATPase (V-ATPase), on the process
of autophagy in fibroblasts. Baf Al blocks the fusion of
autophagosomes with lysosomes, preventing the degrada-
tion of the autophagosome content [52]. As shown in Fig. 4,
Baf A1l exposure significantly increased cell death in control
and G2079S LRRK?2 mutant fibroblasts (Fig. 4c). Under
these conditions, caspase-3 activation and nuclear frag-
mentation were also exacerbated (Fig. 4a, b).

We analyzed the accumulation of acidic compartments
in the cytoplasm by CMFDA staining and observing the
intensity of LTR staining in fibroblasts exposed to Baf Al.
As demonstrated in Fig. 5, treatment with Baf Al
increased the number of cells with acidic compartments in
all fibroblasts. Additionally, the intensity of LTR staining
in control and mutant fibroblasts was completely inhibited
in the presence of Baf Al (Fig. 5a, b). These results were
correlated with the accumulation of LC3B puncta forma-
tion in cells exposed to Baf Al, as determined by
immunofluorescence (Fig. 5c, d), and the accumulation of
LC3-II observed by Western blotting (Fig. 5e, f). The
accumulation of the lysosomal protein LAMP-2 was also
demonstrated by immunofluorescence (Fig. 5c, d) and
Western blotting (Fig. 5e, h). However, Baf Al treatment
abolished cathepsin B levels (Fig. 5e, i). As expected,
inhibition of autophagy was accompanied by an increase in
p62 protein levels in control and G2079S mutant fibroblasts
(Fig. Se, g).

MEK/ERK is essential to the autophagy effects induced
by the G2079S LRRK2 mutation and the increased
sensitivity of these cells

To investigate the importance of the MEK/ERK route
in the exacerbated autophagy levels observed in the
fibroblasts with the G207/9S LRRK?2 mutation, the phos-
phorylation status of ERK1/2 was determined by Western
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Fig. 5
fibroblasts with or without the G20/9S LRRK2 mutation. a,
b Detection of acidic compartments and lysosomal accumulation
after Baf Al treatment. Fibroblasts cultured on poly-L-lysine-treated
coverslips were treated with Baf A1 (100 nM) for 24 h, followed by
staining with CMFDA (green) to observe the presence of cytoplasmic
vacuoles, LTR to observe lysosome swelling, as indicated in the
“Materials and methods” section. Acidic compartments are visual-
ized as holes. Representative microphotographs are depicted in
a [obtained from the C1 (control) and GS2 (G2019S) cell lines], and
quantitative data are analyzed in b. The scale bar represents 10 pm.
Data are expressed as the mean &= SEM of all cell lines within each
group, control (C1-C4) and G2019S (GS1-GS3) (***p < 0.001
between the treated and untreated cells). ¢, d Detection of the puncta
formation of LC3B and determination of the expression levels of
LAMP-2 by immunostaining after Baf Al treatment. Fibroblasts
cultured on poly-L-lysine-treated coverslips were treated as in a,
followed by fixation and immunostaining for LC3B (green), LAMP-2
(red). Representative microphotographs are depicted in d [obtained
from the C1 (control) and GS1 (G2019S) cell lines], and quantitative
data are analyzed in c. The scale bar represents 10 pm. Data are
expressed as the mean == SEM of all cell lines within each group,
control (C1-C4) and G2019S (GS1-GS3) (***p < 0.001 between the
treated and untreated cells). e-i Western-blot analysis showing the
effects of Baf Al on autophagic proteins. e Representative blots
probed in C1 and GS1 cell lines, with antibodies against LC3, p62,
LAMP-2, cathepsin B, and GAPDH (used as a loading control under
the same conditions). f (LC3), g (p62), h (LAMP-2), and i (Cathepsin
B) show the densitometry of each band, expressed in arbitrary units
for each Western-blot analysis (***p < 0.001 between the treated and
untreated cells)

blotting at the basal level and after treatment with U0126.
As demonstrated in Fig. 6, Western blotting revealed
higher levels of ERK1/2 phosphorylation (Thr202/Tyr204)
(the active form of the direct substrate of MEK1/2) in cells
with the G2019S LRRK?2 mutation at basal levels (Fig. 6a,
b). Treatment with a pharmacological inhibitor of MEK/
ERK, such as U0126, significantly reduced the levels of
ERK1/2 phosphorylation (upper portion of Fig. 6k). To
evaluate whether reduced ERK1/2 phosphorylation levels
induce a decrease in autophagy levels, we analyzed the
accumulation of acidic compartments in the cytoplasm
with CMFDA staining after U0126 treatment in cells with
and without the G2079S LRRK?2 mutation. Treatment with
U0126 increased the number of cells with acidic com-
partments in control cells. However, in cells with the
G2019S LRRK?2 mutation, the number of cells with acidic
compartments was reduced significantly (Fig. 6¢, d). This
result was correlated with LC3-II level changes after
U0126 treatment (Fig. 6e, f), including accumulation in
control cells and less accumulation in G20/9S LRRK2
mutant cells. Treatment with U0126 also changes the cell
death levels and increases apoptotic hallmarks in control
cells but reduces these levels in mutant cells (Fig. 6k).
Therefore, the use of U0126 appeared to reduce both
autophagy and sensitivity in G2019S cells, but it was
unclear whether inhibition of MEK/ERK is responsible for
the decrease in sensitivity of G20/9S LRRK?2 mutation

Autophagy inhibition mediated by bafilomycin Al in p
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Fig. 6 MEK/ERK inhibition reduces autophagy and sensitivity
observed in cells with the G20/9S LRRK2 mutation. a, b Western-
blot analyses of the phosphorylation levels of the MAPK/ERK protein
(p-ERK 1/2) under basal conditions. a Western blots probed in all cell
lines within each group, control (C1-C4) and G2019S (GS1-GS3), with
antibodies against p-ERK1/2, ERK1/2 and GAPDH (used as loading
controls under the same conditions). b The densitometry of each band,
expressed in arbitrary units for Western-blot analysis of a. Horizontal
bars represent the mean += SEM of all cell lines within each group,
control (C1-C4) and G2019S (GS1-GS3), and individual values are
represented by points (***p < 0.001 between control and G2019S
groups). ¢, d Detection of acidic compartments after U0126 treatment
(20 uM). Fibroblasts cultured on poly-L-lysine-treated coverslips were
exposed to U0126 for 24 h followed by staining with CMFDA (green)
to observe the presence of acidic compartments, as indicated in the
“Materials and methods” section. Acidic compartments are visualized
as holes. Representative microphotographs are depicted in d [obtained
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from the C1 (control) and GS2 (G2019S) cell lines]. The scale bar
represents 10 pm. Quantitative data are presented in c. Data are
expressed as the mean == SEM of all cell lines within each group,
control (C1-C4) and G2019S (GS1-GS3) (***p < 0.001 compared to
the untreated cells). e-j Western-blot analyses of autophagy-related
protein LC3-II in fibroblasts treated with U0126 (e, f), Atg5 siRNA (g,
h) or LRRK2 siRNA (i, j). e, g, i Representative blots probed in the C1
and GS2 cell lines, with antibodies against LC3-I1I and GAPDH (used as
aloading control under the same conditions). f, h, j The densitometry of
each band, expressed in arbitrary units for each Western-blot analysis
(***p < 0.001 compared treated and untreated cells). k The detection
of Pl-positive cells. Fibroblasts were treated with 20 pM U0126 for
24 h, transiently transfected with Atg5 siRNA or LRRK2 siRNA,
followed by staining with PI to determine the viable cells. Data are
expressed as the mean = SEM of all cell lines within each group,
control (C1-C4) and G2019S (GS1-GS3). (***p < 0.001, **p < 0.01
between the treated and untreated cells)
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cells via the decrease in autophagy. To investigate the role
of ERK inhibition, we induced autophagy inhibition with
Atg5 siRNA (an essential protein for autophagy) in paral-
lel. Atg5 knockdown produced a significant decrease of
LC3-II in both cell types (Fig. 6g, h), as expected. While
control cells exhibited an increase in cell death, a reduction
in cell death was observed in G207/9S LRRK?2 mutant
fibroblasts (Fig. 6k). Thus, in both cell types, MEK/ERK
inhibition and the specific genetic inhibition of autophagy
resulted in the same behavior. In another experiment, we
evaluated the effect of LRRK2 siRNA knockdown on
autophagy and cell sensitivity. LRRK?2 knockdown induces
a significant increase in LC3-II in both cell types (Fig. 6i, j)
and an increase in cell death in both cell types (Fig. 6k).

Discussion

The deregulation of autophagy has been associated with the
modulation of the activities of the LRRK?2 protein, espe-
cially its kinase activity. The LRRK2 protein is involved in
cellular autophagy through direct modulation, alteration of
its own kinase activity, or the mediation of autophagy in
response to external stimuli. The LRRK2 protein is there-
fore essential for maintaining the equilibrium between
cellular degradation and synthesis.

In our study, we used human fibroblasts, a suitable
model to study this process [49] that has previously been
employed in the study of other PD-related proteins such as
parkin and PINK1 [53]. We demonstrate the relationship
between the G207/9S LRRK2 mutation and autophagy.

Our results demonstrate that fibroblasts with the G2079S
LRRK2 mutation show higher levels of basal autophagy
compared to control cells.

In this model, when autophagosome-lysosome fusion
was blocked with Baf A1, there was an arrest of autophagic
flux and an increase in cell death in fibroblasts with and
without the G2019S LRRK2 mutation. However, as
G2019S LRRK2 cells have higher basal levels of autoph-
agy, Baf Al induces a greater accumulation of material that
must be degraded in the mutant cells, thus leading to higher
cell death in G2079S LRRK2 cells than in control cells
treated with Baf Al. Furthermore, under starvation condi-
tions, we observed an increase in cell death in both cell
types; thus, differences in basal autophagy due to the
G2019S LRRK2 mutation (mTOR-independent) and
autophagy induced by starvation (mTOR-dependent) are
independent of one another.

Many studies have described the participation of MEK/
ERK route in autophagy [54], and this route have been doc-
umented as LRRK?2 substrates [44]. In fact, in our model, the
levels of ERK1/2 phosphorylation are increased in G2019S
LRRK?2 cells when compared to control cells. We show that

U0126, a pharmacological inhibitor of MEK/ERK pathway,
reduced the heightened levels of autophagy observed in cells
with the G2019S LRRK2 mutation and increased autophagy
in control cells. This phenomenon has been observed in other
studies [17] and corroborates the importance of the MEK/
ERK route in the basal autophagy of the control cells as well
as in the exacerbated autophagy observed in mutant cells.
Moreover, after the use of U0126, the cell sensitivity
observed in G2019S LRRK2 cells was reduced; however, in
control cells, apoptotic hallmarks increased.

Moreover, when we blocked the formation of auto-
phagosomes with Atg5 siRNA, we observed the same
results as when U0126 was used. In this sense, we observed
a decrease in autophagy levels in both cell types, however
in control cells results an increase of cell sensitivity, but
G2019S LRRK?2 mutant fibroblasts was accompanied by a
decrease in death parameters in mutant cells. Therefore, it
is possible to establish a correlation between autophagy via
MEK/ERK and changes in cell sensitivity. In control cells,
cell sensitivity increased after the use of U0126 or Atg5
siRNA due to changes in essential cell maintenance
mechanisms. The blockage of the MEK/ERK route by
U0126 inhibits one survival pathway of great importance in
the cells and the use of Atg5 siRNA in control cells induces
an inhibition of basal autophagy, which induces cell
damage. On the other hand, we can confirm that exacer-
bated autophagy induced by MEK/ERK route in G2019S
LRRK?2 fibroblasts is inducing a negative effect on the cell,
that are eliminated, either U0126 treatment or ATG5 siR-
NA, reducing this sensitivity.

As observed in other studies [50], LRRK2 knockdown
induced increased autophagy and death in both cell types.
This fact is important because the cell sensitivity exhibited
by G2019S mutant cells was only reverted when aberrant
autophagy was blocked (with Atg5 siRNA) or the LRRK2
substrate implicated in this process was blocked (with
U0126). However, when we blocked the total LRRK2
protein expression, the behavior observed in the mutant
cells was the same as that observed in the control cells.
This result confirms that the importance of the presence of
the G20/9S LRRK2 mutation remains in the increased
kinase activity and consequent overactivation of MEK/
ERK pathway; when LRRK2 protein expression is abro-
gated, cell damage and increased levels of autophagy occur
in both cell types in the same manner. In summary, the
damage induced by the exacerbated autophagy levels
observed in the mutant cells is not a direct consequence of
the LRRK?2 protein but is due to excess kinase activity that
overactivates the MEK/ERK route, resulting in a negative
effect in mutant cells.

The defensive or protective autoregulatory mechanism
that accelerates the degradation of misfolded proteins may
explain the increased number of autophagic vacuoles in the
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brains of PD patients [27, 55]. However, many authors
consider this autophagic flux to be a critical contributing
factor in the induction of cell death [29]. It is important to
elucidate the specific mechanism that produces increased
autophagy levels that are MEK/ERK dependent. Autoph-
agy levels in G20/9S LRRK2 fibroblasts could be
exacerbated as a direct result of LRRK?2 activity or may be
an indirect effect of misfolded proteins/aggregates. Indeed,
in this model, we observed higher levels of alpha-synuclein
in G2019S LRRK2 mutant fibroblasts (data not shown).
Many studies have shown that the G207/9S LRRK?2 muta-
tion induces alpha-synuclein aggregation, initiating and
enhancing the formation of alpha-synuclein aggregates
[56]. In 2009, Lin et al. reported that LRRK2 accelerates
the progression of neuropathological abnormalities, pro-
posing a link between alpha-synuclein and LRRK2 in the
development of neurodegeneration [57, 58]. Some studies
indicate that LRRK2 phosphorylates alpha-synuclein
(Ser129) [59], resulting in the overexpression of this pro-
tein [60]. Moreover, this interaction may occur via the
extracellular signal-regulated kinase pathway [45],
although the mechanisms remain unknown [55, 61, 62].
Therefore, further investigation is needed to understand
whether the G20/9S LRRK2 mutation induces the accu-
mulation of certain proteins such as alpha-synuclein and
whether this accumulation exacerbates the basal levels of
autophagy, resulting in toxicity to the cell, or whether the
exacerbated autophagy is induced directly via MEK/ERK.

In conclusion, the present study demonstrates that the
inhibition of the MEK/ERK route results in a reversal of
sensitivity in cells with the G20/9S mutation by reducing
aberrant autophagy and apoptosis in the mutant cell line.
This finding may inspire new research on the etiology of
PD to further investigate this interaction. Further work is
necessary to determine how MEK/ERK-dependent
LRRK2-mediated autophagy affects stress and neurode-
generation in PD and the mechanisms involved in this
process. The present study is an initial step in under-
standing the mechanisms of autophagy deregulation and
may aid in future research that aims to control sensitivity
and prevent cell death in cells with the G20/9S LRRK2
mutation.
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