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Abstract Autophagy is a mechanism responsible
for the degradation of cellular components to main-
tain their homeostasis. However, autophagy is com-
monly altered and compromised in several diseases,
including neurodegenerative disorders. Parkinson’s
disease (PD) can be considered a multifactorial dis-
ease because environmental factors, genetic factors,
and aging are involved. Several genes are involved in
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PD pathology, among which the LRRK2 gene and its
mutations, inherited in an autosomal dominant man-
ner, are responsible for most genetic PD cases. The
R1441G LRRK?2 mutation is, after G2019S, the most
important in PD pathogenesis. Our results demonstrate
a relationship between the R1441G LRRK2 mutation
and a mechanistic dysregulation of autophagy that
compromises cell viability. This altered autophagy
mechanism is associated with organellar stress includ-
ing mitochondrial (which induces mitophagy) and
endoplasmic reticulum (ER) stress, consistent with the
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fact that patients with this mutation are more vulner-
able to toxins related to PD, such as MPP*.

Keywords Autophagy - MAMs - Mitochondrial
dysfunction - Neurodegeneration - Parkinson disease

Introduction

The discovery of the gene that encodes the protein
leucine-rich repeat kinase 2 (LRRK2) has revealed
an important component in the etiology of Parkin-
son’s disease (PD) of genetic origin. There are a
large number of mutations in this gene that could
influence the pathogenesis of this multifactorial
and genetically heterogeneous neurodegenerative
movement disorder, but only six of these mutations
have been shown to contribute a pathogenic compo-
nent in this disease (Manzoni 2017). Among these
mutations, the R1441G mutation is considered the
second most important, following only the G2019S
mutation.

The R1441G LRRK?2 mutation is endemically pre-
sent in the Basque region in Spain, and this allelic
variant has been found in 13% of diagnosed cases of
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PD in this region (Liu et al. 2014). The presence of
this mutation is generally associated with a decrease
in GTPase activity, which is postulated to be respon-
sible for the pathogenic role of this protein, although
there is some controversy regarding the role of this
activity (Martin et al. 2014). An association has been
found between the presence of the R1441G mutation
in induced pluripotent stem cells (iPSC) and a failure
in the normal regulation of alpha-synuclein as well as
a disruption of signaling by the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB)
pathway (Lopez de Maturana et al. 2016). Moreover,
an early axonopathy is found in neurons of transgenic
mice that express this mutation (Tagliaferro et al.
2015). Furthermore, the neuronal shortening found
in transgenic mice that present this mutation can be
reversed through the overexpression of proteins of the
14-3-3 family (Lavalley et al. 2016).

Different studies have suggested that the progres-
sive deterioration of dopaminergic neurons that
occurs in PD is caused by incorrect folding and aggre-
gate formation of alpha-synuclein protein, alteration
of the autophagy-lysosome system, mitochondrial
dysfunction, and/or ER stress (Michel et al. 2016).
In this sense, there has been a major effort to clarify
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whether dysregulation of the autophagy mechanism
in PD is, at least in part, mediated by mutations of
the LRRK2 protein. Currently, it is obvious that the
relationship exists, but the heterogeneity in the results
makes it difficult to obtain a consensus that clarifies
the role of this protein in the autophagy mechanism
or cellular physiology (Manzoni 2017).

On the one hand, a protective role for autophagy
has been described in situations in which it could
mitigate the damage caused as a consequence of the
accumulation of alpha-synuclein in Lewy bodies
(Martinez et al. 2018). On the other hand, it could
precede an apoptotic process by increasing sus-
ceptibility to death stimuli (Bravo-San Pedro et al.
2013; Yakhine-Diop et al. 2014). The LRRK2 pro-
tein has been related to this autophagy mechanism,
and its interaction with different proteins has been
suggested, such as those of the MEK/ERK pathway
(Bravo-San Pedro et al. 2013), the nicotinic acid
adenine dinucleotide phosphate (NAADP) path-
way (Gomez-Suaga et al. 2012), or BCL-2 (Su et al.
2015). In addition to these studies, many have sought
to elucidate the role of certain mutations fundamen-
tally related to kinase activity (G2019S) or GTPase
activity (R1441C) in the regulation of autophagy,
as well as suppression of LRRK2 kinase activity
through the use of specific inhibitors (Bravo-San
Pedro et al. 2013; Manzoni et al. 2013a, b; Saez-
Atienzar et al. 2014). Furthermore, LRRK2 phos-
phorylates ras-associated protein 7 (RAB7) (Gomez-
Suaga et al. 2014), which is involved in vesicular
trafficking from the autophagosome to the lysosome.
Additionally, it has been described that the G2019S
mutation of this protein blocks the mechanism of
chaperone-mediated autophagy both for its own deg-
radation and for that of other substrates degraded by
this pathway (Orenstein et al. 2013).

The LRRK2 G2019S mutation has also been
linked to mitophagy (selective degradation of mito-
chondria), as the exacerbation of kinase activity by
this mutation entails mitochondrial depolarization. A
study by Zhu et al. points out that overexpression of
the mutant form induces unc-51 like autophagy acti-
vating kinase 1 (ULK1) and dynamin-like protein 1
(DLP1)-dependent mitophagy (Zhu et al. 2013). A
connection has also been found between LRRK2 and
mitochondrial Rho GTPase 1 (Mirol), a membrane
protein that anchors mitochondria to microtubules.

LRRK?2 forms a complex with this protein, favoring
its elimination. However, the G2019S mutant form
prevents this removal of Mirol, thus delaying the ini-
tiation of mitophagy (Hsieh et al. 2016). In this sense,
Cherra et al. have described in mouse cortical neurons
expressing either LRRK2 G2019S or R1441C muta-
tions autophagic degradation of mitochondria and
dendrite shortening (Cherra et al. 2013). Recently,
another study demonstrated that fibroblasts from PD
patients with the G2019S LRRK?2 mutation exhibit
increased mitophagy due to the activation of class III
histone deacetylase (HDAC) activities (Yakhine-Diop
et al. 2019).

Thus, there is a clear association between LRRK?2
and mitochondrial elimination, but it is not yet estab-
lished whether the regulation is positive or negative,
or what the specific roles are of certain mutations,
especially G2019S (Schwab et al. 2017).

ER stress has been recognized in different PD cell
models (Ganguly et al. 2018). Although the impact of
the ER-specific unfolded protein response (UPR) on
the degeneration cascade in this disease is just start-
ing to be uncovered, inhibition of protein kinase-like
ER kinase (PERK)-mediated ER stress has been shown
to protect against PD (Mercado et al. 2018). Moreover,
increasing studies are showing the importance of sign-
aling between the mitochondria and ER in PD (Gomez-
Suaga et al. 2018). In this sense, several studies point to
the structures of membrane exchange between the ER
and mitochondria, called mitochondria-associated ER
membranes (MAMs), in maintaining calcium signal-
ing and mitochondrial biogenesis. Alterations in MAMs
are associated with many diseases, including PD (Rod-
riguez-Arribas et al. 2017b). Several proteins related to
PD are located in MAMs and participate in the regula-
tion of signaling between the mitochondria and ER
(Gomez-Suaga et al. 2018). In a PD model of brain astro-
cytes treated with alpha-synuclein, the LRRK2 G2019S
mutants show a sarco/ER Ca®*-ATPase (SERCA) pro-
tein alteration that is responsible for ER stress and results
in mitochondrial malfunction (Lee et al. 2019). Moreo-
ver, it has been described that LRRK2 G2019S regulates
the ER-mitochondrial connection through the PERK-
mediated ubiquitination pathway (Toyofuku et al. 2020).

There have been no studies on the effect of the
R1441G mutation on the macroautophagy/mitophagy/ER
stress mechanism. A reduction in its chaperone-mediated
autophagy activity has been described in a cell model because
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Fig. 1 Determination of lysosomal status and characterization of macroautophagy in human fibroblasts. a—c¢ Quantification of the
lysosomal mass. a, b A change of medium was made to the control and R1441G human fibroblasts. At four hours, in vivo staining
was performed with lysotracker red (LTR), and the samples were processed to acquire immunofluorescence images, as described in
“Materials and methods.” Panel a shows representative images for each cell line studied. The scale bar represents a length of 10 pm.
Panel b shows the mean quantification of the number of dots per cell in three independent experiments. At least 200 cells were ana-
lyzed per condition. * Indicates statistically significant differences between cell lines (**, p<0.01). ¢ DMEM was changed on control
and R1441G fibroblasts followed by incubation for 4 h. Next, the cells were detached and stained with the LTR probe as described
in “Materials and methods.” Next, the cells were analyzed with a FC-500 cytometer (Beckman Coulter), with 10,000 cells pro-
cessed per condition and three independent experiments performed in triplicate. Panel ¢ represents the percentage of cells considered
positive for LTR labeling in each cell group studied. * Indicates statistically significant differences between cell lines (**, p<0.01).
d—e Quantification of the Cyto-ID probe by flow cytometry. Control (Co) and R1441G human fibroblasts (RG) were prestained with
Cyto-ID® according to the manufacturer’s recommendations and treated or not with Baf. A1 (100 nM) for 4 h. The intensity of the
labeling was determined with a FC-500 cytometer (Beckman Coulter), with 10,000 cells analyzed for each condition and independ-
ent triplicates performed for each experiment. d The graph represents the average percentages of three independent experiments
with their standard deviation. The asterisks show significant differences between cell types, while the pound signs reflect differences
related to the treatment (*, p<0.05; ***, p<0.001; ###, p<0.001). Panel e shows the cytograms of a representative experiment for
cells treated or not with Baf. Al. f Characterization of LC3 gene expression. RNA was extracted from the control and R1441G fibro-
blasts, and quantitative PCR was performed in real time for the LC3 gene (MAPLC3B). The histogram shows the mean of the expres-
sion levels with respect to their loading controls of three independent experiments with their standard deviation. * Represents signifi-
cant differences between cell lines (***, p<0.001). g Determination of LC3 by immunofluorescence. Control and R1441G human
fibroblasts were treated or not with Baf. A1 (100 nM) or EBSS for 4 h. Next, the cells were fixed and labeled against the LC3 protein
as described in “Materials and methods.” Panel g shows representative images of each cell line of three independent experiments
for the conditions studied. The scale bar represents a length of 10 pm. h, i LC3 determination by western blot. Cell lysates from
control (Co) and R1441G fibroblasts (RG) treated or not with Baf. A1 (100 nM) or EBSS for 4 h were obtained, and equal amounts
of proteins were loaded in 12% polyacrylamide gels as described in “Materials and methods.” Panel h shows a blot representative of
three independent experiments, and panel i shows the densitometry histogram. GAPDH was used as a loading control. The asterisks
show significant differences between cell types, while the pound signs reflect differences related to the treatment (* or # p < 0.05; ##,
p<0.01; ###, p<0.001). j, k Determination of p62 by immunofluorescence. Control and R1441G human fibroblasts were treated or
not with Baf. A1 (100 nM) or EBSS for 4 h. Next, the cells were fixed and labeled against the p62 protein as described in “Materi-
als and methods.” Panel 1 shows representative images of each cell line of three independent experiments for the conditions studied.
The scale bar represents a length of 10 pm. Panel k shows the quantification of SQSTM1/p62 protein determined as dots per cell.
The asterisks show significant differences between cell types, while the pound signs reflect differences related to the treatment (**,
p<0.01; *** p<0.001; ###, p<0.001). 1 Electron microscopy (EM) images of control and R1441G fibroblasts. The cells were left
untreated or treated with Baf. A1 (100 nM) and EBSS for 6 h. The cell pellet was then fixed and processed for EM as described in
“Materials and methods.” The red boxes show image enlargements

of a possible accumulation of alpha-synuclein aggregates Results
(Orenstein et al. 2013). Although the relationship between
GTPase and kinase activity is a controversial issue due to the

disparity of published results (Greggio et al. 2009), muta-

Our data revealed that fibroblasts from PD patients
who are carriers of the LRRK2 R1441G mutation

tions in the GTPase domain, such as the R1441G mutation,
could alter normal autophagic homeostasis and contribute to
the pathology and symptomatology of PD.

Our results demonstrate that cells with the LRRK2
R1441G mutation exhibit an increase in lysosomal
markers that is associated with an induction of macro-
autophagy/mitophagy mechanisms concomitant with
increased organellar stress including the mitochondria
and ER. These events are responsible for a greater
vulnerability to toxins related to PD in the cells of
patients with the LRRK2 R1441G mutation.

(RG) demonstrate important changes in the mor-
phologies of the following organelles and their
associated activities: (1) lysosomes, accompanied
by an increase in autophagy (Fig. 1); (2) mitochon-
dria, with increasing mitochondrial stress triggering
a PINKI-dependent mitophagy response (Figs. 2
and 3); and (3) ER, with induction of an important
calcium-dependent ER stress (Figs. 4 and 5). All of
these events trigger a consequentially heightened
sensibility to the neurotoxin 1-methyl-4-phenylpiri-
dinium (MPP™") (Fig. 6).

@ Springer



894

Cell Biol Toxicol (2022) 38:889-911

©
=

Events x 102

VDACA1

B-Actin

Control

R1441G

b C
Co RG CCCP kDa
45 ’—g 140 Ocontrol
Co Co £ 120 ER1441G TOMM20 17
R1441G ccep < Bccop :
o S 100
2 5 A — 37
: § 80
5 2 00 . d
i \ 8 40 Co RG CCCP kDa
\ o 2 PHB1|~— — —|32
4 0. 4 ; E 0
MTG MTG Untreated B-Actin |« | 42
— M control
= 450
Untreated Rotenone e BR1441G
Co__RG_CCCP kDa , : o € 400
| lIRG RG S 300
- N N
TIMM23 ' | 23 =5 = o *0
| x | ] T 200
— n i)
ity w 8 100
1 i S 50
S e — 42 . J\ £
MitoSOX 'Mito'SOX' Untreated Rotenone
|
0.35 Econtrol
N HWR1441G
e 0.3 .
o |
S &
§ g0.25
e § 0.2
s 2
E gms
. © ©
N\ § = o041
©
o
0.05
0

@ Springer

Untreated

Autophagic Vacuole
[ Mitochondria

. Mitophagosome



Cell Biol Toxicol (2022) 38:889-911

895

Fig. 2 Determination of mitophagy associated with mito-
chondrial stress in fibroblasts from PD patients. a, b Study of
mitophagy by flow cytometry. The control (Co) and R1441G
fibroblasts (RG) were treated or not with CCCP (10 pM
for 4 h), stained with the MTG probe, and analyzed using a
FC-500 cytometer, as described in “Materials and methods.” A
total of 10,000 cells were processed per condition, and three
independent experiments were each performed in triplicate.
Panel a represents the MTG deviation apparent in the RG cells
(green) and with the CCCP (red) treatment with respect to the
Co cells. Panel b represents the percentage of cells considered
positive for MTG labeling for each group and condition stud-
ied. “*” Indicates significant differences between cell lines,
while “#” shows differences between treatments (**, p<0.01;
#, p<0.05). c—e Analyses of specific proteins involved in
mitophagy by western blot. The control (Co) and R1441G
fibroblasts (RG) were treated or not for 4 h with CCCP. Cell
lysates were obtained, and equal amounts of proteins were
loaded in 12% polyacrylamide gels as described in “Materials
and methods.” Panels ¢ and d show a representative blot of
three independent experiments against TOMM20 and PHBI1,
respectively. B-Actin was used as the loading control. Panel e
shows a representative blot of three independent experiments
with antibodies against VDAC1, TIMM23, and COXIV pro-
teins. P-Actin was used as the loading control. f, g Analy-
sis of mitochondrial reactive oxygen species (ROS) through
MitoSOX labeling. The control and R1441G fibroblasts were
treated or not with rotenone (1 pM) for 4 h. Next, the cells
were labeled with the MitoSOX probe and processed for flow
cytometry according to “Materials and methods.” A total of
10,000 cells were processed per condition, and three independ-
ent experiments were each performed in triplicate. Panel f rep-
resents the MitoSOX deviation apparent in the RG cells (red or
purple) with respect to the control cells (blue or green) treated
or not with rotenone. In panel g, the histogram represents the
percentage of cells considered positive for MitoSOX labeling
(% as control) for each group and condition studied. * Repre-
sents differences between cell groups studied, and # shows dif-
ferences between treatments within the same line (*, p<0.05;
**% p<0.001; ##, p<0.01). h—j Analysis of mitophagosome
and mitolysosome formation. h—i Study of mitochondria and
lysosome colocalization by fluorescence microscopy. The
control and R1441G fibroblasts were stained in vivo using
the LTR labeling probe. Subsequently, the cells were fixed
and labeled against the mitochondrial protein TOMM?20 as
described in “Materials and methods.” Panel h shows repre-
sentative images of each of the cell groups under the condi-
tions studied. The scale bar represents a length of 10 pm. The
graphs in panel i represent the average of the Mander’s coef-
ficient for the proportion of LTR on the TOMM?20 label plus
the standard deviation. The asterisks show significant differ-
ences between cell groups studied (**, p<0.01). j Electron
microscopy (EM) analysis of vacuolar content. The control and
R1441G fibroblasts were treated with Baf. A1 (100 nM) and
EBSS for 6 h. Next, the cell pellet was fixed and processed for
EM as described in “Materials and methods.” The arrows indi-
cate recognizable mitochondria

Fibroblasts from PD patients with LRRK2 R1441G
mutation present an increase in lysosomal and

autophagic markers

The lysosomal status was analyzed in our model,
showing that the RG group has an increased number
of acidic compartments (Fig. la—c). Using immu-
nofluorescence (Fig. S2a) as well as western blot
(Fig. S2b—g) and mRNA analysis (data not shown),
we observed an increase in structural lysosomal pro-
teins LAMP1 (Fig. S2b—c) or LAMP2 (Fig. S2a—c)
and lysosomal proteolytic enzymes CTSB (Fig. S2d,
f) and CTSD (Fig. S2e, g). These results demonstrate
that fibroblasts with the mutation R1441G have an
increase in lysosomal markers. For this reason, we
performed an in-depth study of autophagy levels in
RG cells, observing an activation of macroautophagy
exceeding that of control cells. The presence of a
higher number of autophagic vacuoles was detected
by flow cytometry using the Cyto-ID probe (Fig. 1d,
e) or by electron microscopy (EM) analysis (Fig. 11),
correlating a slight increase in the lipidation of LC3,
as observed by higher expression levels of the LC3
gene (Fig. 1f), immunofluorescence (Fig. 1g), or
western blot (Fig. 1h, i). However, we also observed
an accumulation of SQSTM1/p62 protein at basal
levels as well as with bafilomycin Al treatment
(Baf. Al), observed as dots per cell, in the RG group
(Fig. 1j, k). Baf. Al is a V-ATPase inhibitor that
causes an increase in lysosomal/vacuolar pH and ulti-
mately blocks the fusion of autophagosomes with the
lysosomes. In addition, the detection of p-mTOR and
its substrate p-S6 show that the autophagy observed
in the RG group is mTOR independent. This level of
phosphorylation is accompanied by a slight increase
of autophagy-related proteins (ATGS or BECN1) in
the RG group (Fig. S2h-m). In this sense, both phar-
macological (using the 3MA inhibitor) and genetic
(with the use of specific siRNAs) inhibitions corrobo-
rated the essential role of these proteins in RG group
mediated-autophagy (data not shown). It is important
to note that RG fibroblasts respond to both autophagy
induction (deprivation with Earle’s Balanced Salt
Solution [EBSS] medium) and inhibition (Baf. A1)
(Figs. 1g-k and S2), indicating that autophagy flux is
not blocked at this level.
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Fig. 3 Study of proteins involved in the induced mitophagy
of R1441G fibroblasts. a, b Analysis of the PINKI protein by
western blot. Cell lysates from control (Co) and R1441G fibro-
blasts (RG) treated or not with CCCP (10 pM for 4 h) were
obtained, and equal amounts of proteins were loaded in 12%
polyacrylamide gels as described in “Materials and meth-
ods.” The panels show representative western blot (a) and the
densitometry histograms performed (b) of PINKI1 protein of
three independent experiments. * Show significant differences
between cell groups studied (¥, p<0.05). f-Actin was used
as a loading control. ¢, d Colocalization between PINK1 and
TOMMZ20. Control and R1441G fibroblasts were modified
to overexpress PINKI1-GFP, as described in “Materials and
methods.” Twenty-four hours post transfection, the cells were
treated or not with CCCP (10 pM for 4 h). Panel ¢ shows rep-
resentative images for each of the studied conditions. The scale
bar represents 10 pm. Panel d show the staining of PINKI1-
GFP that overlaps with the TOMM?20 labeling expressed by
the Mander’s coefficient. * Represents significant differences
between the cell lines studied, and # shows differences between
treatments within the same line (***, p<0.001; #<0.05). e, f
Analysis of the DJ-1 protein by western blot. The control (Co)
and R1441G fibroblasts (RG) were treated or not for 4 h with
CCCP. Panel e shows the representative blot of three independ-
ent experiments against DJ-1. GAPDH was used as the load-
ing control. Panel f shows densitometry of the representative
western blot shown in panel e. * Show significant differences
between cell groups studied (¥, p<0.05). g, h Characterization
of mitochondrial genes. An extraction of control and R1441G
fibroblast genomic RNA was performed, and quantitative PCR
was performed in real time for the LONPI (g) and MFNI (h)
genes as described in “Materials and methods.” GAPDH was
used as an endogenous control for gene expression. The his-
tograms show the means of the expression levels with respect
to their loading controls of three independent experiments,
with standard deviation. * Represents significant differences
between cell lines studied for the same gene (¥, p<0.05; ***,
p<0.001). i-1 Characterization of mitochondrial proteins by
western blot. The control (Co) and R1441G fibroblasts (RG)
were treated or not for 4 h with CCCP. Cell lysates were
obtained, and equal amounts of proteins were loaded in 12%
polyacrylamide gels as described in “Materials and methods.”
Panels i and k show blots representative of three independent
experiments. GAPDH or B-Actin was used as a loading con-
trol. Panels j and 1 show densitometric analysis of the repre-
sentative western blot shown in panels i and k respectively.
* Show significant differences between cell groups studied
(*, p<0.05; **, p<0.01; ***, p<0.001), and # shows differ-
ences between treatments within the same line (#, p <0.05; ##,
p<0.01; ###, p<0.001)

LRRK?2 R1441G fibroblasts show an increase in
mitochondrial stress and mitophagy-specific activity

We focused on the possibility of mitochondrial
damage resulting in selective degradation through

mitophagy. We started by analyzing the mitochon-
drial status in RG fibroblasts using the MTG label
(Mauro-Lizcano et al. 2015). Under basal condi-
tions, RG fibroblasts showed a significant 60%
mitochondrial mass reduction compared to control
cells, that is even higher in the presence of the mito-
chondrial uncoupler, carbonyl cyanide 3-chloro-
phenylhydrazone (CCCP; Fig. 2a, b). The western
blot analysis of the mitochondrial outer and inner
membrane proteins (Figs. 2c—e and S3a—e), as well
as representative EM images (Fig. S3f), confirmed
the evidence of a lower mitochondrial content in the
RG cells. Moreover, we measured the levels of mito-
chondrial stress present in the RG cells compared to
the control cells (Co), and we observed an increase
in the percentage of cells with mitochondrial reac-
tive oxygen species (ROS), especially superoxide,
by MitoSOX staining (Figs. 2f, g and S3g). Interest-
ingly, this rise in the basal levels of mitochondrial
stress is comparable to the increase observed after
stimulation with the mitochondrial complex I inhibi-
tor rotenone in control and RG cells, and non-syner-
gistic effects of rotenone were observed in cells from
RG patients (Figs. 2f, g and S3g). Given the reduced
level of mitochondrial mass, we investigated if
mitophagy is activated in these cells as a protective
mechanism to remove the damaged mitochondria
responsible for the oxidative stress observed. There-
fore, to study mitophagy in the fibroblasts from PD
patients with the R1441G mutation, we analyzed
the presence of the mitophagosomes (autophagic
vacuoles [AV] with mitochondrial content) in the
EM images. The results indicate that human RG
fibroblasts have a greater number of mitochondria
within AVs than the control group (Co) (Fig. 2j).
Moreover, the results of colocalization of mitochon-
dria and lysosomes using specific labels (translocase
of outer mitochondrial membrane 20 [TOMM20]
and lysotracker red [LTR], respectively) (Fig. 2h, i)
revealed that, in fact, there was a significant increase
in the convergence of both, as determined by Man-
der’s coefficient, in RG fibroblasts with respect to
the control cells. Treatment with CCCP mitigated
these differences between the two groups (Fig. S3h,
1). Moreover, the levels of TOMM?20 and TIMM23
were increased in response to Baf. Al treatment in
RG group (Fig. S3j, k). All of these results suggest
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Fig. 4 Characterization of ER stress. a ER analysis by elec-
tron microscopy (EM). The cell pellet from control and
R1441G fibroblasts was fixed and processed for EM as
described in “Materials and methods.” Representative images
are shown with magnification for each cell group studied.
The arrows and colored structures in the image point to the
ER. AV: Autophagic vacuoles; ER: Endoplasmic reticulum;
N: Nucleus. b, ¢ Calnexin determination by immunofluores-
cence (IF). The control and R1441G fibroblasts were fixed and
labeled for detection of the protein calnexin, as described in
“Materials and methods.” Panel b shows representative images
for each cell group. The scale bar symbolizes 10 pm. Panel ¢
shows the fluorescence analysis of each cellular group repre-
sented as arbitrary units. At least 200 cells were analyzed per
condition. * Represents significant differences between cell
lines (*, p<0.05). d—g Characterization of expression levels
of genes involved in ER stress. Control and R1441G fibroblast
RNA was extracted, and real-time quantitative PCR was per-
formed for the ATF6 (d) CHOP (DDIT3, e), PERK (EIF2AK3,
f), and GRP78 (HSPAS, g) genes, as described in “Materials
and methods.” GAPDH was used as an endogenous control
of gene expression. The histograms show the means of three
independent experiments and their standard deviation. * Rep-
resents significant differences between cell lines studied for the
same gene (¥, p<0.05; **, p<0.01; *** p<0.001). h—p Char-
acterization of ER proteins by western blot. Cell lysates from
control (Co) and R1441G fibroblasts (RG) were obtained, and
equal amounts of proteins were loaded in 12% polyacrylamide
gels as described in “Materials and methods.” The panels show
representative western blots and the densitometry histograms
performed of calnexin (h, j), CHOP (i, m), p-elF2a (k, n),
and IREa and ERO-1 (k, o, p) proteins of three independent
experiments, respectively. f-Actin was used as a loading con-
trol. * Represents significant differences between cell lines (¥,
p<0.05)

The most studied and implicated mitophagy pathway
in PD is the PINK1-parkin pathway (Ivankovic et al.
2016; Koentjoro et al. 2017). Figure 3a, b shows an
increase in endogenous PINK1 protein levels in the
RG fibroblasts, with respect to the control group, in
both untreated and CCCP-treated cells. To analyze
the importance of this axis in our model, an overex-
pression of the chimeric protein PINK1-GFP was per-
formed with the mitochondrial protein TOMM?20 to
determine the involvement of PINKI in this process.
The results obtained show a significant augmenta-
tion in the recruitment of PINK1 to the mitochondrial
membrane in the RG fibroblasts, with respect to the
control group, in both untreated and CCCP-treated
cells (Fig. 3c, d). Next, the DJ-1 protein was studied
(Fig. 3e, f). In parallel to the PINK1/parkin pathway,
DJ-1 serves to maintain mitochondrial function and
autophagy in the presence of an oxidative environ-
ment (McCoy and Cookson 2011). Figure 3e shows

a slight increase in DJ-1 levels in the RG group when
treated or not with CCCP, compared with the control
group. Other mitochondrial proteins were also inves-
tigated, including lon peptidase 1 (LONP1) (Zurita
Rendon and Shoubridge 2018), a mitochondrial
matrix protease; mitofusin 1 (MFN1) (Burte et al.
2015), an outer-membrane protein involved in mito-
chondrial fusion; and optineurin (OPTN), an adaptor
that translocates to mitochondria during mitophagy
(Weil et al. 2018). The results reveal a decrease in
the levels of these proteins in the RG group treated
with CCCP (Fig. 3f, j), suggesting that RG group
is more sensitive to mitophagy induction (or CCCP
treatment). However, although LONP1 and MFNI1
protein levels were not remarkably modulated under
basal conditions, this could be due to the signifi-
cant increase in their mRNA levels (Fig. 3g—h). The
GTPase dynamin-related protein 1 (DRP1), a protein
involved in the process of mitochondrial fission (Fon-
seca et al. 2019), is upregulated in RG fibroblasts,
treated or not with CCCP (Fig. 3k, 1). Therefore,
these mitochondrial proteins could play an important
role in the mitophagy observed in the RG group.

Fibroblasts from PD patients with the R1441G
mutation show greater endoplasmic reticulum stress
than the control group

There is increasing evidence of the importance of
signaling between mitochondrial and ER stress in
PD pathology (Gomez-Suaga et al. 2018). We have
observed changes at the lysosomal and mitochondrial
levels in RG cells; therefore, we wanted to assess the
state of the ER in our model. EM analysis of the ER
structure was performed, and as observed in Fig. 4a,
the RG group showed greater ER swelling compared
to the control group. This fact led us to analyze other
additional proteins that should be involved in ER
stress. An analysis of calnexin (an integral ER mem-
brane protein) was performed as shown in Fig. 4b,
¢, h, 1. These panels show an increase in the levels
of this ER protein in the RG group compared to the
control group. Moreover, quantitative PCR of some
genes involved in ER homeostasis was performed
in both cell groups (co and RG) (Fig. 4d—g). These
results show an increase in gene expression related
to ER stress in the RG group compared to control
cells. This increase detected in the RG group agreed
with the levels of ER stress-related proteins shown
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Fig. 5 Calcium release-induced mitophagy in R1441G LRRK?2
fibroblasts. a, b Determination of cytosolic calcium. The con-
trol (Co) and R1441G fibroblasts (RG) were detached and
labeled with the Fluo-3 probe as described in “Materials and
methods.” Cells (10,000 events per condition) were analyzed
with the FC-500 cytometer (Beckman Coulter). The percent-
age of the population positive for Fluo-3 retention is shown in
panel a, and panel b shows the cytograms of a representative
experiment. * Represents significant differences between cell
lines (**, p<0.01). c-h Analysis of GRP78/Bip, TOMM?20,
and LC3 proteins by western blot in the presence or absence of
BAPTA-AM. The control group (Co) and R1441G fibroblasts
(RG) were treated or not for 4 h with BAPTA-AM (5 uM).
Cell lysates were obtained, and equal amounts of proteins were
loaded in 12% polyacrylamide gels as described in “Materials
and methods.” Panels show representative western blots and
the densitometry histograms of GRP78/Bip (c, f), TOMM20
(d, g), and LC3 (e, h) proteins of three independent experi-
ments, respectively. p-Actin was used as a loading control.
The asterisks show significant differences between cell types,
while the pound signs reflect differences related to the treat-
ment (¥ or #, p<0.05; ** or ##, p<0.01). i, j Determination of
cytochrome c alteration and nuclear condensation in the pres-
ence of BAPTA-AM. The control (Co) and R1441G fibroblasts
(RG) were treated or not with BAPTA-AM for 18 h. Next, the
cells were fixed and labeled against cytochrome ¢ (Cyt ¢), and
the nuclei were stained with Hoechst 33342 (Ho), as described
in “Materials and methods.” Panel i shows representative
images of each of the lines and conditions studied. The scale
bar represents a length of 10 pm. The arrows indicate positive
events. A total of 200 cells were analyzed for each condition.
In j, the histogram shows the percentage of cells with diffuse
Cyt ¢ and nuclear condensation. * Shows significant differ-
ences between cell groups studied (¥, p<0.05; **, p<0.01)

mitochondria, ER, and calcium, linking all of them
both biochemically and physically (de Brito and
Scorrano 2008; Giacomello et al. 2020). The ER
molecular chaperone glucose-regulated protein 78
(GRP78)/Bip is involved in calcium buffering in the
ER lumen (Lievremont et al. 1997) and participates
in the regulation of ER stress-mediated autophagy
(Kania et al. 2015). This protein is modulated by glu-
cose availability and Ca?" concentration (Kitzman
et al. 1996). Calcium homeostasis perturbation has
been postulated as one of the major factors influenc-
ing the altered autophagy observed in certain neuro-
degenerative processes, such as PD (Bezprozvanny
2009; Mattson 2007). To analyze the cytosolic cal-
cium levels in our model, we used the Fluo3/AM
fluorophore, which binds to the calcium present in
the intracellular space. Figure 5a, b shows an increase
in the percentage of Fluo3/AM positive cells in RG
group compared with control. The increased calcium
observed in RG cells could be responsible for the

increased levels of GRP78/Bip detected in this cell
group (Fig. 5c, f) because the protein levels in the
presence of a chelator of this cation, BAPTA-AM,
were diminished.

In the same way, to analyze the importance of
increased cytosolic calcium in the mitophagy-induced
RG cells, we treated the cells with BAPTA-AM and stud-
ied the LC3 and TOMM?20 protein levels. The results
show an increase in mitochondrial mass as detected by
a higher level of the TOMM?20 protein (Fig. 5d, g) and
a decrease in the LC3 isoform II (Fig. 5e, h) in the pres-
ence of the Ca** chelator. These findings suggest that
GRP78/Bip modulation by cytosolic calcium could play
an important role in the mitophagy induced in cells with
the R1441G mutation. On the other hand, treatment with
BAPTA-AM resulted in an increase in the percentage of
cells with mitochondrial instability of the cytochrome ¢
(Cyt ¢) protein and nuclear condensation (Fig. 51, j).

The mitochondrial stress observed in the R1441G
fibroblasts is associated with a higher cellular
sensitivity

Finally, consistent with all of the results shown
above, RG cells demonstrated an increased sen-
sitivity at basal levels and in the presence of the
parkinsonian toxin MPP* as determined by immu-
nofluorescence (Fig. 6a, b) and flow cytometry
assays (Fig. 6¢c, d). Increased mitochondrial insta-
bility of the Cyt ¢ protein and the presence of nuclei
with condensed chromatin were observed in the
RG fibroblasts (Fig. 6a, b). Moreover, these cells
displayed a decreased mitochondrial membrane
potential (MMP) (detected by the decreased reten-
tion capacity of the DiOC(3) in mitochondria)
(Fig. 6¢) and an increase in cell death (detected by
flow cytometry using PI) (Fig. 6d), compared to the
fibroblasts from healthy individuals.

Once the greater sensitivity and the presence
of a mitochondrial alteration in RG human fibro-
blasts were confirmed, we deepened the study of
the mitochondria using a specific mitochondrial
damage inducer, CCCP, to determine if this mito-
chondrial damage could be a sensor of the induc-
tion of a lysosome-specific degradative pathway.
Therefore, we monitored the lysosomes with LTR
and the MMP with DiOCq4 (3) (Fig. 6e, f). The
results show that the RG group has a higher per-
centage of the cell population containing greater
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Fig. 6 Determination of cellular sensitivity in the presence
of MPP* and autophagic modulators. a, b Determination of
Cyt ¢ alteration and nuclear condensation. The control (Co)
and R1441G fibroblasts (RG) were treated or not with MPP*,
Baf. Al, or EBSS for 18 h. Next, the cells were fixed and
labeled against Cyt ¢, and the nuclei were stained with Hoe-
chst 33342 (Ho), as described in “Materials and methods.”
Panel a shows representative images of each of the lines and
conditions studied. The scale bar represents a length of 10 pm.
The arrows indicate positive events. A total of 200 cells were
analyzed for each condition. In b, the histogram shows the
percentage of cells with diffuse Cyt ¢ and nuclear condensa-
tion. * Shows significant differences between cell groups
studied (*, p<0.05; **, p<0.01). ¢, d Determination of cell
viability by flow cytometry. The control group and R1441G
fibroblasts were treated or not with MPP* or EBSS for 18 h.
Next, the cells were detached and labeled with the DiOCgy(3)
probe and propidium iodide (PI), as described in “Materials
and methods.” Cells (10,000 events per condition) were ana-
lyzed with the Beckman Coulter FC-500 cytometer. The
percentage of the population positive for DiOCy(3) and PI
retention is shown in panels ¢ and d, respectively. * Shows sig-
nificant differences between cell groups studied (*, p<0.05;
** p<0.01). e, f Study of the correlation between the loss of
mitochondrial membrane potential and lysosomes. The control
group and R1441G fibroblasts were treated or not with CCCP
(10 pM) for 4 h. Next, the cells were detached and stained
with the DiOCg(3) and LTR probes as described in “Materials
and methods.” Cells (10,000 events per condition) were ana-
lyzed with the Beckman Coulter FC-500 cytometer. In e, the
histogram shows the percentage of the cell subpopulation with
low retention of the DiOCg4(3) probe and high retention of
LTR over the total events of three independent experiments. *
Shows significant differences between cell groups studied (*,
p<0.05). Panel f shows a graph of the cell population for each
pool and the condition studied in a representative experiment

lysosomal mass (LTR*' cells) and lower MMP
(DiOCg4(3)~ cells) than the Co group, in the pres-
ence of CCCP. Moreover, the sensitivity of RG
fibroblasts was more evident in the presence of
both an inducer (deprivation with EBSS medium)
and an inhibitor (Baf. A1) of autophagy. This sen-
sitivity was determined by observing the instabil-
ity of mitochondrial Cyt ¢ and nuclear conden-
sation (Fig. 6a, b). Furthermore, the deprivation
of nutrients produced a decrease in the retention
capacity of DiOC(3) staining in the mitochondria
in R1441G fibroblasts (Fig. 6¢) and an augmenta-
tion of PI incorporation (Fig. 6d).

Taken together, these results suggest the possible
role of the lysosome and mechanisms associated with
this organelle, such as autophagy, as responsible for
the differences observed between the cells.

Discussion

The lack of effectiveness in PD treatments described
so far suggests that a greater knowledge of the cellu-
lar pathways involved in the etiology of PD is neces-
sary to promote alternative and synergistic therapeu-
tic strategies that improve symptoms or delay disease
progression. In this sense, the association of PD with
dysregulated cellular mechanisms such as macroau-
tophagy or mitophagy in several cellular and animal
models, including those of the LRRK2 protein (Cerri
and Blandini 2019), raises the possibility of pharma-
cologically modulating these mechanisms to mitigate
clinical symptoms.

Many studies have been conducted on PD
pathogenesis in association with the LRRK?2
G2019S mutation and autophagy deregulation
(Bravo-San Pedro et al. 2013; Mortiboys et al.
2010; Papkovskaia et al. 2012; Plowey et al. 2008;
Su et al. 2015; Su and Qi 2013; Yakhine-Diop
et al. 2014, 2019; Zhu et al. 2013). However, lit-
tle evidence exists on the effects of the LRRK?2
R1441G mutation in PD.

In this article, we have shown that cells from patients
with the LRRK2 R1441G mutation exhibit an increase
in lysosomal markers, associated with an induction of
macroautophagy (Figs. 1 and S1), stress and mitochon-
drial damage associated with mitophagy (Figs. 2, S2,
and 3), and concomitant with ER stress (Fig. 4). These
facts are reversed, in part, by a blockage of the calcium
cascade in the cytosol with the chelator BAPTA-AM
(Fig. 5). Additionally, we demonstrate that these cells
show a greater sensitivity to the exposure of toxins
related to PD and that the inhibition of the autophagic
processes accentuates this sensitivity (Fig. 6).

To date, the mechanism by which LRRK2 is impli-
cated in the normal physiology of the autophagy
mechanism and the precise way in which its activity
variation dysregulates this physiology have yet to be
determined.

Our results show an increase in both activity and
number of lysosomes as well as lysosomal mass in
the cells of patients with the LRRK2 R1441G muta-
tion. This increase is correlated with a high number of
LC3-positive autophagic structures, and an increase
in the p62 protein, probably due to an increased sign-
aling of the material to be degraded (Sahani et al.
2014). The macroautophagy induction observed is
induced in an ATG5-BECN1-dependent manner, with
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an increase in p-mTOR. One study with the LRRK?2
R1441G mutation (Manzoni et al. 2013b) indicates a
lack of response to p-mTOR modulation in basal con-
ditions and in the absence of nutrients, in which the
p62 protein is not modulated. The most likely expla-
nation for these different results is the use of different
experimental conditions when establishing nutrient
deprivation.

The induction of the autophagy mechanism
observed in LRRK2 R1441G mutants could be inter-
preted as an organism response to an external situ-
ation that alters its cellular homeostasis as a conse-
quence of a pathological accumulation of misfolded
proteins (Martinez et al. 2018) or organellar damage
(Cuervo et al. 2004; Lynch-Day et al. 2012; Oren-
stein et al. 2013). In fact, PARK genes are involved
in mitophagy regulation (Melser et al. 2015). PINK1,
parkin, and LRRK?2 pathogenic mutations are deter-
mining factors in mitochondria status of PD models
(Bonello et al. 2019; Larsen et al. 2018; Schapira
2008).

It has been described that overexpression of both
the wild type and the LRRK2 G2019S mutation
causes mitochondrial fragmentation mediated by its
interaction with dynamin-like protein-1 (DLP-1) (Niu
et al. 2012). In addition, endogenous LRRK2 can
interact with regulators of mitochondrial fission and
fusion (such as Drpl, OPA1, and MFN) (Su and Qi
2013; Wang et al. 2012). In R1441G LRRK?2 fibro-
blasts, the increasing level of Drpl and MFNT1 could
be attributed to the maintenance of mitochondrial
dynamic and the balance in mitochondrial fusion/fis-
sion during the basal mitophagy process. The latter is
totally disturbed by CCCP treatment as reflected by
the decrease of MFN1 (Fig. 3i, j), while DRP1 was
increasing (Fig. 3k, 1).

However, some studies defend that a blockade of
this mechanism mediated by the LRRK2 protein is
responsible for cell damage and degeneration. In
this regard, one study suggests that the inhibition of
autophagy and mitophagy caused by LRRK2 over-
expression is responsible for the degeneration of
Purkinje cells in diabetic rats (Yang et al. 2014).

Our results exhibit decreases in both mitochondrial
mass and inner and outer mitochondrial membrane
proteins in the presence of the R1441G mutation.
This decrease in mitochondrial markers is corre-
lated with an increase in mitochondrial stress and the
existence of mitolysosomes. Moreover, we have also
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shown that this mitophagy mechanism is PINK1/DJ1
dependent. The PINK1 and DJ-1 proteins are essen-
tial for maintaining the homeostasis of mitochondria,
which is achieved by regulating mitochondrial fusion
and fission. For severely damaged mitochondria that
are beyond repair, the PINK1 pathway is used to
direct their clearance by mitophagy (Mishra and Chan
2016). DJ-1 has been regarded as a redox sensor, with
potential roles in mitochondrial homeostasis (Canet-
Aviles et al. 2004). It has been described that in both
fibroblasts and neurons, mitochondrial DJ-1 level is
elevated following oxidative damage and may act in a
pathway parallel to that of the PINK1/parkin pathway
(van der Merwe et al. 2015).

Our cell model is in an induced mitophagy sce-
nario, consistent with that described by several stud-
ies (Niu et al. 2012; Su and Qi 2013; Zhu et al. 2013),
which could identify this as an attempt to regulate
mitochondrial homeostasis. If the mitochondria are
pathologically altered in our PD model, there may be
an attempt by the cell to try to remove these damaged
mitochondria to preserve cellular integrity. However,
if ineffective, that increase in ROS and mitochondrial
damage could contribute to the increase in cellular
sensitivity already described. Given that there are no
previous reports suggesting possible mitochondrial
and mitophagy alterations in Parkinson’s patients’
cells carrying R1441G, it should be highlighted that
there are common characteristics in specific models
of mitochondrial involvement in PD that are mediated
by the G2019S mutation of LRRK?2 and that develop
common symptomatology in PD patients (Somme
et al. 2015).

Calcium homeostasis is very important in the
connections between the mitochondria and ER.
Altered calcium homeostasis has been consistently
observed in neurological diseases. In this sense, it
has been described that altered ER-mitochondria
contact affects mitochondrial calcium homeostasis
and contributes to neurodegeneration in several dis-
ease models, including in PD (Lee et al. 2018). For
example, a study has demonstrated that enhanced
parkin levels favor ER-mitochondria crosstalk and
guarantee calcium transfer to sustain cell bioener-
getics (Cali et al. 2013). Either calcium chelators or
inhibitors of voltage-gated L-type calcium channels
prevented mitochondrial degradation and dendrite
shortening in mouse cortical neurons expressing
LRRK2 mutations (Cherra et al. 2013). Moreover,
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in a Drosophila PD model, it has been described
that Ca®* transport from the ER to mitochondria
critically regulates mitochondrial Ca** homeostasis
in dopaminergic neurons and that the PD-associated
PINK1 protein modulates this process (Lee et al.
2018).

Studies linking LRRK2 protein to ER stress are
emerging. In a Caenorhabditis elegans model lacking
the LRRK2 homolog, it has been suggested that this
protein is critical for preventing ER stress and spon-
taneous neurodegeneration (Samann et al. 2009). It
has also been suggested that LRRK?2 regulates antero-
grade ER-Golgi transport by anchoring Sec16A at ER
exit sites, leading to a reduction in ER stress (Cho
et al. 2014). Another study has described that LRRK2
regulates ER-mitochondrial tethering through the
PERK-mediated ubiquitination pathway (Toyofuku
et al. 2020).

Moreover, in neuroblastoma cells and C. elegans
dopaminergic neurons, expression of wild-type
LRKK2 protects from hydroxydopamine and/or
human alpha-synuclein, respectively, by support-
ing upregulation of GRP78/Bip (Yuan et al. 2011).
Despite these interesting findings, the possible con-
tribution of ER stress to the pathogenic manifesta-
tions of mutant LRKK?2 in mammalian cells has not
yet been addressed. Our results reveal alterations of
the ER in patient fibroblasts with the LRRK2 R1441G
mutation and an increase in the expression of ER-
stress-related proteins with direct implication with
PD. In this sense, a possible failure of protective fold-
ing has been found in a PD model induced by rote-
none (Lin et al. 2018). There is abundant evidence of
a direct relationship between autophagy regulation
and the UPR-mediated response (Chung et al. 2016),
so that accumulation of misfolded proteins (as occurs
in PD) could lead to an increase in this response in
the RG group.

Moreover, we have described results that demon-
strate a greater amount of cytosolic calcium in the
presence of the R1441G mutation. This fact is in par-
allel with an increase in the GRP78/Bip levels, one
of the most important chaperones that regulate ER-
stress-mediated autophagy modulated through cyto-
solic calcium levels (Wong et al. 2013).

The administration of a chelator of this cation,
such as BAPTA-AM, reverses, in part, the increase
of GRP78/Bip levels and the observed mitophagy,
highlighting the importance of calcium in this model.

However, this fact causes an increase, both in mito-
chondrial instability and in nuclear damage, in con-
trol and RG fibroblasts. The increase in cellular sen-
sitivity in the presence of BAPTA-AM has already
been demonstrated by other authors recently (Wil-
liams et al. 2013). They have demonstrated that the
presence of the chelator relieved MG132-induced
ER stress, but not rescue MG132-induced apoptosis,
possibly as a consequence of blocking autophagic
degradation.

Furthermore, our results suggest that the RG group
cells are more sensitive than control cells, both in
basal conditions and in response to MPP* expo-
sure. The data obtained by analyzing different apop-
totic parameters agree with the results obtained in
a G2019S mutation model (Bravo-San Pedro et al.
2013; Yakhine-Diop et al. 2014). In 2010, Mortiboys
et al. reported a reduction in the MMP in fibroblasts
from PD patients carrying the G2019S mutation com-
pared to controls of the same age (Mortiboys et al.
2010), as occurs in our model. Likewise, an Arizona
group has reported an increase in ROS, a decrease in
MMP, and a decrease in cell viability in idiopathic
PD fibroblasts (Teves et al. 2017; Yakhine-Diop et al.
2019).

As described in detail in previous studies (Klion-
sky et al. 2012, 2016), autophagy is a process that
requires a delicate functional balance to act as a
defense mechanism against multiple stress signals
and promote cell survival. Today, a correct autophagy
modulation has become the basis of many treatments
in the fight against several diseases such as cancer,
metabolic and autoimmune disorders, or neurodegen-
erative disease, including PD (Galluzzi et al. 2017).
In the present article, we have attempted to reduce the
sensitivity observed in LRRK2 R1441G fibroblasts
by modulating autophagic flow, either by blocking it
with Baf. Al or by accelerating it using a nutrient-
poor medium (EBSS). We have been able to verify
that these treatments not only fail to improve resist-
ance to MPP*' but also increase the sensitivity of
these cells. In summary, fibroblasts from PD patients
with the LRRK2 R1441G mutation present important
structural and functional changes in mitochondria
and ER, accompanied by high levels of mitochon-
drial and ER stress that sensitize these cells to neu-
rotoxin treatments. However, RG fibroblasts show
basal autophagy, exacerbated lysosomal markers, and
interestingly, a dysregulation of autophagy levels that,
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added to the mitochondrial and ER stress described
above, produces a lethal phenotype upon MPP* expo-
sure. The results obtained show the importance that
autophagy plays in our model when genetic (R1444G
LRRK?2 gene mutation) and environmental factors
(exposure to MPP*) are linked in PD development.
However, further in-depth studies are warranted into
the mechanisms involved in order to find possible
therapeutic targets.

Materials and methods
Cell management

All experiments described were performed between
two experimental groups using human fibroblasts
as our model: Control (Co, individuals with no
PD nor known mutations in the LRRK2 gene) and
R1441G patients (RG, individuals with PD and a
R1441G mutation in the LRRK2 gene). To deter-
mine the R1441G LRRK2 mutation in the different
group of cell lines, genomic DNA was extracted
and digested with the restriction enzyme Bsh12361
(Fig. Sla). Each group contains a pool of three dif-
ferent and non-familial related lines. Before making
the pool lines, we determined the expression level of
LC3 protein in the control group as well as in the
RG group (Fig. S1b, c). After characterization, we
selected three control lines and three RG lines based
on their similarity to LC3-isoform II expression. We
discarded C4 and RG4 as they did not behave in the
same way as most of their peers did. Therefore, in
this manuscript, we have worked with the cell lines
(donor age, sex, genotype) listed in Supplementary
Table 1.

All patients gave written consent, and all proce-
dures were approved by the “Comité Etico de Inves-
tigaciéon Clinica del Area Sanitaria de Gipuzkoa.”
Human dermal fibroblasts were isolated as described
by Bravo-San Pedro et al. (2013). Cells were main-
tained in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, 11,995) supplemented with 10%
fetal bovine serum (FBS, Sigma, F7524), 1% 200 mM
L-glutamine (Sigma, G7513), and 0.04% V/V peni-
cillin/streptomycin (HyClone, 456-1046). Cells were
treated with Baf. A1 (Lclabs, B-1080), BAPTA-AM
(Invitrogen, B1212), CCCP (Sigma, C2759), EBSS
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(Sigma, E2888), MPP*(Sigma, D048), and rotenone
(Sigma, R8875).

Western blot

Human fibroblasts were lysed in a 100 mM
Tris—=HCl buffer containing NP-40 (0.5% V/V,
Roche, 11,754,599,001), 300 mM sodium chloride,
and phosphatase and protease inhibitors (Roche,
04,906,837,001 and 1,183,617,001, respectively)
(Rodriguez-Arribas et al. 2017a). Proteins were
separated on precast 12% Tris—Glycine Mini-PRO-
TEAN TGXTM gels (10 or 15 well, Bio-Rad), and
membranes were probed against B-Actin (Abcam,
ab49900), autophagy related 5 (ATGS, Cell Signal-
ing, CS2630), Beclin-1 (Santa Cruz, SC-11427), Cal-
nexin (Thermofisher, MA3-027), C/EBP homologous
protein (CHOP, Cell Signaling, CS2895), subunit IV
of cycloxygenase (COXIV, Abcam, ab14744), cathep-
sin B (CSTB, Abcam, ab58802), cathepsin D (CSTD,
Santa Cruz, SC-6486), dynamin-related protein 1
(DRP1, D6C7, 8570), DJ-1 (MBL, M043-3), phospho-
eukaryotic initiation factor 2 subunit alpha (p-elF2a,
Cell Signaling, CS3597), ER oxidoreductins 1 (ERO1,
Cell Signaling, CS3274), glyceraldehide-3-phos-
phate dehydrogenase (GAPDH, Merck-Millipore,
MAB374), glucose regulated protein 78 (GRP78/Bip,
Cell Signaling, CS3177), iron response element alpha
(IREa, Cell Signaling, CS3294), lysosomal-associated
membrane protein-1 (LAMPI, Abcam, ab24170),
lysosomal-associated membrane protein-2 (LAMP2,
Santa Cruz, sc18822), microtubule-associated pro-
tein LC3B (LC3-B, Sigma, L7543), lon peptidase 1
(LONP-1, Proteintech, 15,440-1-AP), mitofusin 1
(MEN1, Abcam, ab104274), phospho-mammalian tar-
get of rapamycin (p-mTOR, Cell Signaling, CS2971),
optineurin (OPTN, Cell Signaling CS58981), seques-
tosome-1 (p62, Abnova, HO000888-MO1), PINKI1
(Novus BC100494), prohibitin-1 (PHB1, Cell Sign-
aling CS2426S), p-S6 (Cell Signaling,CS4858),
translocase of inner mitochondrial membrane 3
(TIMM23, BD Biosciences, BD611222), translocase
of outer mitochondrial membrane 20 (TOMM?20,
Santa Cruz, SC-17764), or voltage-dependent anion
channel-1 (VDAC-1, Abcam, ab14734). HRP-conju-
gated secondary antibodies targeting mouse (BioRad,
170-6515) or rabbit (BioRad, 170-5047) IgG were
used, and images were obtained after luminol oxida-
tion (Pierce, 32,106) with an Amersham i600.
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Fluorescence microscopy

Cells were seeded in 24-well plates with coverslips.
To assess the involvement of the PINK-1 protein in
mitophagy, we transiently transfected our fibroblasts
with a PINK1-GFP plasmid using NeuroMag (OZ bio-
sciences, NM50200), according to their protocol. After
transfection, cells were incubated, where suitable, with
Lysotracker Red® (Invitrogen, L7528) or MitoSOX
Red® (Invitrogen, M36008), according to manufactur-
ers’ protocols. Cells were immediately fixed with 4%
PFA in 1xPBS for 30 min. If primary antibody was
needed, cells were permeabilized with 0.1% Triton-
X100 (Sigma-Aldrich, T9284) for 10 min, blocked with
1 mg BSA/mL 1XxPBS for 30 min, and subsequently
incubated with the following primary antibodies for 1 h:
Calnexin (Thermofisher, MA3-027), Cyt. ¢ (BD Bio-
sciences, BD56432), LAMP2 (Santa Cruz, sc18822),
p62 (Abnova, HO000888-M01), or TOMM?20 (Santa
Cruz, SC-17764). Samples were then treated with their
corresponding fluorescence-labeled secondary antibody
for 30 min (Invitrogen, A11036 or A11034 for red and
green anti-rabbit IgG antibodies; A11004 or A32723 for
red and green anti-mouse IgG, respectively). Nuclei were
stained with Hoechst 33342 (Sigma, 14533). Images
were obtained with an Olympus Ix-51 inverted micro-
scope equipped with a DP-71 camera.

Image analyses

Where suitable, dot measurement was performed
with IfDotMeter® software (Rodriguez-Arribas
et al. 2016). Intensity measurement was developed in
immunofluorescence images using FIJI (Schindelin
et al. 2012) “Analyze particles” and “Measure” fea-
tures with preprogrammed macros to select regions
of interest (ROIs) in a semiautomated manner. Colo-
calization analyses were developed using the JaCoP
plugin of ImageJ software with preprogrammed mac-
ros. At least 200 ROIs (cells) were analyzed in every
experiment.

Flow cytometry

Cells were detached using Trypsin-EDTA (Sigma,
T4049), collected into FACS tubes, and loaded with
Cyto-ID® (Enzo laboratories, 51,031), DiOC(6)3 (Life
technologies, D273), Fluo3/AM (Invitrogen, F14218),
Mitrotracker green (MTG, Invitrogen, M7514),

propidium iodide (PI, Sigma, P4864), or MitoSOX (Inv-
itrogen, M36008) probes to assess different features.
Cyto-ID®autophagy detection kit measures autophagic
vacuoles and monitors autophagic flux in lysosomally
inhibited live cells using a novel dye that selectively
labels accumulated autophagic vacuoles. In the case of
MTG, this probe concentrates in mitochondria and reacts
with the reduced thiols present in mitochondrial matrix
proteins independent of altered mitochondrial function or
MMP. It has been described that the decrease observed
in fluorescence when the probe is preloaded reflects real
mitochondrial population levels. So, cells were preloaded
with MTG according to a protocol to asses mitophagy
(Mauro-Lizcano et al. 2015). Stained cells were analyzed
by a flow cytometer (Beckman-Coulter FC500-MPL).

TEM

Following treatment, human fibroblasts were imme-
diately washed with 1 X HEPES buffer and fixed with
2% glutaraldehyde in 0.4 M HEPES supplemented
with 1% tannic acid. Cells were manually detached,
and pellets were subsequently fixed with an osmium
tetroxide solution. Samples were desiccated by grad-
ual acetone dilutions and imbibed in an EPON 812
resin. Contrasts were developed with a 2% uranyl ace-
tate solution. Sample cuts were obtained with a Leica
EM UC6 ultramicrotome, and images were acquired
with a Hitachi S-3600-N microscope.

Quantitative-PCR

mRNA from human fibroblasts was obtained using
a RNeasy minikit (Qiagen, 50,974,104) according to
the manufacturer’s protocol. We synthesized cDNA
with the Quantitect Reverse Transcription Kit (Qiagen,
205,311) prior to qPCR using Kappa SYBR Fast Mas-
ter Mix (Cultek, B4KK4601) in an AB7500 thermo-
cycler. To assess mRNA expression, we used suitable
primers from IDT technologies to amplify the genes
included in Supplementary Table 2. GAPDH expres-
sion was used as a housekeeping gene, and the others
were relatively quantified by 224V ratio (Pfaffl 2001).

Statistical analyses

Unless otherwise described, data represent the means +SD
of at least three independent experiments. When
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experiments entailed more than two experimental con-
ditions, one-way ANOVA with Bonferroni’s post hoc
corrections were performed in order to establish dif-
ferences between cell groups or treatment response. In
experiments with two conditions (i.e., control basal vs
RG basal), two-tailed Student’s T tests were developed
with equal or nonequal variances according to Levene’s
test results. To assess qualitative differences in diffuse
Cyt. ¢ and nuclei condensation, Chi-square’s tests were
employed between control and R1441G groups for each
condition considered. Significance in these tests are
expressed as * (p<0.05), ** (p<0.01) *** (p<0.001)
when comparing groups or # (p<0.05), ## (p<0.01),
(p<0.001) when comparing treatments.

Abbreviations Baf. Al, Bafilomycin Al (Baf. Al);
CCCP, Carbonyl cyanide 3-chlorophenylhydrazone;
EBSS, Earle’s balanced salt solution; ER, Endoplas-
mic reticulum; LRRK?2, Leucine-rich repeat kinase 2;
LTR, Lysotracker red; MAMs, Mitochondria-associat-
ed ER membranes; MPP*, 1-Methyl-4-phenylpiridin-
ium; PD, Parkinson’s disease; PINK1, PTEN-induced
putative kinase 1; ROS, Reactive oxygen species;
TOMM20, Translocase of outer mitochondrial mem-
brane 20;
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