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|. RESUMEN/SUMMARY



Resumen

La Enfermedad de Parkinson (EP) se presenta de forma esporadica (idiopatica)
en la mayoria de los pacientes. Sin embargo, en los casos en que la enfermedad estéd
determinada genéticamente, la identificacion y el estudio de las mutaciones
responsables proporciona una valiosa informaciéon sobre los mecanismos moleculares
implicados en la muerte neuronal.

Se ha descrito la asociacion de EP, tanto familiar como esporadica, con
mutaciones en el gen que codifica LRRK2 (leucine-rich repeat kinase 2). LRRK2 es una
proteina que contiene varios dominios, entre los que se encuentran los dominios quinasa
y GTPasa, donde suelen aparecer mutaciones patogénicas. Existe una clara correlacion
entre el grado de actividad catalitica de LRRK2 y su citotoxicidad; sin embargo, los
efectos de LRRK2 sobre los procesos celulares tempranos que en ultima instancia
causan la muerte celular ain no han sido analizados en profundidad. Aunque se ha
descrito tanto in vitro como in vivo que LRRK2 estd involucrada en el trafico
endosomal y autofagico, los mecanismos exactos en los que participa aun se
desconocen.

Esta tesis analiza los mecanismos patogénicos de la EP en los que estd implicada
LRRKZ2, haciendo especial énfasis en los procesos de endocitosis y autofagia. En primer
lugar, hemos descrito que mutaciones patogénicas en LRRK2 causan un bloqueo del
flujo autofagico a través de una ruta que implica canales sensibles a NAADP (nicotinic
acid adenine dinucleotide phosphate) localizados sobre estructuras endosomales tardias
y lisosomas. Asimismo, observamos que estas mutaciones provocan un incremento
parcial del pH lisosomal, asi como una disminuciéon de la supervivencia celular en la
presencia de estrés debido a agregacion proteica.

Puesto que el lisosoma es la estructura final para las rutas de autofagia y
endocitosis, se estudid el efecto de las mutaciones patogénicas en LRRK2 sobre la
endocitosis. En este trabajo demostramos que mutaciones patogénicas en LRRK2
producen deficiencias, tanto en eventos tempranos como tardios, en la endocitosis
mediada por receptor. Este déficit provoca un retraso en el trafico del receptor a nivel
del endosoma tardio y, como consecuencia, su acumulacion en estructuras
anormalmente alargadas.

Rab7 es una GTPasa pequefia implicada en varios eventos del trafico endosomal,
tales como el trafico endosoma tardio-lisosoma y el trafico retromero entre endosoma

tardio y la cara trans del aparato de Golgi. Los efectos provocados por mutaciones
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patogénicas en LRRK2 sobre el trafico del receptor pudieron ser revertidos por la
sobreexpresion de la forma constitutivamente activa de Rab7 o Rab7L1, asi como por
proteinas que interaccionan con Rab7, como dynamin2/CIN8S. Estas proteinas se
localizan en endosomas tardios y son cruciales en la regulacion de la degradacion de
receptores de membrana.

Nuestros resultados demuestran ademés que la expresion de mutaciones

patogénicas en LRRK?2 esta asociada a un descenso de la actividad de Rab7.

En definitiva, el presente estudio pone de manifiesto la importante contribucion
de mutaciones patogénicas en LRRK2 en la alteracion de varios mecanismos
regulatorios de trafico endo-lisosomal, dando luz sobre los procesos celulares tempranos

implicados en la patogénesis de la EP.



Summary

Although the majority of PD cases are idiopathic, the identification of disease-
causing mutations helps in our understanding of the molecular mechanisms involved in
neuronal demise. Mutations in LRRK2 (leucine-rich repeat kinase 2) are found
associated with both sporadic and familial Parkinson’s disease (PD). LRRK2 is a
multidomain protein characterised by kinase and GTPase activities, with pathogenic
mutations localized to both catalytic domains. There is a significant body of evidence
correlating altered catalytic activity with cytotoxicity. However, early cellular LRRK2-
mediated events which eventually lead to cellular demise remain poorly understood.
LRRK?2 has been implicated in autophagic and endosomal trafficking pathways in vitro
and in vivo, even though the mechanism(s) remain unclear.

This thesis describes work towards addressing how pathogenic LRRK2 may
cause cellular dysfunction linked to PD pathogenesis, with emphasis on autophagy and
endosomal trafficking deficits. First, mutant LRRK2 was found to cause a block in
autophagic flux through a pathway involving NAADP (nicotinic acid adenine
dinucleotide phosphate)-sensitive channels in acidic late endosomal/lysosomal
structures. Pathogenic LRRK2 was found to cause a partial increase in lysosomal pH,
and decreased cell survival in the presence of protein aggregation-induced stress.

Since autophagy and endocytosis share late endosomes/lysosomes as common
end-points, the effect of mutant LRRK2 on endocytosis was evaluated. Pathogenic
LRRK?2 was found to cause deficits in both early and late events of receptor-mediated
endocytosis, including a delay in receptor trafficking out of late endosomes, which
become aberrantly elongated.

Rab7 is a small GTPase involved in various endosomal trafficking processes,
including late endosomal-lysosomal trafficking and retromer-mediated trafficking
between late endosomes and the trans-Golgi network. The effects on receptor trafficking
could be rescued when overexpressing constitutively active Rab7 or Rab7L1, as well as
the Rab7-interacting proteins dynamin2/CIN8S, which localize to late endosomes and
regulate degradative receptor trafficking. Pathogenic LRRK2 expression was associated
with a decrease in Rab7 activity.

Alltogether, the present results highlight an important role for pathogenic
LRRK2 in deregulating several endolysosomal membrane trafficking events, which

may underlie early cellular pathogenesis in PD.
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Abbreviations

AMP- adenosine monophosphate

AMPK- adenosine monophosphate-activated protein kinase
BAC- bacterial artificial chromosome

CaMKK- calcium/calmodulin-dependent protein kinase kinase
CINB8S5- cbl-interacting protein of 85 kDa

CMA- chaperone-mediated autophagy

COR- C-terminal of ROC

DA- Dopamindergic

ER- endoplasmic reticulum

EGFR- epidermal growth factor receptor

GAP- GTPase-activating protein

GDP- guanosine diphosphate

GEF- guanine nucleotide exchange factor

GST- glutatione S-transferase

GTP- Guanosine-triphosphate

IP3- inositol 1,4,5-trisphosphate

IP3R- inositol 1,4,5-trisphosphate receptor

MAPK- Mitogen-activated protein kinase

mTOR- The mammalian target of rapamycin

LN- Lewy neurite

LAMP2- Lysosomal-associated membrane protein 2
LB- lewy body

LRRK2- Leucine-rich repeat kinase 2

LTR- LysoTracker Red DND99

PBS- Phosphate buffered saline

PCR- Polymerase chain reaction

PD- Parkinson’s disease

ROC- Ras of complex

ROS- Reactive oxygen species

SDS-PAGE- Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
TGN- trans-Golgi netword

ULK- UNC-51-like kinase

Wt -Wild-type



[1l. INTRODUCTION



Introduction

1. PARKINSON’S DISEASE

The British physician James Parkinson (1755-1824) first described the disease in
1817 in his publication “An Essay on the Shaking Palsy”. Parkinson’s disease (PD)
(OMIM 168600) is a progressive and chronic disorder of the central nervous system that
mainly affects control of voluntary movement [1]. It is the second most common
neurodegenerative disease. The prevalence of PD is increasing from 1 % at the age of
65 to 5 % by the age of 85, affecting up to 10 million people worldwide according to the
World Health Organization [2]. The most prominent risk factor in PD is age [3], and
due to the increase in life expectancy, the number of affected individuals in

industrialized countries is estimated to double by 2030 [4].

1.1 Clinical symptoms

Four motor symptoms are considered cardinal in PD: tremor (involuntary
shaking), rigidity (increased resistance to passive movement), bradykinesia (slowness of
movement), and postural instability [5]. Tremor is characterized by shaking of hands,
arms, legs, jaw and face, and represents the most well-known symptom. Rigidity is
caused by increased muscle tone and muscle contraction, and may be associated with
joint pain, being a frequent early manifestation of the disease. Bradykinesia, as well as
akinesia (difficulty at initiating movement) and hypokinesia (movement amplitude
reduction), are manifested as a variety of symptoms, including micrographia (decreased
size of handwriting), hypomimia (paucity of normal facial expression), hypophonia
(decreased voice volume), and decreased stride length during walking.

Motor symptoms occur along with non-motoric symptoms, such as cognition
abnormalities and neuropsychiatric problems (including mood and behavioral
alterations). Some of the earliest changes in PD include olfactory dysfunction, cardiac
sympathetic denervation and sleep difficulties [6]. PD progression has been shown to
occur in distinct stages, and is quantified in stages according to the restrictive effects
that are placed along a patient’s life [7]. It has been estimated that disease progression

takes around 14 years from initial onset to reach a wheelchair-bound state [2, 8, 9].



Patricia Gbmez-Suaga

1.2 Pathology

PD is characterized by the progressive degeneration of dopaminergic (DA)
neurons in the pars compacta of the substantia nigra (SNpc), together with the presence
of intraneuronal inclusions called Lewy bodies (LBs) and abnormal dystrophic neuronal
processes called Lewy neurites (LN) in surviving neurons [10]. Late in the disease
process, LB pathology is prominent throughout the brain stem and also in cortical areas.
Whilst it is generally considered that cell death in PD is rather specific to DA neurons,
loss of other types of neurons can be observed as well. For example, cell loss in the
locus coeruleus (noradrenergic system), the dorsal motor nuclei of the vagus and
nucleus basalis of Meynert (cholinergic system), raphe nuclei (serotonergic system) and
some other catecholaminergic brain stem structures, including the ventrotegmental area,
have been reported [7, 11]. This has important implications for our mechanistic
understanding of cell death associated with PD (see below).

In the SNpc of PD patients, as DA neurons containing the pigment neuromelanin
die, macroscopic changes are visible in the form of depigmentation [12], (see figure 1).
The SNpc contains neurons involved in the nigrostriatal pathway, a descending pathway
that is afferent to the striatum and constitutes the main input to the basal ganglia. Loss
of these neurons causes a depletion of dopamine in the striatum, and the lack of DA
input into the striatum explains most of the motor symptoms. The onset of clinical
motor symptoms occur when 60-80 % of DA neurons have died, attesting to the

plasticity and possible compensatory mechanisms of this complex circuitry [13][14].

(\5/ (\@f 1N
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Figure 1 Schematic representation of the normal and disease nigrostriatal pathway
DA neurons project from the SNpc (where the cell bodies are located) to the caudate nucleus
and putamen (collectively called the striatum). In PD there is a loss of DA neurons in the SNpc,
(thereby depigmentation) and consequently a depletion of dopamine in the striatum. Figure

adapted from “Substantia Nigra and Parkinson’s Disease.” A.D.A.M. Editorial Team.
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As mentioned above, apart from DA cell loss, LBs and LN are observed in
surviving neurons in all PD-affected brain regions. They are comprised of a-synuclein
and a variety of ubiquitinated proteins, implicating a-synuclein and abnormal protein
ubiquitylation/degradation in the mechanism underlying disease (see below). LB
pathology is characteristic for PD, even though it can be observed in select other disease
states such as dementia with LBs (DLB). Conversely, some autosomal recessive and
autosomal dominant forms of PD may not present with LBs [15, 16]. Whilst LBs have
been proposed to be toxic to neurons by interfering with normal cellular processes, the
latter observation indicates that they may not be causal to cell death, but rather protect

neurons by sequestering harmful protein aggregates [13].

1.3 Current treatment options

There is no cure for PD, and treatment is directed towards alleviating some of
the symptoms. Treatment involves dopamine replacement strategies, which include
levodopa (the precursor of dopamine) or dopamine receptor agonists. Inhibitors of
monoamine oxidase B which metabolizes dopamine in the brain, and catechol O-
methyltransferase, which breaks down levodopa, are used as well.

Despite the fact that the effect of levodopa is robust and currently the most
effective form of oral symptomatic treatment for motor symptoms, prolonged treatment
has been associated with the development of motor fluctuations and the occurrence of
levodopa-induced dyskinesias, thereby increasing involuntary movements. Even though
levodopa has dramatically improved the quality of life for PD patients, most patients
suffer considerable levodopa-associated motor disabilities, and treatment has to be
halted several years later [14]. Dopamine receptor agonists, which stimulate presynaptic
and postsynaptic dopamine receptors, can be used as an adjunct therapy in advanced
stages of PD. Also, several surgical procedures exist such as deep brain stimulation
which helps in the management of the motor symptoms [15].

Currently, there are no proven neuroprotective or disease-modifying treatments
for PD. Slowing the rate of loss of nigral DA neurons would improve the quality of life
for PD patients. However, this requires considerable knowledge about disease
mechanism(s), approaches able to modify disease course, and the existence of

biomarkers able to predict disease onset. Thus, to develop neuroprotective therapies, a
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detailed understanding of the key molecular events that provoke neurodegeneration is

imperative.

1.4 Etiology

The exact pathological mechanisms underlying PD remain largely unclear, with
most cases (called sporadic or idiopathic cases) having no apparent familial heritage nor
relation to a defined environmental cause. Importantly, the first evidence for
environmental causes underlying the disease was made in 1983, when heroin users
came to the clinic with irreversible PD symptoms, which subsequently were found to be
due to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a contaminant in the
synthetic heroin preparations they had used [16]. Further studies over the years also
identified additional toxic compounds such as a herbicide (paraquat) and an insecticide
(rotenone). All three compounds induce DA degeneration by inhibiting respiratory
chain complex | activity of mitochondria [17], and have led to the proposal that
oxidative stress and mitochondrial dysfunction may be key to causing the disease, (see
also below). Apart from environmental toxins, aging constitutes the most relevant risk
factor for PD, and it has become clear that a combination between environmental and
genetic factors influence PD development.

Familial PD is due to mutations in a set of genes, some of which remain to be
identified (see Table 1). The discovery of such monogenic forms has significantly
advanced our understanding of the molecular mechanisms involved in PD, as it allows
for the generation of cellular and animal models carrying the mutant gene. This permits
to define pathological pathways and provides definable targets for therapeutic strategies.

Mutations in five genes have been unequivocally shown to cause familial
parkinsonism with two of them (a-SYNUCLEIN and the leucine-rich repeat kinase 2
(LRRK2)) causing autosomal-dominant PD, and the other three (PARKIN, PINKI and
DJ-1) causing autosomal-recessive forms of the disease. Mutations in various other
genes are likely causing the disease as well, even though this is difficult to prove at
times due to the infrequent nature of the mutation. For example, genetic studies have
revealed genes such as Ubiquitin C-terminal esterase L1 (UCHLI) [18], Growth-factor-
receptor-bound protein 10-interanting GYF protein 2 (GIGYF2), Vacuolar protein
sorting 35 (VPS35), Nuclear receptor subfamily 4 (NR4A2), synphilin 1, or Omi/HtrA2,
a calcium-independent phospholipase A2 (PLA2G6) [19].
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PARK loci Gene Chromosomic location Inheritance
PARK1/ SNCA 421 Dominant,
Rarely
PARKS sporadic
PARK?2 PARKIN 6q25-q27 Recessn'/e,
sporadic
PARKG6 PINK 1 1p35-p36 Recessive
PARK7 DJ-1 1p36 Recessive
PARKS LRRK?2 12q12 Domma'nt,
sporadic

TABLE 1 Loci involved in genetic PD, chromosomic location, gene name and inheritance.

Indeed, recent genomic research using genome-wide association studies
(GWAS) (examining many common genetic variants in different individuals to see
association with PD) has revealed the complexity of PD genetics. GWAS studies have
changed the PD field generating a new hypothesis whereby genetic variants with
individual effects which are not strong enough to give rise to Mendelian PD may
constitute high-risk loci for PD, having a direct role in disease etiology. These findings
have made it clear that there is a more prominent genetic component to the disease than
previously thought [20]. Thus, some genes contribute to both familial and sporadic
disease mechanisms, causing inherited PD, and contributing to the risk of sporadic PD,
such as for example the G2385R and R1628P variants in the LRRK2 gene [21] as well
as SNP variations in SNCA. Another case is the Gaucher’s disease-associated [3-
Glucocerebrosidase (GBA) gene, the most common PD risk factor. Loss of one allele of
GBA increases risk of PD about 5-fold [22]. In addition, mutations in the same gene can
be involved both in familial PD and can represent risk factors for sporadic PD,

providing a clue as to possible shared mechanisms [23].

Other variations which are considered risk factors have been described in other
genes, as the N-acetyltransferase 2 gene (NAT2), inducible NO synthase 2 (INOS24),
Cyclin G-associated kinase (GAK) and HLA-DRA genes [24, 25]. Interestingly,
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polymorphic variations in the microtubule associated protein tau gene (MAPT) [26] and
in the APOE gene [27], two Alzheimer’s disease-related genes, have been related to PD.
Specifically variations in the MAPT gene have been proposed to be significantly
associated with age of PD disease onset with mutations in LRRK2 [28], linking both
neurodegenerative diseases genetically. Interestingly, several GWAS studies have
reported variations in several PARK-designated genes such as the PARKI16 locus,
containing the RAB7LI gene (a retromer-linked gene as further explained below)
associated with risk for PD in different populations [28].

1.4.1 Autosomal dominant forms of PD
o- Synuclein

In 1997, a mutation in the a-SYNUCLEIN gene was identified to be responsible
for autosomal dominantly-inherited Parkinsonism [29]. This gene was the first one to be
identified as a causative factor for PD; however, mutations in this gene are a very rare
cause of the disease [30].

Point mutations and genomic multiplications of the complete gene have been
linked to familial PD and there is a direct relation between gene dosage and disease age-
of-onset and phenotypic severity and disease progression [31]. In addition, genetic
variability at the a-SYNUCLEIN locus contributes to the etiology of sporadic PD[32]. a-
Synuclein is a 140 aminoacid lipid-binding protein which is abundantly expressed in the
mammalian brain and comprises a major component of LBs, suggesting some
mechanistic link to the disease [33].

a-Synuclein aggregation is preceded by its oligomerization and oligomers
undergo transition to a fibrilar state which is toxic [34]. However, aggregates have
proposed to not necessarily lead to cell death, possibly representing a protective
mechanism [35]. Post-translational modifications such as phosphorylation and nitration
of a-synuclein result in increased oligomerization and eventual accumulation of the
protein as the major insoluble fibrillar component which can subsequently cause the
degeneration of DA neurons [36]. Impaired clearance of a-Synuclein may also be
responsible for its accumulation. Although proteasomes degrade o-Synuclein, the
lysosome is the major site of degradation accessed through multiple routes, such as the

endolysosomal pathway, macroautophagy and chaperone-mediated autophagy (CMA).

10
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Interestingly, clearance via CMA is modulated by various factors, including LRRK?2

(see below)[37].

LRRK2

In 2004, two independent groups identified mutations in the LRRK2 gene which
co-segregated with PD in several PARKS-linked pedigrees [38, 39]. The LRRK2 gene
is located on human chromosome 12 (12p11.2-q13.1) and has 51 exons, encoding for a
large protein of 286 kDa. Autosomal-dominant mutations in LRRK2 are the most
common genetic cause of late-onset PD. Approximately 5-8 % of European individuals
with a first-degree relative with PD carry mutations in LRRK?2 [40].

Importantly, variations in LRRK?2 increase PD risk, indicating that LRRK2 is an
important player for both genetic and sporadic forms of the disease [41, 42]. GWAS
studies relate noncoding variants with higher risk for PD as well, revealing the possible
importance of expression and splicing of LRRK? [43, 44].

LRRK2-associated parkinsonism is clinically largely indistinguishable from
idiophathic PD, being characterized by LBs and Lewy neurites in most cases [45, 46].
The clinical progression of PD in cases due to LRRK2 mutations is also similar to
sporadic PD. However, pathological variability exists, with some patients showing

nigral degeneration without LBs or even tau pathology [47, 48].

1.4.2 Autosomal recesive forms of PD
PARKIN

Exon deletions in the PRKN gene were first discovered in two Japanese families
with recessive juvenile Parkinsonism in 1998 [49]. Homozygous PARKIN mutations are
associated with early onset PD (between age 20 and 50). In addition, heterozygous
PARKIN mutations have been found in sporadic cases of PD [49, 50].

Cell loss in the SNpc in PARKIN-associated PD appears to be caused by loss of
function of the parkin protein, therefore overexpression of parkin was demonstrated to
be neuropotective. Many mutations in this gene reported to date appear to alter the
cellular localization of wild-type parkin, its solubility and/or aggregation properties to
either reduce or abolish enzymatic function [51]. The parkin protein, predominantly
cytoplasmic, is a ubiquitin E3 ligase that targets specific substrates for degradation such

as the mitofusins, other mitochondrial proteins (e.g. the voltage-dependent anion
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channel) [52] and PARIS (ZNF746) (a transcriptional repressor) [35]. There is some
evidence that parkin may regulate Lys**-linked polyubiquitination, thereby regulating
proteasome-dependent cellular processes [53], as well as Lys®-linked ubiquitination,
involved in other processes such as endocytosis and autophagy [54]. In addition, parkin
has been demonstrated to regulate mitochondrial dynamics and target damaged
mitochondria for degradation (mitophagy). In this pathway, parkin translocates from the
cytosol to the outer mitochondrial membrane and where it ubiquitinates specific

substrates, leading to mitochondrial degradation [55-57].

PINK1

Mutations in the PINKI gene were identified in three families with early-onset
autosomal-recessive PD previously linked to the PARK6 locus. Mutations in this gene
are the second most common cause of autosomal recessive Parkinsonism after
mutations in the PARKIN gene [58]. PINK variants include point mutations, as well as
insertions and deletions that lead to frame shifts and subsequent truncation of the
protein, compromising its kinase activity or interfering with its stability [59, 60].

PINKI is a protein kinase with an N-terminal mitochondrial targeting sequence.
Overexpression of PINKI is neuroprotective [61] and knockdown of PINKI1 induces
mitochondrial fragmentation and mitophagy [62, 63]. Several mechanisms have been
proposed to explain the function of PINKI, including effects on mitochondrial
bioenergetics and calcium homeostasis [64]. In addition, there is evidence to indicate
that PINK1 and PARKIN interact genetically to prevent oxidative stress by regulating
mitochondrial homeostasis and mitophagy [65-68].

1.5 LRRK2
1.5.1 LRRK2 structure

LRRK2 is a large (2527 amino acids) multi-domain containing protein
belonging to the ROCO family of proteins [69], characterized by the presence of two
conserved domains: a Ras of complex (ROC) GTPase domain followed by a C-terminal
of ROC (COR) domain. In addition, LRRK2 also contains a kinase domain situated C-
teminal of the COR domain, and multiple protein-protein interaction domains flanking
the enzymatic core [70]. The protein-protein interaction domains include LRRK2-

specific, ankyrin and leucine-rich repeat motifs, as well as WD40 repeats. These
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domains are thought to participate in the assembly of protein complexes, similar to
MAPK scaffolding proteins [71], although at present few of the proposed LRRK2

interactors have been mapped to the distinct interaction domains.

N1437H 12020T
R1441G/C/H Y1699C G2019S

1 * # * 2527

ROC lCOR

"LRRK2-repeats” LRRs WD40

interaction catalytic interaction

Figure 2 Domain structure and PD mutations of LRRK2

Schematic representation of the LRRK2 protein and its known functional domains and
pathogenic mutations. The central region of the LRRK2 protein contains a GTPase domain
(ROC), a COR domain and a kinase domain, flanked on either side by multiple protein-protein
interaction domains. Disease-segregating mutations are indicated and map around the catalytic

domains of LRRK2. LRR, leucine-rich repeats. Figure adapted from [72].

LRRK2: KINASE

Much attention has focused on the kinase domain of LRRK2, since kinase
activity is an attractive PD therapeutic target. Indeed, inhibition of kinase activity has
been shown to be protective in both in vitro and in vivo models of LRRK2-mediated
cytotoxicity [73-75]. From a phylogenetic analysis, the LRRK2 kinase domain belongs
to the tyrosine-like kinase (TKL) family, possessing highest sequence and predicted
structure homology to the mixed lineage kinase (MLK) proteins and to the receptor-
interacting protein kinases, subfamilies within the TKL [76]. LRRK2 is a
serine/threonine kinase, even though the inherent kinase activity of LRRK2 is very low.
Putative LRRK?2 substrates suggested to date will be further described.

Mutations inactivating LRRK2 kinase activity have been artificially generated.
D1994N mutation (a predicted proton acceptor) abolishes the active site, inhibiting
kinase activity through mutation of the conserved aspartic acid residue found in all
known kinase proteins [73]. K1906A/M (an ATP-binding site) abolishes ATP-binding
[77], and DY2017-2018AL alters the predicted DYG kinase active conserved motif.
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The K1906M mutation has been shown to to be reasonably stable, displaying similar
levels of overexpression as compared to wild-type LRRK2, whilst other kinase-
inactivating mutations are less stable [77, 78].

As mentioned before, the LRRK2 kinase activity has been proposed as a
potential pharmacological target. Drugs targeting LRRK2 kinase may also be used as
valuable tools to better understand the pathophysiological roles of LRRK2 [79]. Indeed,
pharmacological inhibition of LRRK2 kinase activity may represent an important
therapeutic strategy for PD, as LRRK2 is linked to both sporadic and familiar PD. [79].
To date, several specific compounds have been described as LRRK?2 inhibitors, some of
which even cross the blood-brain barrier, but further studies are necessary to evaluate
their therapeutic potential and potential liability issues associated with continuous
LRRK2 kinase activity inhibition [80-83]. Indeed, knockout studies of LRRK?2 in mice
and rats suggest that peripheral organs may become affected when inhibiting LRRK?2,

which would make kinase-inhibitor based therapeutic strategies less promising [84, 85].

LRRK2: GTPase

To date, little is known about the GTPase activity of LRRK2. The GTPase
domain shares homology to members of the Rab GTPase family [86]. LRRK2 can bind
GTP via its guanine nucleotide phosphate-biding motif and can hydrolyze bound GTP
in vitro, although with low activity. In fact, the GTPase activity of LRRK2 is weak and
difficult to quantify and, although values have been reported in some studies, negative
results have been also reported [78, 86-89].

At present, it is unclear how the GTPase activity of LRRK2 is regulated. As
described below for Rabs, GEFs promote the exchange of GDP for GTP, whereas GAPs
promote the hydrolysis of protein-bound GTP. A GAP, GCS1, has been reported as a
suppressor of LRRK?2 catalytic core toxicity in yeast [90]. The mammalian homologue,
ADP ribosylation factor GTPase activating protein 1 (ARFGAP1), has been shown to
accelerate the GTPase activity of LRRK2 approximately 2—3-fold in vitro [91, 92]. In
addition, a putative GEF for LRRK2, ARHGEF7, has been identified as well [93].
Alternatively, LRRK2 may function as a dimeric GAD [94, 95] whereby dimerization is
induced by GTP binding, and this may eliminate the need for regulation of LRRK2 by
GAPs and GEFs.
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LRRK2: DIMER

Indeed, biochemical studies show that LRRK2 exists as a dimer, where the ROC
domain contributes to dimerization, although sequences outside of the ROC-COR bi-
domain are also required for dimer formation [88, 96]. Dimeric LRRK2 displays
enhanced kinase activity, and dimerization may also be important for the GTPase
activity [97-99]. Notably, there is some evidence to suggest that LRRK2 additionally

forms higher-order structures consistent with homomultimerization [97].

LRRK2: KINASE AND/OR GTPase?

A mutual crosstalk between kinase and GTPase activities has been proposed.
This is supported by the observation that LRRK?2 autophosphorylates the ROC domain
at several sites and regulates its activity (more details in LRRK2 substrates section)
[100, 101]. Phosphomimetic mutant versions of two different autophosphorylated
residues in the ROC domain (T1491D and T1503D) show impaired GTP binding [101,
102], whilst the data for another phosphomimetic construct (T1410D) are controversial
[102, 103].

Given the homology of LRRK2 kinase domain with the MLK subfamily,
comprised of kinases which are regulated by small GTPases, it was proposed that the
GTPase activity may regulate the kinase activity in an intrinsic manner (reviewed in
[104]). Adding non-hydrolysable GTP analogues was shown to increase kinase activity
[74, 78], although this finding could not be reproduced in subsequent studies [105].
Recently, it was found that the GTP binding capacity of LRRK2 is necessary for kinase
activity, whilst activity is independent of GDP or GTP binding to ROC, proposing that
there may be an upstream guanine nucleotide binding protein which may activate
LRRK?2 in a GTP-dependent manner [106]. In this context, the LRRK2 kinase domain
may not be the direct effector of the LRRK2 ROC domain. Another possibility is that
the dimeric ROC or ROC-COR domains may regulate kinase activity through induction
of self-association of the kinase domains and allowing for autophosphorylation and
successive activation [88, 94, 107].

Indeed, results from a prokaryotic ROCO family homolog of LRRK2 suggest a

possible regulation of dimerization by guanine nucleotides [94].

15



Patricia Gbmez-Suaga

1.5.2 PD-associated mutations of LRRK?2

Conceptually, mutations can decrease (“loss-of-function”) or increase (“‘gain-of-
function”) protein function. Gain-of-function mutations can either increase the normal
function of the protein or confer a novel function. Usually, recessive mutations act via a
loss-of-function, whereas dominantly inherited mutations act via a gain-of-function
mechanism. A third class of mutations is called “dominant-negative mutations”. These
are dominantly inherited mutations that impair the function of the remaining wild-type
protein present. There is some evidence that LRRK?2 pathology is related with a gain-of-
function mechanism: all pathogenic LRRK2 mutations are dominantly inherited and no
deletions or mutations causing premature stop codons in LRRK2-related PD have been
described thus far; the PD-related mutation G2019S is known to increase kinase activity
and kinase inhibition is reported to block neurotoxicity both in vitro and in vivo; and
homozygous human LRRK?2 patients have neither earlier onset nor faster progression of
PD. In addition, several independently generated and distinct LRRK2 transgenic mouse
models develop some PD-like phenotypes whilst knockout mice do not, and
overexpression of pathogenic LRRK?2 versus knockout of LRRK2 has opposite effects
on neurite outgrowth [108].

A large number of LRRK2 mutations have been described as putative causes of
PD, and several of those are clearly pathogenic (G2019S, R1441C, R1441G, R1441H,
N1437H, Y1699C and 12020T) based on disease segregation in large genetic and
functional studies [109].

The disease-segregating mutations in LRRK2 map to the central region
comprised of the two catalytic domains. Whilst the most frequent genetic cause of PD,
LRRK2 mutations display an incomplete and age-dependent penetrance, suggesting the
existence of genetic modifiers [110]. G2019S is predominantly linked to a late-onset PD
phenotype and it is the most frequent pathogenic LRRK2 mutation, affecting up to 40 %
of familial PD cases depending on ethnicity and having been detected in sporadic PD
cases as well [9, 41-43]. The highest known frequencies of G2019S are reported in
people of Ashkenazi or North African descent.

The G2019S substitution maps to the N-terminal hinge region of the activation
segment of the kinase domain, and has been consistently shown to enhance kinase
activity (by 3-5 fold) [111], possibly due to the novel serine residue resulting in a more

rigid conformation with persistence of the active state [112]. The small side chain of
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glycine allows maximum flexibility and thus motion of the activation loop, whilst the
serine residue, with a negatively charged hydroxy-containing side chain and less
conformational flexibility, might “lock™ the kinase in an active conformation. In fact,
Luzoén-Toro ef al. (2007) reported that substitution of alanine for glycine in that site on
autophosphorylation-negative mutant protein restores autophosphorylation to wild-type
levels [112].

The position R1441 in the GTPase domains is the second most common spot of
pathogenic LRRK2 mutations. The R1441 residue is mutated to either glycine, cysteine
or histidine (that is, R1441G/C/H) in families with PD [38, 113-116] The R1441 residue
sits at the interface between two monomers in the dimeric LRRK2 structure, and the
Y1699 residue in the COR domain at the ROC-COR interface [117]. These mutations
are thought to change dimer interactions and decrease GTPase activity, suggesting that

the GTP-bound state is associated with disease [87, 117-119].

1.5.3 Expression and localization of LRRK?2

LRRK2 is expressed in virtually all tissues examined, with comparably high
levels in peripheral organs such as kidney, lung, spleen, liver, heart and peripheral blood
mononuclear cells [120]. In the brain, LRRK2 is expressed at comparably low levels
[120]. LRRK2 protein can be observed in distinct areas, with highest expression in
cortex and hippocampus as well as striatum, and very low levels in the SNpc [121]. The
protein is expressed in neurons, astrocytes and microglia [120]. Together, such broad
and varied expression indicates that LRRK?2 may play a role in a cellular process shared
amongst most cells.

Some LRRK2 protein has been detected in LBs of sporadic PD [122] and in LN
[123], even though the specificity of antibodies used is controversial, and generally it is
assumed that LRRK2 is not a major component of LB or LN. Similarly, the low levels
of LRRK2 present in neurons have made the exact determination of the intracellular
localizations of the protein somewhat difficult.

Overexpressed as well as endogenous LRRK2 has been found in the cytoplasm
as well as associated to specific membranes including endo-lysosomal structures in
neuronal and non-neuronal cells [124-126], the Golgi complex, mitochondrial outer

membrane, plasma membrane and endoplasmic reticulum (ER) [125]. In addition,
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LRRK?2 also is found located to lipid rafts, specific microdomains within membranous
structures [127].

The membrane association of LRRK2 has been proposed to be important for
LRRK2 dimerization [99]. The membrane-associated fraction of LRRK2 possesses
greater kinase activity and binds GTP more efficiently than cytosolic LRRK2 such that
activity may be tightly linked to localization [99].

In addition, it is suggested that the phosphorylation status of LRRK?2 may affect
cellular localization by modifiyng its interaction with 14-3-3 proteins [128]. The
phospho-sites within LRRK?2 to which 14-3-3 proteins bind are not autophosphorylation
sites, suggesting that upstream kinases may regulate the cytosolic (and possibly

membrane-bound) amounts of active LRRK2 [128, 129].

1.5.4 Putative LRRK?2 kinase substrates

One general complexity in studying the physiological function of LRRK2 is the
fact that there are no consistently identified substrates for its kinase activity, neither
functional output for its GTPase activity. Therefore, methods to assess in vitro LRRK2
kinase activity are limited to assays employing autophosphorylation [111, 130], or the
phosphorylation of LRRK2-specific peptides such as LRRKtide or Nictide [83, 131].

LRRK2 clearly phosphorylates itself on multiple sites, which may change its
GTPase activity and/or interactions with a variety of proteins. LRRK2 is also subject to
so-called cellular phosphorylation by upstream kinases, which include PKA [128, 129,
132, 133].

A series of substrates for LRRK2 have been proposed [131, 134-139] but the
large majority await independent verification or have been shown not to be
physiologically relevant in follow-up studies [140]. Some may be regulated by LRRK2,
without being direct substrates [141, 142]. In sum, LRRK2 kinase substrate
identification approaches have yet to reveal a good target for the kinase activity of

LRRK2.

1.5.5 LRRK?2 interactors

Additional large research efforts are attempting to systematically study the

LRRK?2 interactome. As a result, LRRK2 has been reported to interact with a whole
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array of proteins, and this somewhat complicates establishing coherent hypotheses
about the molecular mechanism(s) by which LRRK2 acts. However, these protein
interactions may happen in a cell-type dependent manner, may be subcellular
compartment-specific, or reflect distinct protein complexes LRRK?2 can engage in [18].

LRRK2 can bind 14-3-3 proteins when phosphorylated on several cellular
phosphorylation sites [106, 128, 129, 132, 143, 144]. 14-3-3 proteins are characterised
by binding to partner proteins and alter their subcellular localization [145]. In addition,
LRRK?2 interactions with others proteins involved in chaperone-mediated pathways
including Hsp90//p50cdc37, Hsp60, Hsp70, and the C-terminal Hsp70 interacting
protein (CHIP) have been described [146, 147]. These chaperone proteins may serve to
maintain the accurate folding and activation state of LRRK2, and disruption of the
interaction may lead to proteasomal degradation [146, 148].

Possibly due to its homology with other kinases such as MLKs and RIPs,
LRRK2 has also been found to interact with MKKs, and may be involved in various
kinase signalling pathways [138, 149, 150]. Interestingly, various non-biased in vitro
interaction assays reported interactions of LRRK2 with actin, actin-binding proteins,
tubulin and microtubule-interacting proteins, as well as proteins involved in vesicle exo-
and endocytosis and intracellular membrane trafficking pathways related to endocytic-
lysosomal trafficking and retromer-mediated trafficking, (see below) [134, 151-155].
These interactions help to formulate molecular models as to how LRRK2 may function

in cells.

1.5.6 Animal and cell models
Animal models

The classical intoxication PD models are based on relatively selective killing of
DA neurons, but in a very rapid and pronounced manner which does not recapitulate the
degenerative process of PD. The possibility to generate animal models carrying a
mutant gene causing PD to uncover the fundamental biology and pathobiology of the
encoded protein associated with the disease has proven very useful to study a cellular
process in the context of functional neuronal circuits.

Several animal model systems have been developed to better understand the

pathobiology of LRRK?2 disease-associated mutations. It is important to notice that
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whilst the LRRK2 gene is conserved across higher eukaryotic species, Danio rerio
(zebrafish), Caenorhabditis elegans and Drosophila melanogaster possess only one
LRRK ortholog whose function may be somewhat distinct from mammalian LRRK2.
However, these models have a short lifespan, are genetically easily manipulable, show

overt phenotypes, and are very useful for in vivo compound screening approaches.

YEAST

The yeast S.cerevisae, a eukaryotic single-cell organism, does not contain an
obvious LRRK2 ortholog. Expression of truncated human LRRK2 was found to
decrease yeast viability in a GTPase domain-dependent but kinase activity- and disease-
associated mutation-independent manner [90]. The lack of effect of kinase activity or
pathogenic mutations on yeast toxicity induced by truncated human LRRK2 expression
indicates that full-length protein may be required to observe effects, or that kinase-
dependent and mutation-dependent LRRK2-induced toxicity may require a cellular
context other than that provided by the yeast system. Interestingly, the expression of
truncated LRRK2 GTPase variant has been shown to induce defects in endocytic and
autophagic trafficking, and genetic modifier screens identified the GAP which seems to

regulate LRRK2 GTPase activity [90].

WORMS
The invertebrate model Caenorhabditis elegans possesses a human LRRK

ortholog termed LRK-1. LRK-1 deletion studies have implicated it in determining
polarized sorting of synaptic vesicle proteins to axons by excluding these proteins from
the dendrite-specific transport machinery in the Golgi [156]. Furthermore, the C.
elegans knockout for the LRK-1 gene displays hypersensitivity to the ER stressor
tunycamicin [157]. Expression of human LRRK2 wild type, R1441C and G2019S
mutants in nematode DA neurons causes age-dependent neurodegeneration, behavioral
deficits and motor activity deficits that are accompanied by a reduction of dopamine
levels in vivo, with pathogenic mutations having a stronger effect than the wild-type
protein. Importantly, LRRK2 kinase inhibition has been demonstrated to be effective in
rescuing the degeneration of DA neurons in transgenic R1441C and G2019S C. elegans,
suggesting that the LRRK2 kinase may represent a promising target [158, 159].
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FLIES

Drosophila melanogaster represents a good model organism for studying
neurodegenerative diseases, as there exists a high degree of conservation of disease-
related loci between flies and humans [160]. Drosophila contains one LRRK ortholog
[161], dLRRK, which is present at synapses [162] and critical for the synaptic
morphology and integrity of DA neurons [162]. dLRRK loss-of-function mutants
exhibit synaptic overgrowth [139, 163], whereas overexpression of human LRRK2 has
opposite effects [163]. Wild-type and mutant G2019S LRRK?2 expression induces loss
of DA neurons and motor dysfunction [164, 165], with G2019S LRRK2 causing a more
severe parkinsonism-like phenotype than wild-type [166], even though reported
phenotypes are variable [167]. Furthermore, non-autonomous cellular dysfunction has
also been observed in flies expressing LRRK2-G2019S in DA neurons, including
elevated autophagy, apoptosis and mitochondrial disorganization in photoreceptors,
causing a deterioration of vision [168].

The Drosophila model is a valuable tool to rapidly screen for pharmacologic
intervention in PD. Indeed, LRRK2 kinase inhibitors attenuate neurodegeneration in
this model system as well [159]. Furthermore, several LRRK2 interactors and substrates

have been described in this model system [134, 169], as described above.

MICE

A whole variety of transgenic animal models for LRRK2 have been generated [170].
Overexpression levels are very different amongst the transgenic lines, which may
explain some apparent discrepancies in phenotypes. In other words, it remains possible
that the presence or absence of a phenotype simply correlates with the levels of
transgene expression.

Bacterial artificial chromosome (BAC) — mediated transgenesis has been used
by several groups, and overexpression of wildtype or mutant human or mouse LRRK2
has generally failed to recapitulate the loss of DA cells observed in PD. However, some
neurochemical and behavioural deficits are common features in various LRRK2 mouse
models, and may represent some of the earliest neuronal dysfunctions set in motion by
pathogenic LRRK2 mutations [75, 171-175].

Neither the R1441C LRRK2 homozygous knockin mice, in which the R1441C

mutation is expressed under the control of endogenous regulatory elements [172], nor
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the R1441C LRRK2 BAC transgenic mice [171], display DA neurodegeneration.
However, they show impaired dopamine neurotransmission, axonal pathology and
motor deficits.

Similarly, several G2019S LRRK2 BAC transgenic mice have been reported to
display abnormal dopamine neurotransmission, as evidenced by a decrease in
extracellular dopamine levels and increased striatal tau immunoreactivity without DA
neuron loss in the SNpc [173, 175]. Degeneration of the nigrostriatal pathway has been
reported in two transgenic mouse models expressing G2019S mutant LRRK2 [176,
177], with loss of DA neurons in an age-dependent manner. In addition, one of the
studies reported autophagic and mitochondrial abnormalities in the brains of aged
G2019S LRRK2 mice and markedly reduced neurite complexity of cultured DA
neurons derived from these animals [177].

In contrast to the mutants, wild-type LRRK2 BAC transgenic mice have
minimal evidence of neurodegeneration and the phenotypes described to date are
controversial, with either enhanced or impaired DA transmission [173, 175].

Finally, mouse and rat LRRK2 knockout (LRRK2 KO) models have been
generated to study the normal physiological function of LRRK2 [178, 179]. These
models are also useful for evaluating potential safety liabilities of LRRK2 kinase
inhibitor therapeutics for treating PD, (see above). Knockout animals have no signs of
PD-pertinent phenotypes, and do not show a significant difference in their susceptibility
to MPTP [180]. However, there are striking phenotypes in peripheral organs, especially
kidney, lung and liver. For example, the kidneys of knockout mice develop an age-
dependent accumulation and aggregation of a-synuclein and ubiquitinated proteins [85],
implicating LRRK2 in autophagic-lysosomal defects [84], as further explained in detail

below.

Cellular models

In cellular models, the molecular function of proteins can be dissected in a
relatively fast and reproducible manner by using molecular, biochemical and
pharmacological approaches. Importantly, these features also offer the possibility to
implement high-throughput screening approaches for drug candidates. The availability
and, at least in some cases, unlimited proliferation capacity are a major advantage of

such models. They also offer a controlled environment, even though they are missing
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the natural neuronal network in which disease states develop. Consequently, it is
necessary to be cautious in the interpretation of cellular studies, as they cannot
accurately model the environment of a postmitotic midbrain neuron in the intact brain.

Several tissue-culture models have been used for studding LRRK2-related
biological effects. Immortalized cell lines, either in a proliferating or differentiated state,
are commonly used. Human neuroblastoma or carcinoma cell lines such as SH-SYSY
cells, or PC12 cells derived from a pheochromocytoma of the rat adrenal medulla,
which are all DA in nature, are commonly used to study the effects of LRRK2 on
neurite outgrowth or serve as in vitro model systems for drug discovery. Non-neuronal
cell lines such as human embryonic kidney (HEK-293) or HeLa cells have also been
widely used because they are efficiently transfected, achieving high overexpression
levels [92, 127, 132, 148, 181-183]. Primary DA neurons derived from animal models
comprise helpful cellular systems for investigating PD pathogenesis, even though few
cells can be obtained and they are tedious to culture [184]. Finally, cells from patients
are important cellular model systems, as they contain the pathogenic mutations which
cause the disease, even though the genetic variability between patients means that
cellular readouts may be more variable than what is observed in homogenous cell lines
or cells derived from background-controlled transgenic animals [185]. Generally,
studies using human cells are performed in primary dermal skin fibroblasts from age-
and sex-matched control and LRRK2 mutant patients. Cells can also be modified
towards induced pluripotent stem cells (iPSCs), and these can be differentiated into DA
neurons [37, 185-190]. However, this is a lengthy and very costly process. Other
primary patient-specific cells include lymphoblastoid cells.

All types of cellular systems for the study of LRRK2 have been employed, and
interestingly, some common denominators have been found in all cell systems
mentioned, including altered autophagy, which attests to the validity of the more simple,

transient expression systems for studying LRRK2 function [37, 124, 177, 191-194].

1.5.7 Biological effects of LRRK2

Up to date, various cell biological effects of LRRK2 have been reported. Some
have been only robustly observed under overexpression conditions, whilst others are
also detected when LRRK2 is present at physiological levels, and those are the most

relevant. In addition, knockout or RNAi approaches, as well as LRRK2 kinase
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inhibition with specific inhibitors highlight roles for LRRK2 in various cellular
processes, as outlined below.
Cytotoxicity

PD-associated mutations in LRRK2 have been robustly reported to cause cell
toxicity when overexpressed in multiple cell lines, including primary neurons in culture,
while overexpression of wild-type LRRK2 does not seem to significantly decrease cell
viability under the assay conditions employed [73, 74, 195, 196]. Cell death is also
evident upon viral vector-mediated expression of mutant LRRK?2 in vivo [75, 197].

Kinase as well as GTPase activities seem to mediate cytotoxicity [73-75, 90,
194] and in some cases isolated domain fragments (e.g. kinase domain) have been
shown to have effects as well [196]. In overexpression studies, toxicity starts to be
evident 72 hours after transfection [130], indicating that cellular alterations mediated by
LRRK?2 take time to manifest themselves in terms of viability. This opens up a window
during which LRRK2-mediated cellular effects can be studied before events related to
apoptosis take over.

In transgenic mice overexpressing G2019S LRRK2, proliferation of newly
generated cells is significantly decreased and survival of newly generated neurons is
also severely impaired in two neurogenic regions [174, 198]. In contrast, iPSC-derived
DA neurons from mutant LRRK2 carriers do not show enhanced cell death, but they do
display increased susceptibility to death upon different stressors related to oxidative
stress or disruption of the autophagy-lysosomal pathway and UPS [186, 188].
Generally, phenotypes in those cells take longer to develop, and are often only seen
upon prolonged culture conditions [198] suggesting that overexpression of pathogenic
LRRK2 may shorten the time to observe LRRK2-mediated cellular events [187, 189,
199, 200].

The mechanism of LRRK2-mediated cell death seems to involve an apoptotic
pathway. Indeed, pathogenic LRRK?2 mutants were reported to show enhanced binding
to the death adaptor Fas-associated protein at the death domain (FADD) and promote
caspase-8-dependent apoptosis in a kinase activity-dependent manner [201].

Neurite outgrowth and synaptic alterations

Both human patients and primate models of PD display deficits in DA

transmission and alterations in synaptic terminals in the striatum which seem to occur

prior to neuron loss in the SNpc [202]. Thus, the earliest pathogenic alterations
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underlying PD may arise at the synapse. Interestingly, neurite shortening represents a
consistent phenotype associated with mutant LRRK?2 expression both in primary culture
and in vivo [92, 155, 157, 174, 177, 187, 194, 196, 203]. Reduced dendritic arborization
and fewer spines have also been reported in transgenic mice expressing G2019S mutant
LRRK?2 [174]. Where investigated, this phenotype seems kinase activity-dependent and
mediated by macroautophagy [157, 174, 177, 194, 196]. A recent study in mouse
cortical neurons expressing either G2019S or R1441C LRRK2 mutations has shown
that the observed dendrite shortening is mediated by mitophagy, and due to alterations
in calcium homeostasis [190]. Conversely, silencing or knockout of LRRK2 seems to
cause opposite effects on neurite outgrowth and arborization, even though this has been
controversial [155, 196, 204, 205]. Interestingly, the silencing of LRRK2 in cortical
neurons has been reported to increase the mobility of synaptic vesicles, which may
indicate a role for LRRK?2 in SV trafficking [206].

The precise mechanism(s) by which LRRK2 regulates neurite morphology
remains unclear, but may involve presynaptic and/or postsynaptic events [207]
including effects on SV trafficking or cytoskeletal organization and dynamics [134, 156,
174, 204, 205, 208-210]. Notably, the effects of G2019S LRRK2 on neurite
morphology can be rescued in vitro by overexpression of Racl [155] and in vitro and in
vivo by Rab7L (involved in retromer-mediated trafficking between late endosomes
(LEs) and the Golgi) [152]. Thus, the LRRK2-mediated effects on neurite outgrowth
and synaptic dysfunction may be due to alterations in one or more intracellular
membrane trafficking pathways in a cytoskeleton-mediated manner.

Cytoskeleton

Actin and microtubule dynamics are crucial for proper neuronal network
formation, regulating elementary processes such as axonal guidance and synaptogenesis
[211]. Furthermore, the cytoskeleton plays a critical role in various cellular processes
including cell motility, division, intracellular organization, and organelle and vesicle
transport. As a typical SNpc DA neuron has extremely long axonal projections [212],
there is a larger need for synaptic membrane trafficking, and its dysfunction may
potentially contribute to the axonal pathology seen in PD patients.

Various independent studies have shown that LRRK2 can interact with
numerous cytoskeletal proteins including actin, moesin, ezrin and radixin-(ERM) family

members, myosin and myosin-related proteins, o- and B-tubulins and microtubule-
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bound tau [135, 136, 141, 203]. Thus, LRRK2 may be closely related with microtubule-
related processes and actin dynamics with concomitant effects on neurite outgrowth
and/or cellular trafficking (reviewed in [213]).

With respect to actin-mediated events, neurons from G2019S mutant LRRK2
mice display an increase in the number of phospho-ERM and F-actin-enriched
filopodia, which correlates with retarded neurite outgrowth, whilst the reverse is
observed in LRRK2 knockout neurons [214]. LRRK2 has also been reported to interact
with the Rho GTPase Racl, which binds to a complex that regulates actin filament
formation, neurite outgrowth and endocytosis [155].

Both wildtype and pathogenic mutant LRRK2 can interact with o/f tubulin
heterodimers and microtubules [141, 215]. It may enhance tubulin polymerization by
direct or indirect phosphorylation of brain-derived B-tubulin isoforms [135]. Tubulin
phosphorylation during neurite outgrowth is known to stabilize the microtubule
cytoskeleton, and G2019S LRRK2 transgenic mice display microtubule assembly
consistent with enhanced tubulin polymerization [215]. In addition, the levels of soluble
B-tubulin are dramatically decreased in brains of LRRK2 expressing mice [215] and are
significantly increased in the brains of LRRK2 KO mice [135].

A role for LRRK2 in the modulation of microtubule dynamics is also suggested
by reports that it directly or indirectly regulates the phosphorylation of microtubule-
bound tau [136, 173, 203]. Tau is a microtubule-associated protein present mainly in
neuronal axons and drives neurite outgrowth by promoting the assembly of
microtubules [216]. Pathogenic LRRK2 has been reported to increase tau
phosphorylation, resulting in concomitant microtubule destabilization by reducing the
ability of phosphorylated tau to bind to tubulin [203]. In rodent models overexpressing
pathogenic LRRK2, hyperphosphorylation of tau is associated with abnormal
processing or accumulation of tau and motor deficits [171, 173, 197, 216]. Collectively,
these data may suggest that LRRK2 may modulate microtubule dynamics by controlling
the phosphorylation status of tau. Alterations in microtubule dynamics have also been
observed in the context of endogenous levels of LRRK2. For example, primary
fibroblasts derived from LRRK2 patients were shown to contain a reduced microtubule
mass, a higher fraction of unpolymerized tubulin, and resulting changes in cell

morphology and cell migration [141, 217].
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The reported roles of LRRK?2 in regulating microtubule and actin dynamics may
cause the observed membrane-related membrane trafficking deficits (see below), as
intracellular membrane trafficking is largely cytoskeleton-dependent. However, whether
LRRK?2 affects microtubule dynamics directly, or whether these events occur
secondarily to some other upstream event(s) remains to be determined.

Autophagy and endocytosis

There are indications that LRRK2 plays an important role in autophagy [37, 84,
85, 124, 177, 191, 194, 196]. Indeed, an accumulation of autophagic vacuoles is a
consistent neuropathological feature in PD, and may reflect a dysfunction in the
autophagic-lysosomal protein degradation system [218]. Initial studies had shown
accumulation of autophagic vacuoles in neurons or in DA SH-SY5Y cells
overexpressing G2019S mutant LRRK2 [194, 196], and such autophagic alterations
were accompanied by a reduction in neurite outgrowth. Changes were also observed
when expressing R1441C mutant LRRK2 in HEK293 cells, such as accumulation of
abnormal MVBs [124]. However, the mechanism by which pathogenic LRRK2 alters
autophagy, and whether it induces or blocks autophagic flux, had remained largely
unclear. Similarly, whilst overexpression of mutant LRRK2 in mammalian cells had
been shown to affect endocytosis [134, 154, 219], the mechanism(s) underlying such

effects had been unclear.

1.6 PD Pathogenesis

While the exact molecular mechanisms of neurodegeneration in PD remain
unknown, impairment in a number of cellular processes have been suggested to underlie
PD, including protein accumulation and aggregation, impairments in autophagy,
oxidative stress, mitochondrial defects, calcium homeostasis dysregulation and
neuroinflammation. The pathogenic factors exposed are not mutually exclusive, and the
aim of current research is to elucidate mechanisms underlying PD associated with
mutations in LRRK?2.

1.6.1 Protein aggregation and lysosome-dependent pathways.

The presence of LBs in DA neurons as a hallmark of PD suggests that protein

misfolding and aggregation are central features of PD pathophysiology [220]. Indeed,

PD as well as other neurodegenerative diseases are often referred to as ‘protein
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misfolding diseases’ [221]. The accumulation of misfolded proteins in these diseases
suggests a common pathological mechanism possibly underlying clinically distinct
neurological states. Genetic mutations, environmental factors, oxidative damage and
dysfunction in protein degradation mechanisms may result in protein misfolding and
subsequent accumulation [222]. As explained above, largely natively unfolded proteins
such as a-synuclein tend to be prone to aggregation into smaller and larger oligomeric
structures, which can impair cell function and viability. When misfolded proteins form
oligomers, they become inaccessible to the proteasome and can only be degraded by
autophagy-lysosome-related pathways. As mentioned previously, the importance of
lysosomal function has also become apparent from the discovery that mutations in
GBA, a gene which codifies for a housekeeping enzyme crucial for lysosomal
degradation comprises the most common risk factor for sporadic PD (see above) [22,
223, 224].

Along with ubiquitinated protein aggregates, an increased number of autophagic
structures have been found in PD patients, animal and cellular models of PD [72].
Another piece of evidence linking autophagy to PD comes from the reported effect of a-
Synuclein overexpression blocking macroautophagy [225]. In addition, a-Synuclein and
UCHL-1 mutants have been reported to block CMA, another type of protein
degradation (see below) [226, 227]. Conversely, pharmacological activation of
macroautophagy has been shown to alleviate the toxicity associated with mutant o-
Synuclein in vitro and in vivo [228, 229]. Other PD-related proteins have been related to
altered autophagic flux as well. For example, the absence of DJ-1, PINK1 or Parkin
impairs basal autophagic flux, causes accumulation of autophagic markers,
mitochondrial fragmentation and depolarization in human DA cells [230-232], and

LRRK2 has been closely related with macroautophagy as well (see above).

1.6.2 Mitochondrial damage and oxidative stress

Neurons use a considerable amount of energy, and thus are highly equipped with
mitochondria and extremely sensitive to mitochondrial dysfunction [233]. There is
chemical and genetic evidence for the involvement of mitochondrial damage in PD (see
above). The idea that MPTP, rotenone, and paraquat inhibit complex I is widely
accepted. In addition, studies on different cell types from idiopathic PD patients confirm

the important role of mitochondria in the pathogenesis of PD.
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Additional evidence for mitochondrial involvement comes from the study of PD-
related genes (PARKIN, PINK1, and DJ-1), where PD-linked mutations cause deficits in
mitochondrial homeostasis [55-57, 65, 66, 68, 230, 231]. Furthermore, overexpression
of mutant LRRK2 or a-Synuclein increase ROS levels and cause defects in the
morphology and dynamics of mitochondria, which compromises neuronal survival [234,
235]. In Drosophila, LRRK2 mutations have also been shown to increase susceptibility
to complex I inhibition [165].

Mitochondria are one of the major cellular producers of ROS [236]. Oxidative
damage has been reported in mitochondria and other cellular components, such as DNA,
proteins, and lipids, in the SNpc of PD brains [237]. Oxidative stress is not just a
consequence of mitochondrial dysfunction, but may also comprise a pathogenic factor
on its own. The link between oxidative stress and PD is based on the observation that
oxidation of cytosolic dopamine and its metabolites leads to the production of cytotoxic
free radicals in DA neurons [238]. Whilst this theory may explain the selective
vulnerability of DA neurons, other neurons die in PD as well (see above), and thus

oxidative stress may be an important, but not the principal culprit for the disease [239].

1.6.3 Altered calcium homeostasis

Currently, one of the mechanisms believed to be implicated in the selective
degeneration of DA neurons in PD relates to perturbations in calcium homeostasis
[240]. Adult SNpc DA neurons are autonomously active, generating action potentials in
the absence of synaptic input, as many others neurons [241]. However, whilst most
neurons use exclusively monovalent cation channels to drive this pacemaking activity,
SNpc DA neurons also employ L-type calcium channels that allow calcium to enter the
cytoplasm [242].

Since the spatiotemporal pattern of calcium signalling is crucial for the
specificity of cellular responses, calcium must be under a tight homeostatic control that
requires energy. Therefore, calcium must be extruded by ATP-dependent processes: it
needs to be pumped out or rapidly sequestered by intracellular organelles, including the
ER and lysosomes. Both processes are mediated by ATP-dependent pumps and
exchangers [243, 244]. This additional energy requirement and energy production via
mitochondria can generate oxidative stress and production of reactive oxygen species.

In addition, the increase in calcium uptake by mitochondria from the endoplasmic
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reticulum (ER) through inositol trisphosphate receptor receptors (IP;R) leads to an
increase in the basal generation of oxidant stress in the mitochondria of SN¢c DA
neurons, increasing SNc DA neuron vulnerability [239, 242, 245].

Interestingly, as mentioned previously, non-DA neurons degenerate in PD as
well, and these neurons also possess autonomous or spontaneous activity which can
open NMDA receptors, which can become permeable to calcium, thus increasing

intracellular calcium load [240].

1.6.4 Neuroinflammation

Even though the brain has been classically considered to be free from immune
reactions since it is protected by the blood—brain-barrier, recent findings have revealed
that immune responses may occur in the brain, especially due to the activation of
microglia. In classical toxin-induced PD models, inflammation and resultant oxidant
stress are important modulators of cell loss.
Chronically activated microglia and astrocytes may contribute to PD; indeed, microglial
activation, T-cell infiltration and astrocyte accumulation are observed in the later stages
in the nigro-striatum of PD brains [246]. Activation of microglia causes inflammatory
responses which activates inducible nitric oxide synthase (iNOS) and contributes to
oxidative stress in the affected areas [45]. In addition, microglial activation has been
shown to upregulate and release pro-inflammatory cytokines and decrease the levels of

neurotrophins, the latter of which seem to be neuroprotective [247].
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2. THE AUTOPHAGIC AND ENDOCYTIC PATHWAYS

Endocytosis is responsible for internalization of a wide range of cell surface
receptors, which are either recycled via distinct pathways or targeted to the lysosome for
degradation. Autophagy likewise targets proteins, protein aggregates or entire
organelles for lysosome-mediated degradation. Thus, both trafficking events share
lysosomes as common endpoint [48]. They intersect at other stages as well; biochemical
and morphological studies have shown that autophagosomes can fuse with endosomes,
mainly late endosomes (LEs), generating amphisomes, pinpointing towards another
convergence of these two pathways [248]. Both routes also employ common proteins
such as Ras-like small guanosine triphosphatases (Rab GTPases), as further detailed

below.

2.1 Autophagy
2.1.1 Function and forms

Autophagy is an evolutionarily conserved catabolic process. It is important for
balancing sources of energy at critical times in development, in response to nutrient
stress, and plays a key role in the homeostatic clearance of old or damaged organelles,
proteins and protein aggregates [249, 250]. Autophagy normally proceeds at a low basal
rate, but basal autophagy is especially high in neurons, and disrupting basal autophagic
degradation causes neurodegeneration in mice [251, 252].

There are at least three types of autophagy, depending on the delivery route of
the material for degradation to the lysosomal lumen: chaperone-mediated autophagy,
microautophagy, and macroautophagy [253, 254].

1. Chaperone-mediated autophagy (CMA) is a selective mechanism responsible for
the lysosomal degradation of soluble cytosolic proteins targeted with a consensus motif.
These proteins are translocated across the lysosomal membrane in a complex with
chaperone proteins that are recognized by the CMA-receptor lysosome-associated
membrane protein (LAMP) 2A (LAMP2A), resulting in their unfolding and
degradation. Defective CMA has been described in different pathologies including
lysosomal storage diseases and familial forms of PD [255].

2. Microautophagy is a mechanism by which a portion of cytoplasm is directly taken

up by the lysosome itself through invagination of the lysosomal membrane.
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3. Macroautophagy (hereafter referred to as autophagy) is a process by which
cytosolic constituents, including damaged organelles and aggregated proteins, are
engulfed within specialized double-membrane vesicles called autophagosomes.
Autophagosomes fuse with LEs first, or directly with lysosomes, followed by the
hydrolytic degradation of products in lysosomes and reformation of these organelles to
maintain cellular degradative capacity. Disrupting any part of this process impairs

autophagic flux, accompanied by the accumulation of autophagic substrates.

2.1.2 Signalling pathways

The signalling mechanisms leading to the activation of autophagy under nutrient
starvation conditions have been extensively investigated [256]. However, these
circumstances are rare under physiological conditions. Nevertheless, as mentioned
previously, autophagy plays an essential role in the maintenance of normal homeostasis
at both a cellular and organismal level, and can also be induced by several cellular
stresses under normal nutritional conditions. Under normal non-starved conditions,
autophagy is regulated by a wide array of extracellular factors including growth factors,
cytokines and chemokines, suggesting that there is a mutual exclusive regulation of cell
growth and autophagy [257].

The best known canonical autophagy regulator is the mammalian TOR kinase
(mTOR), specifically complex] (mTORCI1, comprised of by mTOR, RAPTOR,
GBL/mLst8, PRAS40 and DEPTOR) [256]. Therefore, autophagy signalling has been
divided into mTOR-dependent and —independent pathways.

mTOR-dependent autophagy

mTOR is a serine/threonine protein kinase that belongs to the
phosphatidylinositol kinase-related kinase (PIKK) family. mTOR regulates the balance
between anabolic (cell growth) and catabolic (autophagic degradation) processes and
has recently been shown to be an important player in neurodegeneration [258].

The mTORC1 complex is positively regulated by the small GTPase Rheb, which
can be inactivated by the GTPase activating protein (GAP) formed by the heterodimer
regulator tuberous sclerosis 1 and 2 (TSC1/TSC2). In response to amino acids,
mTORCI has been reported to be recruited to the lysosomal surface by Rag GTPases

[259]. Such lysosomal localization seems to be required for activation of the complex
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by Rheb [260]. The active mTORCI1 complex promotes cell growth and inhibits
autophagy by phosphorylating the mammalian Atgl orthologous ULK1 and ULK2
(ULK1/2) and ATG13L subunits (see figure 3) [261]. mTOR can be inhibited indirectly
by another autophagy-related kinase, adenosine monophosphate-activated protein kinase

(AMPK).
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FIGURE 3 Signalling pathways in autophagy.

The ULK1/2 complex integrates upstream mTOR and AMPK signalling to coordinate the
induction of autophagy. The mTOR complex inhibits the induction of autophagy through
phosphorylation of ULK1/2 complex, which undergoes dephosphorylation upon starvation.
AMPK may promote autophagy through inhibition of mTOR and through phosphorylation of
the ULK1/2 complex as well. Dot-end arrows indicate events that inhibit autophagy, while

normal arrows indicate events that are inducing autophagy. Figure adapted from [262].

mTOR-independent autophagy

Autophagy can be also controlled by several additional pathways, independently
of mTOR. Direct induction of autophagy can be mediated by the activation of AMPK in
response to energy loss (an increase in AMP levels), through LKB1 or through an
increase in cytosolic calcium levels and activation of CaMKKp [263, 264]. Thereby,
activated AMPK phosphorylates the ULK1/2 complex and induces autophagosome
formation directly [265, 266] .
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Intracellular calcium has been proposed to be a regulator of autophagy, even though it is
unclear whether there is positive [267, 268] or negative [269, 270] regulation. Releasing
calcium from the ER by thapsigargin (an ER ATPase inhibitor) has been shown to block
autophagic flux [269]. L-type calcium channel agonists have been proposed to inhibit
autophagy at the level of autophagosome biogenesis [270]. On the other hand, calcium
release from the ER has been shown to activate the CaMKKp/AMPK-mediated
suppression of mTOR, thus causing induction of autophagosome formation [268].
Finally, constitutive IP;R calcium transfer from ER to mitochondria inhibits autophagy
under normal nutritional conditions. In the absence of such calcium transfer, AMPK is
activated due to a decrease in mitochondrial ATP production and concomitant increase
in AMP levels, causing mTOR-independent autophagy induction [271]. These complex
findings indicate that it is important to consider the precise intraorganellar location of
calcium, and the role calcium plays at these organelles in the context of autophagosome

biogenesis, autophagosome-lysosome or endosome-lysosome fusion, respectively [272].

ULK1/2-Atg13-Atg101-FIP200 complex

There is a significant body of evidence indicating that all above-mentioned signalling
pathways converge onto the mammalian Atgl orthologues ULK1 and ULK2 (ULK1/2).
ULK1/2 is a direct target of multiple kinases that affect its function and localization in
multiple ways. mTORC1 and AMPK are able to oppositely regulate ULK1/2 kinase
activity by direct phosphorylation [261, 273, 274], (see figure 3). ULK1/2 activation
then leads to autophosphorylation and phosphorylation of both FIP200 and Atgl3,
which causes translocation of the entire complex to the pre-autophagosomal membrane

and autophagy induction.

2.1.3 Molecular components of mammalian autophagy

A crucial element in the autophagic pathway downstream of the ULK1/2
complex is the class III phosphatidylinositol-3 kinase vacuolar protein sorting 34
(Vps34). Vps34 is involved in several membrane-sorting processes such as autophagy,
endocytosis and cytokinesis, but is selectively involved in autophagy when complexed
to Beclinl, and this complex is crucial for autophagosome initiation [275]. The protein
AMBRAI has been proposed as the link between ULK1/2 and the Vps34-Beclinl
complex [276]. The ULKI-dependent phosphorylation of AMBRA1 might lead to the
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release of the Beclinl complex from the dynein motor complex to allow translocation of
the core complex to the autophagosome formation-related region [276]. In addition,
other proteins, such as UVRAG, BIF-1, and Atgl4L associate with the complex to
enhance autophagy [277, 278], whilst others, such as Rubicon or Bcl-2, associate with
the complex to inhibit autophagy [279, 280]. Importantly, Bcl-2 seems to provide a link
between apoptosis and autophagy, playing a dual role in determining cell viability,
maybe depending upon its subcellular localization [280].

Autophagic steps

The autophagic pathway is comprised of four steps: initiation, autophagosome
formation, trafficking and recycling of macromolecules [281].

Early studies provide evidence that the autophagosome membrane is largely
derived from ER membranes [282, 283]. More recently, mitochondria [284, 285],
plasma membrane [286], recycling endosomes [287], and the trans-Golgi network
(TGN) [288, 289] have all been shown to be cellular sources for autophagosome
formation. However, it remains unclear how much of the autophagosome membrane
comes from such distinct sources, and under which conditions, and it is generally
accepted that the ER membrane provides the major source of autophagosome
membrane.

The transient association of the complex Vps34-Beclinl-Vpsl5, together with
other different modulatory proteins, is a requirement for the initiation of the isolation
membrane [290]. The lipid phosphatidylinositol-3-phosphate (PI3P) seems to be
important for the initiation of the autophagosome membrane: PI3P-enriched membranes
recruit and activate effector proteins containing FYVE or PX PI3P-binding domains
[291].

The isolation membrane subsequently elongates, sequestering the cargo for
degradation, and finally closes off to form a double-membraned vesicle, the
autophagosome. The elongation process is regulated by two ubiquitination-like
reactions, the Atgl2/Atg5 conjugation and the conjugation of microtubule-associated
protein 1 light chain 3 (LC3) to the lipid anchor phosphatidylethanolamine (the
autophagosome-associated LC3-II form) [281]. The action of those two ubiquitin-like
conjugation systems is modulated by Atg7. The Atg5/12 complex is further associated
with Atgl6L and LC3, but dissociates from the vesicle once it is fully formed [292]. In

contrast, LC3, which is diffuse in the cytoplasm under normal conditions (LC3I), is
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bound to autophagic membranes (LC3II) upon the mentioned conjugation and is
classically used as a marker of autophagy, (see figure 4).

Autophagosomes are then transported on microtubules from the cell periphery to
the perinuclear region towards the microtubule-organizing center in a dynein/dynactin-
dependent manner (reviewed in [293]). During maturation, the outer membrane of the
autophagosome fuses with late endosomes, generating a hybrid organelle called the
amphisome, or directly fuses with lysosomes to form an autolysosome, (see figure 4).
Fusion events during autophagic maturation are similar to endosome-lysosome fusion
events, where kiss-and-run, complete fusions or fusion mediated through tubules have
been described [294]. Several protein complexes and signalling pathways are involved

in the maturation of autophagosomes and their delivery to and fusion with lysosomes.
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FIGURE 4. An overview of autophagy.

Autophagy is initiated by the formation of phagophores which engulf the autophagic cargo
(non-specific or specific substrates such as p62, aggregation-prone proteins or mitochondria)
inside a double-membrane. Once formed, the autophagosome fuses with endosomes (to form
amphisomes) or lysosomes (to form autolysosomes), a process which involves several
lysosomal proteins such as LAMPs and Rab7. Degraded products are translocated to the

cytoplasm and the autolysosome is recycled back to lysosome by lysosomal reformation.
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Autophagic compartments become progressively acidified during this trafficking route. Figure
adapted from [295].

Finally, lysosomal hydrolases degrade the content and the inner membrane of
the autophagosome/amphisome. After this process, lysosomal function is restored again
by formation of proto-lysosomes budding off from tubules emanating from the
autolysosomes. These proto-lysosomes have been reported to be non-acidic and LAMP1
positive [296]. Interestingly, mTOR may potentially regulate lysosomal reformation
through Rab7, because inhibiton of mTOR by rapamycin impaired the dissociation of
Rab7 from distended autolysosomes [296].

2.2 Endocytosis

2.2.1 Function and forms

Endocytosis is the mechanism by which cells control signalling pathways and
interact with their environment. It consists of an active transport of molecules from the
extracellular space and the plasma membrane to the interior of the cell, requires
adenosine triphosphate (ATP) and involves the de novo production of internal
membranes from the plasma membrane lipid bilayer.

Endocytosis can be separated into distinct categories based on cargo and
intracellular mechanisms involved in vesicle formation and scission from the plasma
membrane. In addition, dependent on cell type, the same endocytic cargo may be
internalized by different mechanisms, and even a switch of one pathway to another
within the same cell type may be possible under different conditions [297].

The most prominent and well-characterized pathway is clathrin-mediated
endocytosis (CME), and it is mainly responsible for the internalization of nutrients,
pathogens, antigens, growth factors and receptors [298]. In CME, coated pits
invaginate, pinch off and are subsequently endocytosed via coated vesicles, which are
encapsulated by a polygonal clathrin coat (CCVs). When CCVs are uncoated, they fuse
with the early endosome [299]. CCVs are involved in several transport steps such as

receptor-mediated endocytosis, but also in transport from the TGN to endosomes [300].
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2.2.2 Endocytic compartments

Despite the great plasticity and dynamics of the endocytic system, four classes of
endocytic compartments are typically distinguished: early endosomes (EEs), late
endosomes (LEs), recycling vesicles (RVs), and lysosomes. These different vesicular
organelles are differentiated by their morphological appearance, different protein and/or
lipid composition, association with Rab GTPases and by different luminal pH [298].
Early endocytic compartments

The biogenesis of early endosomes (EEs) is not entirely clear, but they might be
mainly derived from primary endocytic vesicles that fuse with each other [301].
Normally, an EE fuses with incoming vesicles and, while most membrane and fluids are
rapidly recycled, some of the received cargo accumulates. During this period, EEs
recruit specific proteins from the cytosol to their cytosolic membrane surface [297,
299].

Functionally, EEs serve as a key control point for cargo sorting. Basically, there
are two routes a cargo can take when exiting the EE: 1) it can enter the late endosomal
pathway for degradation; or 2) it can be transferred to the endocytic recycling
compartment (Rabl1/Rab4-positive recycling endosomes) and shuttled back to the
plasma membrane [302, 303].

Individual EEs have a complex structure with tubular and vacuolar domains,
which differ in composition and function [301]. EEs undergo homotypic fusion as well
as fission events in a manner requiring specific cytosolic and membrane-associated
protein factors, including Rabs [304, 305].

Rabs are Ras-like small GTPases, and like other GTPases, they cycle between an
inactive GDP-bound form in a complex with the GDP dissociation inhibitor (GDI) in
the cytoplasm, and a membrane-associated GTP-bound active form. To be activated,
they need to be recruited to membranes, where GDI is removed and GDP replaced by
GTP. A GDI-displacement factor (GDF) can recruit the Rab-GDP to the membrane,
whereas a guanine nucleotide exchange factor (GEF) facilities the exchange of
nucleotides and activates the Rab, (see figure 5). Active Rabs interact with downstream
effectors to exert their biological functions. Rab-inactivation finally requires a GTPase-
activating protein (GAP) to catalyse efficient nucleotide hydrolysis [306]. These Rab
regulatory proteins can be phosphorylated in response to different signalling pathways,

thereby modulating Rab activity [307].
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Figure 5. GTPase cycle

Conversion of the GDP-bound Rab into the GTP-bound form occurs through the exchange of
GDP for GTP. This step is catalysed by a guanine nucleotide exchange factor (GEF). The GTP-
bound 'active' conformation is recognized by multiple effector proteins and is converted back to
the GDP-bound 'inactive' form through hydrolysis of GTP, which is stimulated by a GTPase-
activating protein (GAP) and releases an inorganic phosphate (P). The GDP-bound Rab is
recognized by Rab GDP dissociation inhibitor (GDI), which regulates the membrane cycle of
the Rab. Figure adapted from [308].

Canonically defined EEs contain Rab5 and its protein effectors Early Endosome
Antigenl (EEAT) and Vps34/p150. Rab5 regulates the fusion of primary endocytic
vesicles with pre-existing EEs as well as homotypic EE fusion [305]. Another early
endosomal characteristic is the only slightly acidic pH [309].

The recruitment of Rab5 to endosomes initiates the subsequent binding and
activation of effector molecules such as Vps34/p150, which by producing PI3P further
increases the binding of Rab5 and more effector molecules, resulting in a strong
positive feedback loop in terms of activation of Rab5 [310].

Endocytic recycling compartments

Recycling components are rapidly removed prior to the transition of early to late
endosomes. Endocytic recycling is the main way for the cell to maintain constituents of
the plasma membrane, for example to maintain the abundance of receptors and
transporters on the cell surface after bound ligands dissociate from receptors in the

slightly acidic lumen of early endosomes [304].
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The recycling compartment is composed of vesiculo-tubular membrane
structures often associated with microtubules and concentrated predominantly in a
perinuclear area [311]. Recycling from the early endosome back to the plasma
membrane can be facilitated by a route via Rabl1-positive or Rab4-positive recycling
endosomes. Rabl1 is also involved in the regulation of membrane traffic between the
TGN and recycling endosomes, and the recycling of the transferrin receptor back to the
cell surface [312].

Late endocytic compartments: endosomal maturation

During endosomal maturation, EEs are moving towards the perinuclear region
along microtubules [298]. En route, they acquire newly synthesized lysosomal
hydrolases, form additional intraluminal vesicles, change morphology, drop lumenal pH
and switch membrane components [313], as described in detail below:

Rab switch
EE to LE maturation involves a conversion from Rab5 to Rab7. During this endocytic
maturation process, Rab5 and Rab7 work sequentially and dynamically.

Lipid composition switch

Apart from the protein switch, the lipid composition changes during endosomal
maturation, mediated by various protein complexes. PI3P synthesis serves to recruit
proteins with PI3P recognition motifs such as the phosphatidylinositol 3-phosphate 5-
kinase PIKfyve, which generates PI(3,5)P(2), as well as myotubularin lipid
phosphatases to control endosomal levels of PI3P. PIKfyve is also involved in the
formation of intraluminal vesicles [137].

Intraluminal vesicles (ILV)

The formation of intraluminal vesicles is an important process in LE biogenesis because
these structures are critical for the selective sorting of membrane-associated cargo
towards degradation. The main players in intraluminal vesicle biogenesis are the
endosomal sorting complex required for transport complexes (ESCRT-0, -1, 11, -III) and
accessory proteins such as the AAA-type ATPase VPS4 and Alix. These complexes
bind cargo, deform the membrane, and pinch off vesicles as they form from the limiting
membrane of the endosome [153].

Changes in luminal ionic environment

Another important feature of the endosomal system is the progressive drop in pH, which

goes down from around 6.0 in early endosomes to 5.0-5.5 after LE formation. The
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vacuolar H+ ATPase (V-ATPase) generates the acidic lumen of endosomes and
lysosomes. Chloride ions accompany the entry of protons so as to maintain
electroneutrality in the endosomal lumen. An acidic lumen is also essential for the
genesis of ILVs [137].

Fission from endosomes triggers endosomal maturation, as interfering with
fission can block endosomal acidification, endosomal motility along microtubules,

perinuclear localization, and lysosomal degradation [314].
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FIGURE 6. Endocytosis

General model of endocytosis and link to other membrane trafficking events. En route
endosomal compartments acquire a progressive drop in luminal pH and switch
membrane components. Cargo entering by endocytosis can recycle back to the plasma
membrane via Rabl1-positive recycling endosomes from Rab5-positive sorting endosomes.
Alternatively, endocytic cargo can take a degradative route of trafficking to Rab7-positive late
endosomes. Then, late endosomes fuse with lysosomes (LAMP-positive) for degradation of
contents. Degraded products translocate to the cytoplasm, and the autolysosome is recycled
back to lysosome by lysosomal reformation. Various transmembrane receptors, such as the
MG6PR, are sorted back to the Golgi by retromer complex. Rab7 and Rab7L are important in
this trafficking.
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Rab7 is a “master” regulator of late endocytic membrane transport, protein

sorting, endosomal maturation and autophagy, orquestrating the temporal and spatial
regulation of different trafficking events [315]. A number of Rab7 effectors have been
identified, including the VPS34/p150 complex, an a-proteasome subunit (XAPC7)
[316], a modulator of endosomal acidification (Rab7-interacting ring-finger protein
Rabring 7) [317], and modulators of microtubule-mediated transport of late endosomes
Rab7-interacting lysosomal protein (RILP) [318] and FYCO [319].
Indeed, Rab7 is involved in microtubule-mediated transport to and from the cell
periphery through its effectors. RILP is involved in the regulation of endo-lysosomal
morphogenesis and microtubule (MT) minus-end directed transport through cooperation
with Oxysterol-binding protein Related Protein 1 (ORPIL) [320], another Rab7
effector, to recruit the dynein/dynactin complex [321]. RILP may facilitate Rab7-
regulated membrane fusion and MT minus-end directed vesicle movements towards the
microtubule organizing center (MTOC). In contrast, a Rab7-FYCOIl—kinesin
interaction (with a possible involvement of LC3 and PI3P) has been proposed to
regulate the MT plus-end directed transport of vesicles to the periphery as well. Since
motility of endosomes depends on dynein and kinesin motors, providing opposing
forces that move endosomes in opposite directions, Rab7 might act as master regulator
in membrane trafficking, deciding the direction of the bidirectional transport on
microtubules by its differential interaction with FYCO-kinesin or RILP-dynein-dynactin
[322].

Rab7 also seems to be required for the recruitment of the retromer complex,
suggesting that it participates in retrograde transport between endosomes and the Golgi
apparatus [323]. The retromer is a multimeric complex that mediates retrograde
transport of transmembrane proteins to the trans-Golgi network (TGN). For instance,
the mannose 6-phosphate receptor (M6PR), which is involved in the delivery of acid
hydrolases from the TGN to endosomes, is sorted back to the Golgi by retromer
complex. It is composed of sorting nexins and other proteins (Vps26, Vps29 and Vps35)
recruited to the cytosolic surface of EEs and maturing LEs [324, 325]. The Vps trimer
(Vps26, Vps29 and Vps35) specifically binds to activated Rab7(-GTP) and localizes to

Rab7-containing endosomal domains [324], (see figure 6).
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Once LEs are in the perinuclear area they may fuse with other LEs or with
lysosomes to become endolysosomes. By fusing with lysosomes, the LEs follow what is
essentially a unidirectional, dead-end pathway. The core machinery of fusion includes
cytosolic factors, such as N-ethylmaleimide-sensitive factor (NSF), soluble NSF-
attachment proteins, Rab7, and HOPS proteins, the formation of a trans-SNARE
complex, and a late requirement for calcium released from the lumen of the fusing
organelles [272].

Alternatively to the degradative pathway, LEs can be transported to plasma
membrane where they exocytose their digested material to the extracellular milieu as
exosomes. Interestingly, a similar behaviour has been described as well for amphisomes
[248]. Importantly, a role for exosomes in the progression of PD has been recently
suggested via a-synuclein release and PD transmissibility [326].

Lysosomes

Lysosomes are the degradative organelles of higher eukaryotic cells. The
lysosomal compartment can be defined as primary lysosomes, as well as lysosomes
generated through fusion with endosomes, phagosomes, macropinosomes and
autophagosomes. Lysosomes comprise the end point of the degradation process and act,
in part, as storage vesicles for lysosomal components ready to be redistributed. These
components include the hydrolases, the limiting membrane protected by a complex and
substantial glycocalyx on its luminal leaflet, the heavily glycosylated integral membrane
proteins LAMPs and other substances resistant to degradation. While the components of
LEs are mainly degraded in the lysosomal environment, it has been suggested that some
components such as MPR or tetraspanins may escape degradation through vesicle
retrieval by the retromer complex, contributing to the maintenance and generation of

lysosomes [324, 325].

2.2.3 Receptor-mediated endocytosis

Receptor-mediated endocytosis occurs via diverse vesicular uptake mechanisms,
but the best-identified pathway is mediated by CCVs (see above) [327].
Epidermal Growth Factor Receptor (EGFR)

The Receptor Tyrosine Kinase (RTK) superfamily, of which EGFR is the

prototypical member, controls the proliferation, differentiation, migration, adhesion and
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cell survival of a wide range of cell types. EGFR is a 170 kDa transmembrane
glycoprotein with kinase activity [328].

The binding of EGF induces dimerization of the receptor, which results in the
activation of EGFR kinase and receptor trans-autophosphorylation on tyrosine residues

in the cytoplasmic domain of the EGFR [328].
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FIGURE 7. Trafficking of EGFR receptor Upon ligand binding, the EGFR dimerizes and is
internalized through a coated pit pathway. The receptor moves through the endocytic
compartments from early Rab5-positive to late Rab7-positive endosomes. The EGFR gets
internalized into ILVs (not shown). The Cin85-Dyn2-Rab7 complex is necessary at the late
compartment to pinch off late-endosomal vesicles, followed by degradation of the EGFR in

lysosomes. Figure adapted from [329].

After pinching-off from the plasma membrane, the internalized receptor-ligand
complexes commonly follow the degradative pathway through the endocytic

compartments, (see figure 7).
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Cbl-interacting protein of 85 kDa (CINS8S5) functions as an adaptor by binding to
various endocytic proteins such as endophilin, clathrin adaptor protein (AP)-2 complex
and the adaptor protein GRB2. These complexes regulate EGFR endocytosis by
changing the curvature of the plasma membrane. In particular, endophilinA is mainly
localized to the synaptic vesicle pool via interactions with rab3, but acts at the plasma
membrane as a membrane-bending and curvature-sensing molecule to participate in
clathrin-mediated endocytosis together with dynamin (reviewed in [330]). Dynamins
are large GTPases that participate in vesicle scission as well. Generally, dynamin and
CINS8S5 have been thought to play a role in regulation of EGFR internalization from the
plasma membrane. [331]. However, they participate not only in the initial steps of
EGFR internalization, but also in post-endocytic receptor trafficking and degradation at
the level of the Rab7-positive late endosome, (see figure 7). Disruption of the
dynamin2-CINSS interaction results in a defect in vesicle budding from late endosomes,

with a concomitant accumulation of the EGFR in this compartment [332].

Formation of receptor-signalling protein complexes initiates activation of several
signalling pathways. Downstream signalling of EGFR is tightly regulated both spatially
and temporally by controlling its internalization and degradation [333]. Signalling from
endocytosed EGFR can be down-regulated by two different mechanisms: ESCRT-
mediated sequestration on ILVs of endosomes before lysosomal delivery, and
degradation and dephosphorylation by protein tyrosine phosphatases, such as protein

tyrosine phosphatase 1B [334].
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3. ACIDIC CALCIUM STORES

As mentioned previously, the spatiotemporal pattern of calcium signalling is
crucial for the specificity of cellular responses. Changes in cytosolic calcium can be due
to either entry from the extracellular space or release from intracellular calcium stores.
The ER is the best characterized store of calcium within the cell. IP; and cyclic ADP
ribose both mobilize calcium from ER through activation of IP; and ryanodine
receptors, respectively [335, 336]. Mitochondria are also an important calcium store and
their connection with the ER calcium store has shown to be crucial for cellular viability
and mitochondrial dynamics [337].

Apart from the ER and mitochondria, a range of acidic organelles also serve as

significant calcium stores in mammals [338].

3.1 The acidic calcium stores

Endosomes and lysosomes are considered calcium stores [338]. Endosomes
pinching off from the plasma membrane are thought to contain high levels of calcium
due to the elevated concentrations of this ion in the extracellular fluid [309] whilst only
having a slightly acidic pH (pH 6.3-5,9) [309]. It has been proposed that the uptake of
H+ into endosomes mediated by the proton-pumping ATPase must be balanced to
maintain the electroneutrality, and that this may happen by calcium efflux via
endosomal calcium channels [339].

Even though direct measurement of luminal calcium concentration of lysosomes
is difficult, the average free calcium concentration in lysosomes has been reported to be
in a similar range as that of the ER [340]. Calcium has an important regulatory function
in homotypic and heterotypic fusions of LEs and lysosomes and during lysosomal
reformation [341], analogous to the well-described role of calcium in regulated
secretion [342]. Chelation of luminal calcium blocks fusion, suggesting that calcium
release from the acidic calcium stores, and generally intraluminal calcium, may be

required for the functioning of the degradative pathway [272, 343, 344].
Secretory vesicles and the Golgi complex

Whilst less acidic (pH~ 6.6), the Golgi apparatus also contains substantial levels

of calcium and calcium release channels such as the IP;R [345]. In addition, secretory
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vesicles contain calcium and calcium release channels [346, 347] which is particularly

interesting due the role of calcium for vesicle fusion [342].

3.2 Channels

Several calcium-permeable channels are present on acidic organelles. Although
mainly located in the ER, IP; and ryanodine receptors are found to be also located on
acidic calcium stores [348]. However, nicotinic acid adenine dinucleotide phosphate
(NAADP) has been postulated to be the most powerful endogenous calcium-mobilizing
messenger known to date and the major regulator of calcium release from
endolysosomes [349-351].

Two different families of channels have been proposed to be intracellular
NAADP targets:

1. Transient receptor potential (TRP) superfamily, particularly the mucolipins
(TRPMLs), are found on acidic stores such as lysosomes and endosomes [352].
Mutations in the TRPMLs channels are responsible for several lysosomal-storage
disorders [352]. There are three TRPMLs, displaying differential albeit partially
overlapping localization within the endo-lysosomal compartment: TRPML1 localizes to
LEs and lysosomes, TPRML2 to recycling endosomes, LEs, lysosomes and the plasma
membrane, and TRPML3 is present throughout the endolysosomal system and at the
plasma membrane [338]. TRPML1 has been proposed as the calcium channel
responsible for the local release of calcium crucial for fusion within the endo-lysosomal
system [353]. There is evidence that TPRML1 may be an NAADP target, whilst other
studies indicate that PI(3,5)P,, rather than NAADP, may regulate the channel [354,
355]. Interestingly, TRPML1 has been reported to co-immunoprecipitate with the other
family of calcium channels, the two pore channels (TPCs) [356].

2. There have been several independent studies describing the TPCs as primary
NAADP targets [338]. Controversy about the ionic specificity of the TPCs has been
recently raised, as TPCs was shown to behave as a sodium-selective channel activated
by PI(3,5)P,, not by NAADP. In addition, mTOR has been shown to regulate TPCs
during regulation of amino acid homeostasis [357]. Therefore, further studies will be
necessary to resolve those discrepancies; however, at present, the vast majority of

studies indicate that TPCs can conduct calcium [358, 359].
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Two TPC isoforms are present in humans. TPC1 localizes to both endosomes
and lysosomes, whereas TPC2 is predominantly lysosomal [360]. TPCs possess an
unusual structure of two repeated, 6 TMD-containing domains and a putative pore-
forming region between the predicted TMDS5 and TMD6, and they form dimers [361].
Like other lysosomal proteins which have to be protected from the highly acidic lumen,
TPCs are glycosylated.

Inhibition of the NAADP-mediated calcium response occurs upon
downregulation of the TPCs, or when overexpressing TPCs with a mutation in the pore-
forming region (L273P for TPCI1, L265P for TPC2) [362]. Furthermore, NAADP-
mediated calcium release can be abolished by different mechanisms, including
inhibition of agonist-evoked calcium signals by self-inactivation of NAADP, the use of
Ned-19, a selective membrane-permeable NAADP antagonist[363], and the use of
lysosomotropic agents such as the cathepsinC substrate glycylphenylalanine-2-
naphthylamide (GPN) and the V-type ATPase inhibitor bafilomycinAl [364, 365].

Release of calcium from the endo-lysosomal compartment, triggered by
NAADP, evokes cytosolic calcium signals which can by amplified through calcium-

induced calcium release (CICR) from the ER [366], (see figure 8).
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Figure 8. NAADP-mediated calcium signalling.
NAADP triggers its receptor and the resulting local calcium signal is then amplified by ER

calcium release in a CICR manner to mediate a larger global calcium signal. Figure adapted

from [367].

Membrane contact sites between ER and the endo-lysosomal system have been

suggested to correspond to NAADP trigger zones [360]. This interaction has been
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proposed to be similar or maybe shared with that which mediates cholesterol exchange
between ER and LEs, and it is performed by the interaction of Rab7 and RILP on the
LE and the VAMP-associated ER protein (VAP) through ORP1L [360].

Several cellular processes are regulated by acidic calcium store release. For example,
NAADP-mediated calcium release has been related to cell differentiation and induction
of neurite outgrowth [368]. NAADP has also been shown to increase the levels of
autophagic markers in cultured astrocytes [368]. NAADP-mediated release of calcium
from the endo-lysosomal compartment can cause a partial alkalinization of acidic stores
and induce lipid accumulation [349]. The mechanism by which NAADP affects luminal
pH remains unknown, but it has been proposed to be secondary to calcium release from
acidic stores [349]. Given that the luminal pH is crucial for endo-lysosomal events
including fusion and degradation activity, deregulation of endo-lysosomal calcium
homeostasis has been proposed as a primary cause of the lysosomal-storage disorder
Niemann Pick C1, where the reduced lysosomal calcium results in a block in endocytic

trafficking to lysosomes [343].

As mentioned above, several studies indicate a possible role for LRRK2 in
regulating autophagic and endocytic trafficking, even though the precise mechanism(s)
underlying the effects have remained unclear. The present thesis attempted to study the
implication of pathogenic LRRK2 in altered endomembrane trafficking, with a focus on
autophagy and endocytosis.
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Specific Aims
. Determine whether pathogenic LRRK2 expression causes alterations in
autophagy induction, and the signalling mechanism(s) involved.

. Study whether LRRK2 expression causes alterations in lysosomal homeostasis
which may affect autophagic flux.

. Determine whether LRRK2 expression alters cell viability in the context of
stressors which activate autophagic pathways.

. Study the molecular mechanism(s) by which pathogenic LRRK2 may cause
changes in autophagic flux and lysosomal degradation.

. Evaluate whether LRRK2 expression causes alterations in receptor-mediated
endocytosis.

. Determine whether possible alterations in endocytosis occur early and/or late in
the endocytic process.

. Evaluate the effect of LRRK2 on the functioning/morphology of affected
endocytic organelles.

. Determine the pathway(s) by which LRRK2 may cause endocytic alterations.

. Evaluate whether overexpression of a series of Rab proteins can rescue the effect
of mutant LRRK2 on endocytosis, and whether LRRK?2 alters Rab protein levels

and/or activity.
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Materials And Methods

1. Buffers and solutions

Where indicated, pre-made buffers were used, with a composition according to
manufacturers. For all others buffers, components were purchased from SIGMA and

were of molecular biology grade.

Cell lysis buffer. 1 % SDS in PBS containing | mM PMSF, 1 mM Na3;VO,4 and 5 mM
NaF, pH 7.4.

Complete Dulbecco’s Modified Eagle’s Medium (DMEM). 1X DMEM (PAA)
containing sodium pyruvate, phenol red, 1g/l or 4.5 g/l D-glucose and 4 mM L-
glutamine supplemented with 10% (w/v) heat-inactivated Fetal Bovine Serum (FBS,
Gibco), non-essential amino acids (Sigma, penicillin (100 units/ml) and streptomycin

(100 units/ml) (Sigma).

IP buffer. 1% NP-40, 50 mM Tris/HCL, 150 mM NaCl, phosphatase inhibitor cocktails
2 and 3 (Sigma) and protease inhibitor cocktail (Roche), pH 7.4.

Hank’s solution. 10 mM HEPES, 140 mM NacCl, 5 mM KCI, 1.3 mM MgqCl,.H,0, 2
mM CaCl, H,0, 1g/1 D-glucose, pH 7.4.

Phosphate Buffered Saline (PBS). In tablet form. One tablet dissolved in 200 ml of
deionized water yields 0.01 M phosphate buffer, 0.0027 M potassium chloride and
0.137 M sodium chloride, pH 7.4.

PBS-Triton 0.05%. 1X PBS, supplemented with 0.05% Triton X-100, pH 7.4.

Pull down buffer. 20 mM HEPES, 100 mM NacCl, 5 mM MgCl,, 1 % Triton X-100 and
cOmplete protease inhibitor tablets (Roche), pH 7.4.

Purification buffer. 25 mM Tris-HCI, 1 M NaCl, 0.5 mM EDTA, 1 mM DTT, 0.1%
Triton X-100, cOmplete protease inhibitor tablets (Roche), pH 7.4.

Running Buffer. 25 mM Tris, 190 mM glycine, 0.1 % SDS, pH 8.6.

Sample buffer SX. 250 mM Tris, 10 % SDS, 20 % Glycerol. Bromophenol blue.
Tris-buffered Saline (TBS). 25 mM Tris, 150 mM NaCl, 2mM KCI, pH 7.6.
TBS-Tween (PBST). 1X TBS, supplemented with 0.01% Tween-20, pH 7.4.

Transfer Buffer. 25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3.
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2. Molecular biology

2.1 Plasmid constructions

To generate the LRRK2 kinase domain-GFPemd construct (kinase-GFPemd),
the human LRRK2 kinase domain (amino acids 1844-2143) was PCR amplified using
full-length LRRK2 as template, with EcoRI/BamHI sites on either end. VAMP2-
GFPemd [369] was digested with EcoRI/BamHI to release VAMP2, and the PCR-
amplified kinase domain cloned in-frame with the GFPemd at the C-terminal end. To
generate the LRRK2 kinase domain pCMV construct (pCMV-kinase), human LRRK?2
kinase domain (amino acids 1844-2143) was PCR amplified using full-length LRRK2
as template, with Sacl/BamHI sites on either end. pPCMV-VAMP2 [369] was digested
with Sacl/BamHI to release VAMP2, and religated with the digested, PCR-amplified

kinase domain.

To generate the full-length human LRRK2 pCMV vector (pCMV-{ILRRK2),
pGEMT-LRRK?2 was digested with Sacll/MIul to release fI-LRRK2. Quick Change Site
Directed Mutagenesis was performed with the empty pCMV vector to introduce a Sacll
site 5" to the Mlul site, followed by digestion of the vector with Sacll/Mlul and
introduction of fILRRK2.

K1906M and G2019S mutations were introduced into all respective vectors by
Quick Change Site Directed Mutagenesis, and the identity of all constructs verified by

direct sequencing of the entire coding regions.

The double-myc-tagged, full-length wild-type and mutant human LRRK2
constructs were kindly provided by Dr M. Cookson (NIH, Bethesda, USA), or obtained
through Addgene. N-terminally myc-tagged constructs for wild-type, dominant-negative
and constitutively active AMPKal, as well as N-terminally myc-tagged constructs for
wild-type and dominant-negative AMPKa2 were kindly provided by Dr. D. Carling
(MRC, Imperial College London, UK). Bcl-2 and its organelle-specific mutants were
kindly provided by Dr. M. Jaitteld (Institute of Cancer Biology, Danish Cancer Society,
Denmark) and Dr. D.W. Andrews (McMaster University, Hamilton, Ontario, Canada).
Human TPC1-mRFP, TPCI1-L273P-mRFP and TPC2-mRFP have been previously
described [362] and were obtained from Dr. S. Patel (University College London,
London, UK). The L265P mutation in TPC2-mRFP was generated by Quick Change
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Site Directed Mutagenesis and verified by direct sequencing. The tandem-tagged LC3
construct mCherry-EGFP-LC3B (human) was kindly provided by Dr. T. Johansen
(University of Tromse, Norway), and EGFP-LC3 (rat) was provided by Dr. T.
Yoshimori (National Institute for Basic Biology, Okazaki, Japan) and Dr. J. Oliver
(Institute of Parasitology and Biomedicine ‘Lopez-Neyra’, CSIC, Granada, Spain). The
G120A mutation was introduced into both tagged LC3 constructs by Quick Change
Site-Directed Mutagenesis (Stratagene) and verified by direct sequencing. Myc-tagged
VPS26, YFP-tagged VPS29 and HA-tagged vps35 constructs were kindly provided by
Dr. J. Bonifacino (University of Berkeley, California, USA). YFP-tagged VPS29 was
subcloned into a GFPemd-vector and verified by direct sequencing. For this purpose,
VAMP2-GFPemd [369] was digested with EcoRI/BamHI to release VAMP2, and the
VPS29 fragment PCR amplified with EcoRI/BamHI sites on either end, and ligated into
the GFPemd vector. GFP-tagged Endophilin A2 construct was kindly provided by Dr.
P. De Camilli (Yale School of Medicine, New Haven, USA) and EndophilinA1-HA and
EndophilinA3-myc were provided by Dr. G. Auburger (Goethe University Medical
School, Frankfurt am Main, Germany). The Rab7 binding domain of RILP (murine,
amino acids 220-299) and myc-tagged TBCID15 (murine) constructs were kindly
provided by Dr. A. Edinger (University of California, California, USA). Full-length
GFP-tagged RILP and dominant-negative RILP were provided by Dr. C. Bucci
(Universita del Salento, Lecce, Italy). FLAG-CIN8S wild-type and mutant (ACW-Y)
constructs and FLAG-DYN2 were kindly provided by Dr. M. McNiven, and GFP-
tagged Rab29/Rab7L construct was provided by Dr. J. Galan (Yale University School
of Medicine, New Haven, USA).

2.2 Plasmid purification

Clones were picked and grown overnight in 100 ml LB broth with the
appropriate antibiotic. For LRRK2 plasmid purifications, cultures of 500 ml were grown
at 28 °C. DNA was purified using Promega midiprep kit according to manufacturer’s
instructions. Before transfections, a sample of all purified LRRK2 plasmids were
digested with EcoRI for 2 h at 37 °C and run in 2 % agarose gels prepared in TAE

buffer to assure no DNA rearrangements/recombination events had occurred.
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3. Cell culture

3.1 Cell lines and primary cells

For autophagy studies, HEK293 (Human Embryonic Kidney 293) cells were
used. HeLa cells (a human cell line derived from cervical cancer) were mainly used for
endocytosis studies. Both cell lines have been used previously to transiently overexpress

LRRK2, and both express reasonable levels of endogenous LRRK?2.

To study effects of endogenous mutant LRRK2, primary human dermal
fibroblasts were employed. Age- and sex-matched control and G2019S mutant LRRK?2
fibroblasts were provided by Dr. A. Lopez de Munain (Biodonostia, San Sebastian,
Spain).

3.1.1 Culture and transfection of cell lines

HEK293 and HeLa cells were cultured in 100 mm dishes and grown at 37 °C in
5 % CO; in complete DMEM medium with low or high glucose (1 g/l or 4.5 g/l for
HEK293 or HELA, respectively) supplimented with 10% heat-inactivated fetal bovine
serum (Invitrogen), penicillin (100 units/ml) and streptomycin (100 units/ml) and non-
essential amino acids (Sigma),. Confluent cells were harvested using 0.05 % trypsin,
0.02 mM EDTA in PBS and subcultured at a ratio of 1:4 to 1:6. Cells were plated onto
o6well plates and the following day, at 70-80 % confluency, were transfected using
Lipofectamine 2000 (Invitrogen) according to manufacturer’s specifications for 4 h in

DMEM, followed by addition of fresh full medium.

Single transfections were performed using 3.5 pg of plasmid of interest and 10
ul of Lipofectamine 2000. For double-transfections, 2.5 pg of each plasmid was used,
and for triple-transfections, 1.7 pg of each plasmid was employed. The DNA ratio for
co-transfections in the case of full-length LRRK2 constructs was 1:5, using a total of 1
pg of DNA . Transfected cells were re-plated the next day at a 1:3 ratio onto coverslips

in 6-well plates.

LRRK2 was expressed for 48 h unless otherwise indicated. Various proteins
involved in endolysosomal trafficking were only expressed for 24 h, due to the
observation that overexpression of these proteins can result in abnormal

endocytic/lysosomal structures.

54



Materials And Methods

3.1.3 Primary fibroblast culture

Skin samples had been obtained from five PD patients (G2019S) and five
healthy control individuals who had undergone plastic surgery. All subjects had given
informed consent using forms approved by the Ethical Committee on the Use of Human
Subjects in Research (Hospital Donosti, San Sebastian, Spain). PD patients had been
diagnosed with familial PD at the Movement Disorders Unit of Donosti Hospital, and
had been sequenced and found to have a G2019S mutation. Fibroblasts were obtained at
passage 1 or 2, and were cultured in IMDM (Iscove’s Modified Dulbecco’s Medium)
medium (Gibco), containing 10 % FBS (Invitrogen) and antibiotics where necessary.
The medium was changed every two days. Cells were harvested using 0.25 % trypsin,
0.2 g/l EDTA (SIGMA) and subcultured at a ratio of 1:2. Cells were subcultured at a
ratio of 1:2, and seeded at equal densities on coverslips. Cells were seeded to coverslips
in 24-well dishes for cell biological experiments (13 mm diameter coverslips). For all
experiments, comparison between control and G2019S LRRK?2 mutant fibroblasts were
performed in a passages in vitro. All analyses were carried out on passages 4-12, and no

passage-dependent differences were observed.
3.2 Reagents

LRRK2-IN-1, TAE684 and CZC25146 were obtained through the Michael J.
Fox Foundation (USA), and GSK2578215A was from Tocris Bioscience (Missouri,
USA). NAADP-AM and NED-19 were synthesized as previously described (54,65), and
obtained from Dr. G. Churchill (Oxford University, Oxford, UK). Torin was a generous
gift of Dr. D. Sabatini (Whitehead Institute for Biomedical Research, Cambridge,
USA). 3-MA (3-methyladenine), NH4Cl, bafilomycin A1, E-64d, pepstatin A, nigericin,
trichostatin A, dantrolene, puromycin and ionomycin were from Sigma. STO-609 (7-
oxo-7H-benzimidazo[2,1-a]benz[de]isoquinoline-3-carboxylic acid) and L690,440 (1-
[(4-hydroxyphenoxy)ethylidene] bis [[phosphinylidyne bis(oxymethylene)] -2,2-
dimethylpropanoate) were from Tocris Bioscience (Missouri, USA). Compound C,
cycloheximide and MG-132 were from Calbiochem. BAPTA-AM was from Invitrogen,
rapamycin was from LC Laboratories (Woburn, USA) and chloroquine was a generous
gift from L. Ruiz Pérez (Institute of Parasitology and Biomedicine ‘Lopez-Neyra’,

CSIC, Granada, Spain).
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3.4 Cell biology methods

3.4.1 Immunofluorescence staining

Immunofluorescence staining protocols were optimized depending on the
antibody and/or cell type employed during this thesis. Fixation/permeabilization
protocols, antibody dilutions, incubation times and detection systems were developed

individually for each antibody to obtain optimal results.

General protocol: Cells on coverslips were fixed with 4% paraformaldehyde (PFA) in

PBS for 20 min at room temperature. Cells were permeabilized in 0.5 % Triton X-100
in PBS (3 x 5 min) and preincubated in blocking buffer (10 % goat serum; Vector
Laboratories) in 0.5 % Triton X-100 in PBS for 1 h at room temperature, followed by
exposure to primary antibody diluted in blocking buffer for 1 h at room temperature.
Cells were washed in 0.5 % Triton X-100 in PBS and incubated with goat anti-rabbit
or anti-mouse AlexaFluor-488- or 594-conjugated secondary antibody (1:1000,
Invitrogen), dependent on application, in 0.5 % Triton X-100 in PBS for 1 h at room
temperature, followed by washes in 0.5 % Triton X-100 in PBS, PBS, H,O and a
rinse in 70% ethanol. Fixed cells were mounted using mounting medium containing

DAPI (Vector Laboratories).

Whilst this protocol was successful for most antibodies, staining protocols had

to be optimized for the following antibodies and cells:

Rab antibodies (HEK293 and fibroblasts): Cells on coverslips were fixed with 2%

PFA in PBS for 10 min at room temperature. Cells were permeabilized in 0.05 %
saponin in PBS for 3 min, and preincubated in blocking buffer (2% goat serum in
0.05 % saponin in PBS) for 1 h at room temperature, followed by exposure to primary
antibody diluted in blocking buffer for 1 h at room temperature temperature (anti-
Rab5B (A-20) 1:50, Santa Cruz and anti-Rab7 (R4779) 1:50, Sigma). Cells were
washed in PBS (3 x 5 min washes) and incubated with goat anti-rabbit or anti-mouse
AlexaFluor-488 or 555-conjugated secondary antibody (1:1000, Invitrogen) diluted in
PBS, for 1 h at room temperature, followed by washes in PBS. Fixed cells were

mounted using mounting medium containing DAPI (Vector Laboratories).

LAMP antibodies (fibroblasts): Cells on coverslips were fixed with 4% PFA (in PBS)

for 1 hour at room temperature. Cells were incubated in blocking buffer with
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detergent (1% goat serum in 0.05 % saponin in PBS) for 2 h at room temperature,
followed by exposure to primary antibody diluted in blocking buffer for 1 h at room
temperature (anti-LAMP1 (L1418) 1:50, Sigma). Cells were washed in 0.05 %
saponin in PBS (3 x 5 min washes) and incubated with goat anti-rabbit AlexaFluor-
488-conjugated secondary antibody (1:1000, Invitrogen) diluted in PBS for 1 h at
room temperature, followed by washes in PBS. Fixed cells were mounted using

mounting medium containing DAPI (Vector Laboratories).

LC3 and p62 (HEK?293 and fibroblasts): Cells on coverslips were fixed with 4% PFA

(in PBS) for 20 min at room temperature. Cells were washed with PBS three timens
and incubated in blocking buffer (50 mM glycine in 50 mM TRIS, pH 7.4) for 15 min
at room temperature, followed by permeabilization in 0.1 % SDS for 3 min and
washing three times in PBS. Then cells were incubated with the primary antibody
diluted in PBS for 1 h at room temperature (anti-LC3B (2775) 1:100, Cell Signaling
and anti-P62 (610832) 1:50, BD). Cells were washed in PBS (3 % 5 min washes) and
incubated with goat anti-rabbit or mouse AlexaFluor-488-conjugated secondary
antibody (1:1000, Invitrogen) diluted in PBS for 1 h at room temperature, followed
by washes in PBS. Fixed cells were mounted using mounting medium containing

DAPI (Vector Laboratories).

Rhodamine phallodin staining: for determining the morphology of fibroblasts, cells

were stained with rhodamine phalloidin (Molecular Probes) after immunostaining.
Incubations with rhodamine phalloidin (Invitrogen) were performed at a final
concentration of 82.5 nM (in PBS) for 15 min at room temperature. Cells were washed
in PBS and mounted for analysis as described above. The stained actin cytoskeleton was

imaged by 543 nm HeNe Laser line and a 580—-650 nm emission band pass.
3.4.2 Acidic organelle-selective pH indicators

Weakly basic amines selectively accumulate in cellular compartments with low
internal pH and can be used to investigate the biosynthesis and pathogenesis of
lysosomes [370]. LysoTracker and Lysosensor probes (Invitrogen) are fluorescent
acidotropic probes for labeling and tracing acidic organelles in live cells, as well as in
fixed cells in the case of Lysotracker probes. Lysotracker Red DND-26 and Lysosensor
Green DND-167 were used according to manufacter’s specifications. Lysotracker Red

DND-26 was tested in fixed and living cells, and behaved identically. It was used for
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experiments where fixation was needed. For this purpose, cells on coverslips were
incubated in prewarmed probe—containing full medium , (500 nM Lysotracker Red
DND-26) for 10 min at 37°C, the loading solution was replaced with fresh medium, and
fixation and immunostaining performed as described above. For live cell imaging, cells
were plated on microwell dishes containing 35 mm diameter glass bottom (IBIDI)
coated with poly-L-lysine hydrobromide. Cells were incubated in prewarmed probe—
containing medium (1 uM Lysosensor Green DND-167 for 10 min at 37°C in full
medium), the loading solution was washed off twice with PBS and cells observed by

confocal microscopy in PBS.
3.4.3 Lipid staining

Cells on coverslips were carefully rinsed in PBS, then fixed with 4 % PFA (in
PBS) for 10 min at room temperature. Cells were washed with PBS, followed by
incubation in 2 uM BODIPY 493/503 (Invitrogen) in PBS for 5 min, followed by three

washes in PBS. Cells were mounted as indicated above.
3.4.4 Assessment of cell viability

Cell survival was determined in fixed cells mounted in mounting medium
containing DAPI by counting cells on a Zeiss microscope using a x100 oil-immersion
objective. For each experiment, an average of 100 cells from several random fields were
quantified, and condensed or fragmented nuclei were scored as apoptotic cells.
Occasionally, apoptotic cells were also quantified using the DeadEnd Fluorometric

TUNEL System (Promega) according to manufacturer’s specifications.
3.4.5 Assesment of autophagy flux

Autophagic activity was evaluated by quantifying the average number of GFP—
LC3 punctae per cell. For this purpose, z-stacks of random fields of cells were captured
at x100 magnification on a Leica confocal microscope. The number of GFP-LC3
punctae per cell was either obtained by manual counts performed by an observer
blinded to condition, or more regularly using an NIH Image] macro called GFP-LC3
[194] Alternatively, random fields of transfected cells were imaged on a Zeiss
microscope using a x100 oil-immersion objective by an individual blinded to the
experimental conditions, and the number of GFP-LC3 punctae per cell counted

manually. Whilst the decreased resolution results in identification of overlapping or
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clustered punctae as a single large puncta, and thus will underestimate the number of
GFP-LC3 punctae per cell, the relative changes observed using this determination were
similar to those using the high-resolution analysis described above. For all
determinations of LC3—GFP punctae per cell, between 30 and 50 randomly chosen
transfected cells were analysed per experiment and condition. For quantification of
yellow and red mCherry-EGFP-LC3 (td-tag-LC3) punctae, pictures were captured at
%100 magnification on a confocal microscope, and the number of yellow and red
punctae analysed as described above from 40 randomly chosen transfected cells per

experiment and condition.
3.4.6 Assesment of endocytic trafficking

Alexa555-EGF binding and uptake assays: Hela cells were co-transfected with
4 ug of LRRK2 constructs (or empty pCMV vector) and 1 pug of GFP, Rab5-, Rab7- or

LAMP1-GFP constructs using Lipofectamine 2000 (Invitrogen, 10 pl per well of a 6-
well plate) in serum-free medium for 4 h as indicated by manufacturer’s instructions,
followed by replacement of fresh full medium. After a further 24 h, cells were re-seeded
onto coverslips in 24-well plates and then serum-starved for 16 h. The following day,
after 48 h of DNA overexpression, serum-free medium was replaced by 4 °C fresh
serum-free medium containing 100 ng/ml EGF-555 (Invitrogen, E35350) and cells were
incubated for 30 min at 4 °C. Cells were then washed twice in ice-cold PBS and
transferred to pre-warmed serum-free media for the indicated periods of time to allow
uptake of the bound fluorescent EGF. At the assay endpoint, cells were fixed (4 % PFA
in PBS, 15 min, room temperature) and softly permeabilized (0.5 % Triton-X100/PBS
for 3 min). . To confirm that labelled EGF was only surface-bound, control cells were
washed twice with PBS, followed by acid stripping (0.5 M NacCl, 0.2 M acetic acid, pH
2.5) for 3 min at 4°C. Cells were then stained for the presence of LRRK2 (anti-myc) or

other constructs as indicated and described above, using AlexaFluor 488 as secondary.

Quantification of EGF dots was preformed by using Image] by an observer

blinded to condition, as indicated below.

Rhodamine-EGF uptake and in vivo imaging: For live-cell fluorescence

microscopy, co-transfected cells were reseeded onto 35-mm glass-bottom dishes (IBIDI
Biosciences) the following day, and serum-starved for 16 h. Medium was replaced by

phenol-free, serum-free DMEM (GIBCO), and cells were incubated with Rhoadmine-
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EGF (Rh-EGF, 200 ng/ml, Invitrogen) for 90 min at 37 °C before imaging as previously
described (35). Time-lapse images were acquired on a Leica TCS-SP5 confocal
microscope using a 100X 1.4 NA oil UV objective (HCX PLAPO CS). Images were
taken every 1.4 sec over a total time of 86 sec for each movie (total 60 frames) with
pinhole 1.22 airy. During imaging, cells were maintained at 5 % CO2 and at 37 °C. The
length GFP-Rab7-positive tubules were quantified using Leica Applied Systems (LAS
AF6000) image acquisition software. GFP-rab7-positive structures were scored over the
entire imaging period as late endosomal tubules if they were RhEGF-positive and > 900

nm. 7-15 cells were quantified per condition per each experiment.
3.4.7 General confocal microscopy and analysis.

Images were acquired on a Leica TCS-SP5 confocal microscope using a x60
HCX PL APO CS 1.4 oil UV objective. Images were collected using single excitation
for each wavelength separately [488 nm Argon Laser line and a 500-545 nm emission
band pass; 543 nm HeNe Laser line and a 556—673 nm emission band pass; 405 nm UV
diode and a 422-466 nm emission band pass (12.5% intensity)] . Ten to fifteen image
sections of selected areas were acquired with a step size of 0.4 um, and z-stack images
analysed and processed using Leica Applied Systems (LAS AF6000) image acquisition
software. For quantifications, all images were taken at the same exposure time and

setting and analysed using ImageJ.

The JACoP pluggin of Image] was used for the quantification of colocalization
of GFP-Rab5- or GFP-Rab7-positive compartments with Alexa555-EGF. After image
thresholding, the percentage of colocalization was obtained by calculating the Mander’s
coefficients (M1 for red channel (Alexa555-EGF)), and percentage of colocalization
was obtained by multiplying M1 by 100

The colocalization of TPCs with lysosomal markers was performed using Leica
Applied Systems (LAS AF6000) image acquisition software, adjusting thresholds to

28% for each channel, and quantifying colocalization as described above.

To measure total number of EGF-555 structures in a single cell, cells co-
expressing GFP-tagged constructs were circled and a modified NIH ImageJ macro
(GFP-LC3 macro) was employed. For each condition, 20 independent cells were

analysed.

3.4.8 Electron microscopy
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All electron microscopy experiments were performed in Dr. P. Woodman’s
laboratory during my stay at the Faculty of Life Sciences, Manchester University,
Manchester, UK. Transfected cells were collected, resuspended in HEPES-buffered
media and filtered through a 50 um filter before FACS sorting. Sorted cells were fixed
with 4% PFA, 0.1 % glutaraldehyde in 0.1 M cacodylate buffer containing 3 uM CaCl,
and 7.5 % sucrose for 15 min at room temperature. Fixed cells were washed and
pelleted, then cell pellets were cut into small cubes and mixed to randomize the sample.

Samples were stained with reduced osmium tetraoxide, dehydrated and embedded in

resin. Sections (~80 nm) were examined with an FEI TECNAI BioTWIN electron

microscope. Random cells were imaged. To calculate relative volume densities,
Photoshop software was used to combine separate images to obtain a complete view of
each cell. Autophagic structures were recognized according to their morphological
characteristics. A counting grid was superimposed on images at a random offset and
intersections were scored according to the underlying structures, using the ImageJ plug-
ins Grids and Cell Counter (NIH, Bethesda, MD, USA). The relative volume density of
each structure was calculated by dividing the number of intersections counted for each

category by the number counted for the whole cell.

4. Biochemical assays

4.1 Western blotting

Cells were rinsed once in ice-cold PBS, followed by resuspension in 1 ml of cell
lysis buffer per 100 mm dish (160 pl of lysis buffer per well of a 6-well plate) (1 % SDS
in PBS containing 1 mM PMSF, 1 mM Na3;VO,4 and 5 mM NaF).

Fibroblasts and HeLa cells were trypsinized, then blocked with full media and
centrifugated before washing with PBS and processed for lysis.

Extracts were boiled for 5 min, sonicated and centrifuged at 13 500 rpm for 10
min at 4 °C. Protein concentrations of supernatants were estimated using the BCA assay
(Pierce). Whenever possible, extracts were immediately resolved by SDS-PAGE
without repeated freeze-thaws, as the latter was found to decrease detection of some
phosphorylated proteins.

Antibodies used for immunoblotting included a mouse monoclonal anti-LAMP2

antibody (1:50; Santa Cruz Biotechnology), a mouse monoclonal anti-p62 antibody
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(1:50; BD Transduction Laboratories), a mouse monoclonal anti-myc antibody (1:1000,
Sigma) and a rabbit polyclonal anti-GFP antibody (1:1000; Abcam), a rabbit polyclonal
anti-GFP antibody (1:2000, Abcam), a mouse monoclonal anti-flag antibody (1:1000,
Sigma), a mouse monoclonal anti-tubulin antibody (clone DM1A, 1:10°000, Sigma), a
rabbit polyclonal anti-Rab7 antibody (1:1000, Sigma) a mouse monoclonal anti-Rab7L1
antibody (1:1000, Abcam), and a rabbit polyclonal anti-EGFR antibody (1:500, Cell
Signaling).

EGFR degradation assays: For EGFR degradation assays, we employed HEK293T

cells, as overexpression and transfection efficiencies were much higher than in HeLa
cells. Cells were transfected overnight in p-100 plates using LipoD293 (SignaGen
Laboratories) with 12 ug of LRRK2 constructs or empty pCMV vector according to the
manufacturer's instructions. Transfected cells were re-plated into 8 wells into a 6-well
plate the following day. 48 h after transfection, cells were serum-starved for 1 h in the
presence of cycloheximide (1pg/ml, Calbiochem) to block new protein synthesis [371]
and subsequently stimulated with non-labeled EGF (Invitrogen, 100 ng/ml) for the
indicated time points. Total cell lysates were collected in 1 % SDS cell lysis buffer (see
above), and equal protein amounts per sample subjected to Western blot analysis.
Densitometric quantitation of bands was performed on non-saturated films using

QuantityOne software (Biorad).

Human tissues and sample preparation: Freshly frozen brain samples from deceased

human subjects were collected at autopsy following informed consent from the next of
kin under a protocol approved by the local ethics committee. Brain regions from healthy
control and genotyped LRRK2 G2019S mutant PD patients analyzed included cortex,
cerebellum and caudate. For all samples, patient age, gender, time to postmortem tissue
collection and postmortem pathological analysis was known. Sample preparation and

analysis was performed as previously described.
4.2 Co-Immunoprecipitation

Transfected HEK293 cells were washed in chilled PBS and pelleted by
centrifugation. Pellets were resuspended in IP (immunoprecipitation) buffer (1 ml/10
cm dish) containing 1% NP-40, 50 mM Tris/HCL, pH 7.4, 150 mM NacCl, phosphatase
inhibitor cocktails 2 and 3 (Sigma) and protease inhibitor cocktail (Roche) and lysates

centrifuged at 13 500 rpm for 10 min at 4 °C. Protein concentration of supernatants was
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estimated using a BCA assay, and Img total protein was subjected to
immunoprecipitation with either anti-GFP (5 pg, Abcam) or anti-LRRK2 (10 ng,
N138/6, NeuroMab, UCDavis, USA) antibodies. For immunoprecipitations, lysates
were incubated with antibodies for 1 h at 4 °C, followed by addition of protein G- or
protein A-Sepharose beads and overnight incubation at 4 °C. Beads were washed five
times with IP buffer, followed by elution with SDS sample buffer (2x) and 1% pB-
mercaptoethanol and heating at 50 °C for 3 min prior to separation by SDS-PAGE.

4.3 GST-RILP pull-down assay

The GST-RILP vector, or an empty GST-containing vector were transformed
into E.coli strain BL21. 250 ml of LB was inoculated with 1 ml of an overnight culture
and grown at 37 °C to an OD of 0.6 to 0.8. Isopropyl-1-thio-pB-d-galactopyranoside
(EMD Biosciences) was then added to a final concentration of 0.5 mM to induce protein
production. The 250 ml culture was incubated for additional 3—4 h at 30 °C, after which
the bacteria were spun down, washed with cold PBS and frozen down if necessary.
Then, the pellet was resuspended in 5 ml of cold purification buffer (25 mM Tris-HCI,
1 M NaCl, 0.5 mM EDTA, 1 mM dithiothreitol, 0.1% Triton X-100, with protease
inhibitor cocktail (Roche), pH 7.4) and sonicated 10 times, 30 second each in ice. The
bacterial lysates were cleared by centrifugation, and 5 ml of cold lysis buffer was added
to the supernatant. GST-RILP was purified by adding 300 pl of a pre-equilibrated 50 %
slurry of glutathione-Sepharose 4B beads (GE Healthcare) in purification buffer to the
lysate. Beads were incubated with the bacterial lysates for 1 h at 4 °C, washed with
purification buffer, resuspended as a 50 % slurry, and kept at 4 °C. 5 pl of the sample
was separated by SDS-PAGE and analyzed by Coomassie brilliant blue staining to

determine protein purity, and protein concentration estimated by a BCA assay.

Transfected HeLa cells were washed in chilled PBS and pelleted by
centrifugation. Pellets were resuspended in pull-down buffer (20 mM HEPES, 100 mM
NaCl, 5 mM MgCl,, 1 % TritonX-100 and protease inhibitor cocktail (Roche), pH 7.4)
and lysates centrifuged at 13 500 rpm for 10 min at 4 °C. Protein concentration of
supernatants was estimated using a BCA assay. Each pull-down was performed in 1 ml
with 300 pg of cell lysate and 30 pg of beads pre-equilibrated in pull-down buffer.

Beads were rocked overnight at 4 °C, washed twice with cold pull-down buffer, and
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bound proteins eluted by adding 2xSample buffer/B-mercaptoethanol and incubating at

72 °C for 10 min prior to separation by SDS-PAGE.

5. Statistical analysis

Data are expressed as means +/- S.E.M., and the significance of differences was
assessed using Student’s t-test or ANOVA followed by Tukey’s HSD post hoc analysis.
Differences were accepted as significant at the 95% level (P < 0.05).
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Results

1. Leucine-rich repeat Kkinase 2 regulates autophagy through a

calcium-dependent pathway involving NAADP

65



HMG Advance Access published November 1, 2011

Human Molecular Genetics, 2011 1-15

doi:10.1093/hmg/ddr481

Leucine-rich repeat kinase 2 regulates autophagy
through a calcium-dependent pathway involving
NAADP

Patricia Gomez-Suaga', Berta Luzéon-Toro', Dev Churamani?, Ling Zhang?,
Duncan Bloor-Young?, Sandip Patel?, Philip G. Woodman3, Grant C. Churchill?
and Sabine Hilfiker!*

'Institute of Parasitology and Biomedicine ‘Lépez-Neyra’, Consejo Superior de Investigaciones Cientificas (CSIC),
Avda del Conocimiento s/n, 18100 Granada, Spain, 2Department of Cell and Developmental Biology, University
College London, London, UK, ®Faculty of Life Sciences, University of Manchester, Manchester, UK and “Department
of Pharmacology, University of Oxford, Oxford, UK

Received July 21, 2011; Revised and Accepted October 14, 2011

Mutations in the leucine-rich repeat kinase-2 (LRRK2) gene cause late-onset Parkinson’s disease, but its
physiological function has remained largely unknown. Here we report that LRRK2 activates a calcium-depen-
dent protein kinase kinase-p (CaMKK-f)/adenosine monophosphate (AMP)-activated protein kinase (AMPK)
pathway which is followed by a persistent increase in autophagosome formation. Simultaneously, LRKR2
overexpression increases the levels of the autophagy receptor p62 in a protein synthesis-dependent
manner, and decreases the number of acidic lysosomes. The LRRK2-mediated effects result in increased
sensitivity of cells to stressors associated with abnormal protein degradation. These effects can be mimicked
by the lysosomal Ca®*-mobilizing messenger nicotinic acid adenine dinucleotide phosphate (NAADP) and
can be reverted by an NAADP receptor antagonist or expression of dominant-negative receptor constructs.
Collectively, our data indicate a molecular mechanism for LRRK2 deregulation of autophagy and reveal
previously unidentified therapeutic targets.

INTRODUCTION

Autosomal-dominant mutations in leucine-rich repeat kinase 2
(LRRK2) cause late-onset familial Parkinson’s disease (PD)
(1,2) which is symptomatically and neurochemically indistin-
guishable from sporadic PD. In addition, pathogenic mutations
contribute to sporadic PD and variations increase risk for PD,
suggesting that LRRK?2 may be an important factor for idiopath-
ic disease progression as well (3). The most prominent patho-
genic LRRK2 mutation (G2019S), located within the kinase
domain, has been consistently shown to enhance kinase activity
in vitro (4—7), suggesting that it may display a dominant,
gain-of-function phenotype. Overexpression of LRRK2 har-
bouring this disease-segregating mutation leads to neurotoxicity
in vivo, and such neurotoxicity is linked to the kinase activity of

LRRK2 (8—11). Thus, the pathogenic role of mutant LRRK2
seems to be dependent on catalytic activity.

Overexpression of G2019S-mutant LRRK2 in neuronal
cells decreases neurite process length with a concomitant
accumulation of autophagic structures (12—14), and an
impaired autophagic balance is also observed upon overex-
pression of LRRK2 in non-neuronal and yeast cells (15,16).
This is in agreement with the findings that a significant
portion of endogenous LRRK2 is localized to membranous
structures including ER and endosomal—lysosomal compart-
ments (17), and implicates LRRK2 as an important regulator
of macroautophagy.

Macroautophagy (hereafter referred to as autophagy) is a
process whereby cytoplasmic constituents are engulfed within
specialized double-membrane vesicles called autophagosomes,
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and subsequently delivered to the lysosome for degradation.
Autophagy normally proceeds at a low, basal rate, which
plays a key role in the homeostatic clearance of old or
damaged organelles and proteins (18,19). Basal autophagy is
especially high in neuronal cells, and neurons undergo degener-
ation when basal autophagic degradation is disrupted (20,21).
Autophagic failure seems to underlie a variety of neurodegen-
erative diseases (22), and deregulation of autophagy is evident
in the brains of PD patients (23).

Despite the findings linking LRRK2 to deregulated autop-
hagy, the exact mechanisms underlying such deregulation
have not been characterized. In this work, we find that overex-
pression of LRRK2 causes an increase in autophagy induction
through Ca”*"-dependent activation of a CaMKK/adenosine
monophosphate (AMP)-activated protein kinase (AMPK)
pathway, which can be inhibited by calcium chelation or
ectopic Bcl-2. At the same time, LRRK2 causes a partial
increase in lysosomal pH and a decrease of cell survival in
the presence of protein aggregation-induced stress. The
LRRK2-mediated effects involve activation of nicotinic acid
adenine dinucleotide phosphate (NAADP)-sensitive two-pore
channels (TPCs) located on acidic stores, and can be
blocked by a specific antagonist. Together, our data indicate
a molecular mechanism by which LRRK2 may act to regulate
lysosomal Ca®" homeostasis, with downstream effects on
autophagy as well as other Ca®>"-dependent cellular events.

RESULTS

LRRK2 overexpression causes autophagy induction

To study the effect of LRRK2 on basal autophagy, we selected
a variety of constructs including full-length LRRK?2 (fl-kinase)
and variants bearing the pathogenic G2019S mutation
(fl-G2019S) or the kinase-inactivating K1906M mutation
(fl-K1906M), respectively. To evaluate whether effects are
due to the kinase domain and activity of LRRK2 (12), we
also used the kinase domain (kinase) or variants therof
(G2019S, K1906M) on their own, respectively. Overexpressed
proteins were mostly cytosolic, wild-type (WT) and mutant
proteins displayed similar overexpression levels, and no cellu-
lar toxicity was apparent 24 or 48 h upon transfection, as
previously described (10) (Supplementary Material, Fig. S1).

We next addressed the effects of LRRK2 overexpression on
autophagosome formation. LC3 is the mammalian homologue
of the yeast Atg8 protein, which is covalently modified and
re-distributes to autophagic vacuoles during induction of
autophagy (23). This process can be followed by the appear-
ance of LC3 puncta or ring-like structures and by a mobility
shift from LC3I to LC3II by SDS—PAGE. Cells transiently
transfected with LC3—-GFP alone, or co-transfected with
empty vector and analysed 48 h after transfection, display
few cytoplasmic LC3—GFP punctae (Fig. 1A and B). An
increase in LC3-GFP punctae was observed when
co-transfecting with full-length wild-type as well as with
G2019S-mutant LRRK2, but not with the inactive K1906M
mutant (Fig. 1B). A similar increase in LC3—GFP punctae
was observed with wild-type or G2019S-mutant, but not
K1906M-mutant kinase domain only (Fig. 1A and B), indicat-
ing that the effects on autophagy are, at least in part, due to the

kinase domain and activity of LRRK2. Wild-type and
G2019S-mutant full-length LRRK2 increased autophagosome
numbers to a similar degree and comparable with that of
wild-type or G2019S-mutant kinase domain only (Fig. 1B),
possibly due to saturating levels of overexpression of the
various active constructs with respect to downstream targets.

As a positive control, inhibition of the mammalian target of
rapamycin (mTOR) protein kinase by rapamycin was found to
induce autophagy to a similar degree (Fig. 1B). The phospha-
tidylinositol 3-kinase inhibitor 3-methyladenine (3-MA) is
thought to suppress autophagy by inhibiting the production
of phosphatidylinositol-3-phosphate required for autophago-
some formation (24), and was found to block the increase in
autophagosome numbers mediated by rapamycin, but not by
LRRK2 overexpression (Fig. 1B). Such differential 3-MA sen-
sitivity has previously been described (13), and points towards
a possible mechanistic difference between mTOR- and
LRRK2-mediated autophagy induction. An increase in autop-
hagosome numbers was further reflected by an increase in the
level of endogenous LC3II (Fig. 1C), and transmission elec-
tron microscopy confirmed that the induction of LC3-positive
vesicles by LRRK2 overexpression correlated with an increase
in the number of autophagic structures (Fig. 1D and E).

We next used a pH-sensitive tagged LC3 construct consist-
ing of a tandem fusion of the red, acid-insensitive mCherry
(pK, <4.5) and the acid-sensitive GFP (pK, 6.0)
(td-tag-LC3) (25,26). Td-tag-LC3 will emit yellow (green
merged with red) fluorescence in non-acidic structures, but
appear as red only in autolysosomes due to the quenching of
GFP in these acidic structures (25,26). Indeed, td-tag-LC3
was found to faithfully track autophagosome maturation in
transfected cells, thus allowing for the identification of
possible deficits in autophagic maturation (Supplementary
Material, Fig. S2). Co-transfection of td-tag-LC3 with
G2019S-mutant LRRK?2 kinase domain increased both early
and late autophagic structures (Fig. 2A and B). Such increase
in both yellow and red punctae was also observed with wild-
type kinase domain or with full-length LRRK2, but not with
the catalytically inactive K1906M mutant (Fig. 2B). As a posi-
tive control for blocking autophagosome maturation, we used
trichostatin A, an inhibitor of histone deacetylases (HDACsSs)
known to be required for the fusion of autophagosomes with
lysosomes (27). Indeed, trichostatin A treatment significantly
increased the percentage of yellow punctae (and decreased
the number of red punctae), in contrast to LRRK2 expression
or autophagy induction by rapamycin (Fig. 2C and D). These
data indicate that LRRK2 overexpression enhances autopha-
gosome numbers and at least the initial steps of autophago-
some maturation in a manner dependent on kinase activity.

LRRK2 overexpression activates the Ca>*/CaMKK/
AMPK pathway

The increase in autophagosome numbers probably results from
cytosolic events regulated by LRRK2. As recent studies imply
an important role for AMPK in basal autophagy regulation
(28), we evaluated the effects of LRRK2 on AMPK activity.
Expression of wild-type and G2019S-mutant LRRK2 kinase
domain, but not its inactive mutant, increased AMPK activity
(Fig. 3A and B). This was not accompanied by inhibition of
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Figure 1. Effects of LRRK2 overexpression on autophagosome formation. (A) Example of HEK293T cells transfected with LC3—GFP and either empty vector
(ctrl), catalytically inactive K1906M-mutant LRRK2 kinase domain (K1906M), wild-type LRRK2-kinase domain (kinase) or catalytically hyperactive
G2019S-mutant LRRK2 kinase domain (G2019S). LC3—GFP fluorescence (green) and nuclear DAPI staining (blue). Scale bar, 10 pm. (B) Quantification of
the number of LC3—GFP punctae per cell in the absence (white bars) or the presence of 3-MA (5 mm, 24 h) (grey bars). Cells were co-transfected with
LC3—GFP and the indicated constructs, and LC3—GFP punctae quantified 48 h after transfection. Rapamycin (100 nm, 12 h) was used as positive control.
Bars represent mean + s.e.m. (n = 4); *P < 0.001. (C) Top: cells were transfected with either K1906M or kinase constructs, and extracts analysed for endogen-
ous LC3I and LC3II blotting with an anti-LC3 antibody (Cell Signalling). Bottom: quantification of LC3II/tubulin from different experiments (mean + s.e.m.
(n=3);*P < 0.05. (D) Representative electron micrographs of cells expressing LRRK2 kinase domain. Arrows point to distinct autophagic structures [scale bar
200 nm (left) or 500 nm (right)]. (E) Cells were co-transfected with EGFP and empty vector (GFP) or kinase domain (kinase), and FACS sorted before process-
ing for electron microscopy. Stereological analysis of the number of intersections per cell, number of intersections per autophagic structures (AVs), percentage of
cellular volume occupied by AVs and AV diameter were quantified from three individual cells per condition. *P < 0.05.

mTORCI activity when compared with rapamycin or torin treat-
ment (Fig. 3C and D and Supplementary Material, Fig. S3) (29).
Accordingly, inhibition of AMPK by a pharmacological
inhibitor (compound C) (30) attenuated the increase in autopha-
gosome numbers induced by LRRK2 kinase domain overex-
pression (Fig. 3E). Compound C also attenuated the increase
in autophagosome numbers observed with ionomycin and
ATP, two treatments previously shown to activate AMPK
(31), but was without effect on autophagosome numbers
induced by rapamycin (Fig. 3E).

Further evidence for an involvement of AMPK was gained
by expressing wild-type, dominant-negative and constitutively
active forms of this kinase (32). Wild-type and mutant
AMPKal forms were overexpressed to similar degrees and
without effect on cellular viability, with AMPKa2 forms
expressed to a lesser degree and displaying cellular toxicity
(Supplementary Material, Fig. S4). Expression of wild-type
and constitutively active, but not dominant-negative,
AMPKal induced an increase in autophagosome numbers
(Fig. 4A). Importantly, the dominant-negative AMPKal
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Figure 2. Effects of LRRK2 overexpression on autophagosome maturation. (A) Example of HEK293T cells co-transfected with tandem-tagged-LC3
(td-tag-LC3) and either empty vector (pCMV) or G2019S-mutant LRRK?2 kinase domain. White: co-localization mask to highlight yellow punctae. Scale
bar, 10 pm. (B) Quantification of the number of early, yellow-only td-tag-LC3 punctae per cell (top), or the overall fluorescence from late, red-only
td-tag-LC3 punctae per cell (bottom). Cells were co-transfected with td-tag-LC3 and either empty pCMV vector (ctrl), wild-type or mutant kinase or full-length
LRRK2 kinase (fl-kinase) constructs as indicated, and quantified 48 h after transfection. Bars represent mean + s.e.m. (n = 3); *P < 0.05. (C) Example of cells
co-transfected with td-tag-LC3 and LRRK2 kinase domain, or transfected with td-tag-LC3 and treated with trichostatin A (300 nm, 4 h). White: co-localization
mask to highlight yellow punctae. Scale bar, 10 pum. (D) Quantification of the percentage of early, yellow td-tag-LC3 punctae per cell. Cells were co-transfected
with td-tag-LC3 and either kinase or empty vector. The latter were either left untreated (ctrl), or treated with rapamycin (rap.; 100 nm, 4 h) or trichostatin A
(tricho.; 300 nm, 4 h) prior to fixation. Note that the percentage of yellow punctae in trichostatin-treated cells is increased because of the decrease in the

number of red punctae. Bars represent mean + s.e.m. (n = 2); *P < 0.05.

construct was able to inhibit the increase in autophagosome
numbers observed upon active LRRK2 kinase domain
co-expression (Fig. 4B). Such inhibition was not observed
when autophagic on-rate was increased by distinct means, in-
dicating a specific involvement of the AMPK pathway in the
LRRK2-mediated process (Supplementary Material, Fig. S4).

AMPK can be activated by CaMKK-3 in response to an
increase in the cytosolic-free calcium [Ca®T]. (31). In order
to test whether LRRK2 expression regulates the Ca®"/
CamKK-B/AMPK pathway, we first treated cells with a
CaMKK-a/f inhibitor (STO-609) (33). This compound

attenuated the increase in autophagosome formation induced
by LRRK2 kinase domain (Fig. 4C). Such inhibition was
similar to that observed when cells were treated with two
stimuli which increase [Ca®']. by distinct means: ATP,
which acts on P2 purinoreceptors to generate inositol
1,4,5-triphosphate (IP5) that triggers the release of Ca®"
from the ER through IP; receptor-regulated channels, or iono-
mycin, a Ca®" ionophore that serves as a mobile Ca*" carrier
to equilibrate Ca®" levels across biological membranes,
including plasma and ER membranes (31,34,35) (Fig. 4C).
In contrast, the CaMKK-a/f inhibitor had no effect on
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Figure 3. Effects of LRRK2 overexpression on AMPK and TORCI signalling. (A) HEK293T cells were transfected with either empty vector (ctrl) or indicated
constructs, and cell extracts analysed for phospho-ACC, phospho-AMPK and AMPK. (B) Quantification of the type of experiments depicted in (A). Bars rep-
resent mean + s.e.m. (n = 3); *P < 0.05. (C) As in (A), but extracts analysed for the indicated TORC1 substrates. (D) Quantification of the type of experiments
depicted in (C). Bars represent mean + s.e.m. (n = 3). (E) Cells were co-transfected with LC3—GFP and either empty vector (ctrl) or LRRK2 kinase domain, and
control-transfected cells were treated with rapamycin (100 nm, 12 h), ionomycin (2.5 pm, 12 h) or ATP (100 M, 12 h) where indicated. Cells were incubated in
the absence (white bars) or the presence (grey bars) of compound C (5 M, 24 h), and LC3—GFP punctae quantified 48 h after transfection. Bars represent

mean + s.e.m. (n = 3); *P < 0.05.

autophagosome numbers elicited by rapamycin treatment
(Fig. 4C). Remarkably, addition of the intracellular Ca®" che-
lator BAPTA-AM (bis-(O-aminophenoxy)-ethane-N,N,N,N'-
tetraacetic acid/tetra(acetoxymethyl)-ester) to LRRK2 kinase
domain or full-length LRRK2-transfected cells for the last 2
hours completely abolished the increase in autophagosome
numbers (Fig. 4D). BAPTA-AM was further able to block
the ionomycin—mediated but not the rapamycin-mediated,
increase in autophagosome numbers (Supplementary Material,
Fig. S4). Thus, a Ca’*/CaMKK/AMPK pathway seems to be
required for the increased formation of autophagosomes in
response to active LRRK2 overexpression.

ER-localized Bcl-2 inhibits LRRK2-mediated autophagy
induction

Bcl-2 has been reported to regulate cellular Ca®" handling
and Ca®"/CaMKK/AMPK-induced autophagy (31,36). Thus,
we tested whether expression of bcl-2 could inhibit the
LRRK2-mediated increase in autophagosome numbers via
its effects on Ca®" homeostasis. For this purpose, we
expressed wild-type bcl-2 (Bcl-WT), which is mostly mito-
chondrial (36,37), or mutants in which the C-terminal hydro-
phobic sequence has been either removed (Bcl-cyt), resulting
in cytosolic expression, or exchanged to a corresponding
membrane anchor from an ER-specific isoform of cyto-
chrome b5 (Bcl-ER) or L. monocytogenes ActA (Bcl-mito),
resulting in distinct subcellular localizations (31,38).

Western blot analysis confirmed equal expression levels,
and only slight effects on cytotoxicity were observed when
overexpressing Bcl-wt or Bcl-mito, but not Bcl-cyto or
Bcl-ER, respectively (Supplementary Material, Fig. S4).
Importantly, only Bcl-ER was able to fully inhibit the
LRRK?2 kinase domain-mediated increase in autophagosome
numbers (Fig. 4E). ER-localized Bcl-2 has previously been
demonstrated to lower [Ca’"]zr and agonist-induced Ca**
leak from the ER (39). Together with the inhibitory effect
of BAPTA-AM and inhibition of CaMKK on the LRRK2-
mediated increase in autophagosome numbers, these results
indicate that active LRRK2 may increase [Ca*"], by directly
or indirectly inducing Ca** release from the ER. This release
is likely mediated by IP; receptors, as the increase in auto-
phagosome numbers upon LRRK2 expression could not be
blocked by dantrolene, a ryanodine receptor antagonist
(Supplementary Material, Fig. S4).

LRRK?2 alkalinizes a subpopulation of lysosomes

Overexpression of LRRK?2 has previously been shown to lead
to accumulation of multi-vesicular bodies and autophago-
somes containing incompletely degraded material and p62
(15), a classical macroautophagy substrate (40), indicating
possible defects in autophagic degradation. Indeed, overex-
pression of wild-type or G2019S-mutant, but not inactive
K1906M-mutant, kinase domain led to a significant increase
in p62 levels and p62-positive structures (Fig. 5A—C).
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Figure 4. Effects of LRRK2 overexpression on AMPK and intracellular calcium. (A) HEK293T cells were co-transfected with LC3—GFP and either empty
vector (ctrl), human wild-type AMPKal (1-wt), dominant-negative (1-DN) or constitutively active (1-CA) AMPKal, and LC3—-GFP punctae quantified
48 h after transfection. Rapamycin (100 nm, 12 h) (rap.) was used as control. Bars represent mean + s.e.m. (n = 3); *P < 0.05. (B) Cells were transfected
with LC3—GFP along with either empty vector (ctrl), or LRRK2 kinase domain (kin) in the presence or in the absence of wild-type (1-wt) or dominant-negative
(1-DN) AMPKal constructs as indicated, and LC3—GFP punctae quantified 48 h after transfection. Bars represent mean + s.e.m. (n = 3); *P < 0.01. (C) Cells
were co-transfected with LC3—~GFP and either empty vector (ctrl) or LRRK2 kinase domain (kinase), and control-transfected cells were treated with rapamycin
(100 nm, 12 h), ionomycin (2.5 pwm, 12 h) or ATP (100 M, 12 h) where indicated. Cells were incubated in the absence (white bars) or in the presence (grey bars)
of STO-609 (20 M, 24 h), a CaMKKQR inhibitor and LC3—GFP punctae quantified 48 h after transfection. Bars represent mean + s.e.m. (n = 3); *P < 0.05. (D)
Cells were co-transfected with LC3—GFP and either empty vector (ctrl) or the indicated wild-type or mutant kinase domain or full-length (fl) constructs, and
either left untreated (white bars) or treated with BAPTA-AM (5 M, 2 h) (grey bars) prior to analysis for LC3—GFP punctae 48 h after transfection. Bars rep-
resent mean + s.e.m. (n = 3); *P < 0.05. (E) Cells were transfected with LC3—GFP along with either K1906M mutant (white bars) or wild-type (grey bars)
LRRK?2 kinase domain and either control empty vector (—) or the indicated chimeric Bcl constructs, and LC3—GFP punctae analysed 24 h after transfection.

Bars represent mean + s.e.m. (n = 3); *P < 0.05.

However, the LRRK2-mediated increase in p62 levels could
be blocked by protein synthesis inhibitors (Fig. 5SD), indicating
that it was not reflecting changes in autophagic flux. Identical
results were obtained when using ionomycin or thapsigargin
(Supplementary Material, Fig. S5), suggesting that the
LRRK2-mediated effects on p62 levels may be due to Ca?*-
dependent changes in protein synthesis (41).

A possible defect in lysosomal homeostasis, however,
became apparent when employing lipid staining with
BODIPY 493/503 (42), which revealed an increase in lipid
droplet numbers in cells overexpressing LRRK2 kinase
domain (Fig. 6A and B). In addition, lysotracker DND-99 or
Lysosensor staining to determine lysosomal pH indicated a
decrease in the number of positive punctae in cells overexpres-
sing active LRRK?2 kinase domain (Fig. 6C and D). This was
not due to a decrease in lysosomal content (43), as no change
in the levels of LAMP1 or LAMP2 were observed (Supple-
mentary Material, Fig. S6). Interestingly, quantification of
the percent colocalization of LAMP2 and lysotracker
showed an increase in the number of structures positive for
LAMP2, but negative for lysotracker, suggesting that
LRRK?2 increases pH in a subpopulation of lysosomes,
without affecting the processing of lysosomal hydrolases
(Fig. 6E and Supplementary Material, Fig. S6).

LRRK2 acts through NAADP receptors

There is considerable evidence that acidic organelles such as
endosomes and lysosomes are significant stores of Ca*" that
can be released by the Ca®" mobilizing messenger NAADP
(44,45). NAADP-evoked cytosolic Ca*" signals are accom-
panied by partial alkalinization of acidic stores (46) and amp-
lification by ER Ca®" stores (47), and lysosomal Ca**
depletion causes lipid accumulation (48). That LRRK2
increases lipid droplet numbers (Fig. 6), causes an increase
in lysosomal pH (Fig. 6) and regulates Ca”**-dependent
events in the cytosol which likely also involve the ER
(Figs. 4 and 5) prompted us to consider the involvement of
the NAADP pathway in mediating the effects of LRRK2.
Application of NAADP-AM was found to increase autopha-
gosome numbers (Fig. 6F). This increase was abolished at
higher NAADP concentrations, in agreement with the notion
that NAADP-induced Ca®" release desensitizes at high
ligand concentrations (49,50). The effect of NAADP on auto-
phagosome formation could be blocked by BAPTA-AM
(Fig. 6F) and was accompanied by an increase in AMPK activ-
ity (Supplementary Material, Fig. S6). The autophagy induc-
tion observed with NAADP could be inhibited by Bcl-ER
(Fig. 6G), similar to starvation-induced autophagy (36,37),
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Figure 5. Effects of LRRK2 overexpression on p62 levels. (A) HEK293T cells were transfected with either control empty vector (ctrl) or wild-type or mutant
kinase domain constructs as indicated, and extracts analysed for endogenous p62 levels. (B) Quantification of the type of experiments as depicted in (A). Bars
represent mean + s.e.m. (n = 3); *P < 0.05. (C) Example of cells co-transfected with LC3—GFP (green, left) and LRRK2 kinase domain and co-stained with
anti-p62 (red, middle). Scale bar, 10 pm. (D) Cells were transfected with indicated constructs, and treated with puromycin (1 pm, 6 h) where indicated before
analysis and quantification of p62 levels. Bars represent mean + s.e.m. (n = 3); *P < 0.05.

but distinct from autophagy induced by rapamycin or torin
treatment (Fig. 6G). In addition, the autophagy induced by
NAADP was insensitive to 3-MA, in contrast to TORCI1-
dependent autophagy inducers (Fig. 6H). Furthermore,
NAADP caused an increase in LC3II levels (Fig. 6I), a
protein synthesis-dependent increase in p62 levels (Fig. 6J),
increased lipid droplet numbers (Fig. 6K) and increased lyso-
somal pH (Fig. 6L), thus fully mimicking the effects of
LRRK2 expression.

TPCs have recently emerged as the likely targets for
NAADP, with TPC1 localized to both endosomes and lyso-
somes, and TPC2 mainly to lysosomes (50,51). Point
mutants in the putative helix of the pore-forming regions
have been described, which seem to largely abolish Ca®" con-
ductance and uncover dominant-negative effects with respect
to NAADP-mediated Ca*" signals (51,52). Thus, we evaluated
whether co-expressing wild-type or mutant TPCs may inter-
fere with LRRK2-mediated autophagosome formation. Ex-
pression of mRFP-tagged TPC constructs indicated that
wild-type and mutant versions were similarly overexpressed
and localized to intracellular compartments, with TPC2 par-
tially co-localizing with the lysosomal marker LAMP2, as pre-
viously described (51). None of the TPC constructs displayed
cytotoxicity at 24 h upon overexpression, but TPC1 and its
mutant were found to increase autophagosome formation
(Supplementary Material, Fig. S7). Whilst consistent with
the involvement of TPC1 in endolysosomal trafficking (53),
this finding precluded further analysis of a possible reversal
of the LRRK2-mediated increase in autophagosome numbers
by TPC1 constructs. In contrast, TPC2 and its mutant did
not display effects on autophagosome numbers when
expressed on their own (Fig. 7A). Importantly, mutant but
not wild-type TPC2 was able to block the effect of LRRK2
kinase domain on autophagosome numbers (Fig. 7A).

We next evaluated whether NED-19, a newly described
NAADP antagonist (54), could reverse the LRRK2-mediated

effects on autophagic flux. NED-19 on its own was without
effect on autophagosome numbers, but could block the in-
crease in autophagosome numbers mediated by active kinase
domain or full-length LRRK2 (Fig. 7B). This was accompan-
ied largely by a reversal in the LRRK2-mediated changes
on AMPK activity (Supplementary Material, Fig. S7), p62
levels, LC3II levels and lysotracker-positive structures
(Fig. 7C-E). Finally, when probing for an interaction
between endogenous LRRK2 and GFP-TPC2, LRRK2 was
found to co-immunoprecipitate with GFP—-TPC2 and vice
versa (Fig. 7F and Supplementary Material, Fig. S7).
Together, these data indicate that NAADP mimicks the
effects of active LRRK2, whilst NED-19 application can
revert those effects, and suggest that NAADP receptors may
be direct targets for regulation by LRRK2.

LRRK?2 sensitizes cells to cell death induced by proteasome
inhibition

As the observed LRRK2-mediated effects were not cytotoxic
per se, we next wondered whether they would sensitize cells
towards cell death under certain conditions (55). When cells
were treated with the proteasomal inhibitor MG-132, cell
death was markedly accelerated in cells overexpressing
active, but not inactive, LRRK2 kinase domain (Fig. 8A).
The increased cell death in the presence of MG-132 in
LRRK2 kinase domain-expressing cells could be blocked by
NED-19 (Fig. 8B), supporting the involvement of the
NAADP pathway in this process. Interestingly, application
of rapamycin or torin, two specific TORCI inhibitors, reverted
the LRRK2-mediated effects on cell death in the presence of
MG-132, whilst L690,440, a TORCI-independent auto-
phagy-enhancing compound (56), was unable to do so
(Fig. 8A and C). Rapamycin and torin also largely reversed
the effects of LRRK2 on p62 accumulation and on the
decrease in lysotracker staining (Fig. 8D and E). Measurements
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Figure 6. Effects of LRRK?2 on lipid accumulation and lysosomal pH, and effects of NAADP. (A) Example of HEK293T cells co-transfected with mCherry and
either K1906M-mutant or wild-type LRRK?2 kinase domain, and stained with BODIPY 493/503 (green). Scale bar, 10 wm. (B) Percentage change in the number
of lipid droplets quantified from experiments as in (A). Bars represent mean + s.e.m. (n = 3); *P < 0.005. (C) The number of lysosensor-positive structures in
cells expressing K1906M or kinase domain. Bars represent mean + s.e.m. (n = 4); *P < 0.05. (D) Percentage change in the number of lysotracker-positive struc-
tures in cells co-transfected with EGFP and either K1906M or kinase domain constructs. Bars represent mean + s.e.m. (n = 3); *P < 0.005. (E) Quantification of
LAMP2-positive structures positive for lysotracker in K1906M or kinase-expressing cells. Ten random cells were analysed per condition per experiment. Bars
represent mean + s.e.m. (n = 2); *P < 0.05. (F) Cells were transfected with LC3—GFP and either left untreated, or treated with the indicated concentrations of
NAADP-AM or with 1 pm NED-19 for 12 h, in the absence (white bars) or in the presence (grey bars) of BAPTA-AM (5 wm, 2 h), and LC3—GFP punctae
quantified 48 h after transfection. Bars represent mean + s.e.m. (n = 3); *P < 0.005. (G) Cells were co-transfected with LC3—GFP and either control empty
vector (white bars) or bel-ER (grey bars), and either left untreated (ctrl), treated with NAADP-AM (100 nm, 4 h), starvation (Earle’s salt solution, 4 h), rapamycin
(200 nM, 4 h) or torin (50 nm, 4 h) as indicated, and LC3—GFP punctae analysed 24 h after transfection. Bars represent mean + s.e.m. (n = 3); *P < 0.05. (H)
Cells were transfected with LC3—GFP and either left untreated (ctrl), or treated with NAADP-AM (100 nwm, 12 h) or rapamycin (100 nm, 12 h) as indicated in the
presence or in the absence of 3-MA (5 mwm, 24 h) (grey bars). Bars represent mean + s.e.m. (n = 3); *P < 0.05. (I) Cells were either left untreated, or treated with
NAADP-AM (100 nwm, 12 h) as indicated, and cell extracts analysed and quantified for endogenous LC3. Bars represent mean + s.e.m. (n = 2); *P < 0.05. (J)
Cells were left untreated or treated with NAADP-AM (100 nwm, 12 h) or puromycin (1 M, 6 h) as indicated, and extracts analysed and quantified for p62 levels.
Bars represent mean + s.e.m. (n = 3); *P < 0.05. (K) Non-treated or NAADP-AM-treated cells were stained with BODIPY 493/503 and analysed for the per-
centage change in the number of lipid droplets. Bars represent mean + s.e.m. (n = 3); *P < 0.01. (L) Non-treated or NAADP-AM-treated cells were stained with
lysotracker and the percentage change quantified. Bars represent mean + s.e.m. (n = 3); *P < 0.005.

in dopaminergic neuroendocrine PC12 cells yielded similar
results. The NAADP-receptor antagonist NED-19 was able
to revert the LRRK2-mediated increase in autophagosome
numbers, the LRRK2-mediated decrease in lysosensor-
positive structures and the LRRK2-mediated increase in cell

death in the presence of MG-132 (Supplementary Material,
Fig. S8). Together, these data indicate that additional interfer-
ence with proteasomal degradation is detrimental to cells over-
expressing catalytically active LRRK2, and that blocking
NAADP-mediated signalling, or enhancing autophagic flux
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Figure 7. A link between LRRK2 and NAADP-sensitive receptors. (A) HEK 293T cells were transfected with LC3—GFP along with K1906M-mutant or wild-
type kinase domain and either empty vector (pCMV), TPC2 or mutant TPC2 as indicated, and LC3—GFP punctae quantified 24 h after transfection. Bars rep-
resent mean + s.e.m. (n = 5); *P < 0.005. (B) Cells were co-transfected with LC3—GFP and the indicated kinase domain or full-length (fl) LRRK2 constructs,
and either left untreated (white bars) or treated with NED-19 (1 M, 12 h) (grey bars), followed by quantification of LC3—GFP punctae 48 h after transfection.
Bars represent mean + s.e.m. (n = 3); *P < 0.005. (C) Transfected cells were treated with NED-19 (1 M, 12 h) where indicated before analysis for p62 levels.
Bars represent mean + s.e.m. (n = 3); *P < 0.05. (D) As in (C), but extracts analysed and quantified for LC3II levels. Bars represent mean + s.e.m. (n = 3);
*P < 0.05. (E) Transfected cells were treated with NED-19 (1 pm, 12 h) where indicated before staining with lysotracker. Bars represent mean + s.e.m.
(n=4);*P < 0.05. (F) Cells were transfected with TPC2—GFP or GFP vector, and extracts (1 mg) subjected to immunoprecipitation with an anti-GFP antibody.
Note that TPC2—-GFP runs as distinct bands corresponding to core glycosylated and mature fully glycosylated versions, respectively (67).
Co-immunoprecipitated endogenous LRRK?2 was detected using an anti-LRRK2 antibody (MJFF2, Epitomics). Note the additional presence of lower molecular-
weight bands, which are likely distinct degradation products of endogenous LRRK2. Inputs (5%) were run along-side the immunoprecipitates. Representative of

a total of seven independent experiments.

and/or suppressing protein synthesis or affecting lysosomal
homeostasis through a TORC1-dependent pathway can over-
come the enhanced susceptibility to cell death induced by
LRRK2 in non-neuronal as well as neuroendocrine cells.

DISCUSSION

Mutations in LRRK2 are the most common genetic cause of
PD, but the function of the protein remains unknown. Our
study provides insight into the molecular mechanism of
LRRK2 action. We have shown that LRRK2 kinase activity
exerts a previously unknown regulatory role on macroauto-
phagy that seems to involve Ca®" release from lysosomes
and the Ca**/CaMKK/AMPK pathway. These events seem
to be mediated by activation of NAADP receptors, which
causes Ca’" efflux from acidic stores and is accompanied by
a partial alkalinization of lysosomal store pH (Fig. 9).

In our experimental conditions, wild-type LRRK2 had a sig-
nificant effect similar to pathogenic G2019S-mutant LRRK2.
As mutations in LRRK2 cause PD in an autosomal-dominant
manner, we overexpressed the protein to mimic a gain-

of-function phenotype. It is feasible that the pathogenic mech-
anism of LRRK2 depends on exceeding a threshold level of
activity, also supported by the finding that homo- and hetero-
zygous carriers of LRRK2 mutations are clinically indistin-
guishable (3). In this context, overexpressing both wild-type
or G2019S-mutant LRRK2 may reach the threshold level
required for LRRK?2 function and/or activity to become patho-
genic. Alternatively, we may have missed a small but bio-
logically important difference in effect, which nevertheless
may have important consequences when present over many
years. Finally, it remains possible that the effects described
here are a wild-type function of LRRK2 unrelated to PD,
even though other studies describing an impaired autophagic
balance with G2019S-mutant, but not wild-type LRRK2
(12—16), are consistent with the idea of a threshold effect.
Previous studies have indicated that enhanced autophagy
may mediate neurite shortening induced by G2019S LRRK2
expression, as molecular inhibition of autophagy reversed,
and pharmacological activation of autophagy potentiated the
effects of LRRK2 on neurite shortening (12,13). Whilst our
data are consistent with the notion that LRRK2 expression
causes autophagy induction, we find that pharmacological
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Figure 8. Effects of LRRK2 expression on cellular viability in the presence of proteasomal inhibitor. (A) HEK293T cells were co-transfected with GFP and
K1906M or kinase domain constructs as indicated and either left untreated (—), treated with rapamycin (100 nm, 4 h), MG-132 (500 nm, 12 h) or both as indi-
cated. Cells were analysed for cell death 48 h after transfection using Hoechst staining. Bars represent mean + s.e.m. (n = 3); *P < 0.005. (B) As in (A), but
cells treated with NED-19 (1 M, 12 h) as indicated. Bars represent mean + s.e.m. (n = 3); *P < 0.005. (C) As in (A), but cells treated with torin (500 nwm, 4 h) or
L690,440 (10 pm, 4 h) as indicated. Bars represent mean + s.e.m. (n = 3); *P < 0.005. (D) Left: cells were transfected with either empty vector or kinase
domain construct, and treated with rapamycin (200 nm, 12 h) where indicated before analysis for p62 levels. Right: quantification of experiments where bars
represent mean + s.e.m. (n = 3); *P < 0.05. (E) Transfected cells were treated as indicated before staining with lysotracker. Bars represent mean + s.e.m.

(n=3); *P < 0.05.

activation of autophagy is beneficial to cell survival, contra-
dictory to the aggravating effects of rapamycin on neurite
length (13). However, the micromolar, but not nanomolar,
concentrations of rapamycin employed in this study (13)
leave open the possibility of secondary effects unrelated to
TORCI inhibition. In addition, even though neurite length
and complexity may be relevant readouts for the cellular
effects of LRRK2, enhanced stress sensitivity and cell death
are equally informative for our understanding of LRRK?2 func-
tion in cultured cells (55). The observed effects of LRRK2 are
not sufficient to cause cell death, but increase the susceptibility
of cells to further insults related to protein degradation-
mediated stress, reminiscent of data obtained with LRRK2/
a-synuclein double-transgenic mice (57). In addition, trans-
genic mice expressing G2019S-mutant LRRK2 display
progressive age-dependent degeneration of dopaminergic
neurons in vivo, accompanied by the accumulation of autopha-
gic structures (14). These data imply an important regulatory
role for LRRK2 in autophagic balance, which leads to even-
tual cell death in the presence of an additional trigger.
LRRK2 overexpression induces the formation of
autophagosomes through a Ca”"/CaMKK/AMPK pathway.

Contradictory data have emerged as to the role of cytosolic
Ca®" and autophagy, with both stimulatory (31) and inhibitory
(56) effects on autophagy. Our data indicate that Ca®" displays
complex effects at different stages of the pathway, and is
required in distinct intracellular locations. In this context, it
is interesting to note that LRRK2 or reagents which increase
intracellular Ca®" were both found to increase p62 protein
synthesis, indicating that, apart from regulation of autophagy,
the LRRK2-mediated change in cytosolic Ca** may, at least in
part, underlie some of the protein synthesis-mediated events
proposed for LRRK2 (58,59).

The effects of LRRK2 on autophagy induction were found
to be TORC1 independent, in agreement with recent findings
that autophagy under normal nutritional conditions is
TORCI1 independent and regulated by AMPK and InsP;.
R-mediated Ca®" signalling from the ER (28,56,60). Further-
more, the LRRK2-mediated sensitization to cell death in the
presence of proteasomal inhibition could be reversed by
TORCI inhibitors. Such reversal may be due to an increase
in degradative capacity as autophagic flux is enhanced, a de-
crease in protein synthesis, an effect on lysosomal homeostasis
(61) or a combination thereof. Indeed, evidence for all three
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Figure 9. Model for the LRRK2-mediated events identified in this study. It is
proposed that LRRK2 directly or indirectly activates NAADP-receptors (such
as TPC2), resulting in an increase in cytosolic Ca®*. Ca®" efflux from acidic
stores may lead to a concomitant increase in lysosomal pH. The cytosolic in-
crease in Ca®" may result in Ca’*-induced Ca®" release from ER stores, and
activation of CaMKKp, followed by activation of AMPK and an increase in
autophagosome numbers. These LRRK2-mediated events seem to sensitize
cells to cell death in the presence of additional compounds interfering with
proteasomal degradation. Detection methods and/or tools used in this study
to analyse and modulate the indicated events are depicted in red. dn, dominant-
negative.

events were found with rapamyin. In either case, these data
suggest that TORCI1 inhibitors may prove beneficial in treating
neurodegenerative events related to LRRK2.

LRRK2-expressing cells display a decrease in the number
of lysosomes with acidic pH. Given that acidic pH is only
lost in a fraction of lysosomes, further studies are warranted
to elucidate whether there exists a correlation between
the affected lysosomal subpopulation and the localization
of endogenous NAADP receptors. In either case, the
LRRK2-mediated effects on lysosomal pH are mild and do
not result in a lysosomal proteolysis phenotype (62,63), and
under basal conditions and in the absence of additional
protein aggregation stress, these LRRK2-mediated effects do
not affect cell survival.

NAADP is the most powerful endogenous Ca** mobilizing
compound known to date. It seems to invoke an initial trigger
release from acidic stores which is then amplified by Ca**-
induced Ca®" release from the ER mediated by Ins;P receptors
(47). TPCs are the likely target receptors for NAADP. Whilst
still poorly characterized ion channels, they display a broad
tissue distribution, indicating that they might play a general
role in the mobilization of acidic Ca®" stores. The observation
that a specific NAADP antagonist blocks all LRRK2-mediated
effects analysed here, together with the observed interaction
between LRRK2 and TPC2, suggests a molecular mechanism
for LRRK2 function involving TPC2 on acidic stores. In this
context, LRRK2 may regulate TPC2 channel behaviour,
even though additional effects at the level of NAADP gener-
ation cannot be excluded. To our knowledge, this is the first
report which links the effects of LRRK2 through an effect
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on NAADP receptors. Thus, NAADP receptors may represent
possible new targets for interventions for familial and sporadic
PD linked to abnormal LRRK2 activity.

MATERIALS AND METHODS
Plasmid constructions

To generate the LRRK2 kinase domain-GFPemd construct
(kinase-GFPemd), the human LRRK2 kinase domain (aa
1844—2143) was PCR amplified using full-length LRRK2 as
template, with EcoRI/BamHI sites on either end. VAMP2-
GFPemd (64) was digested with EcoRl/BamHI to release
VAMP2, and the PCR-amplified kinase domain cloned
in-frame with the GFPemd at the C-terminal end.

To generate the LRRK2 kinase domain pCMV construct
(pCMV-kinase), human LRRK2 kinase domain (amino acid
1844-2143) was PCR amplified using full-length LRRK?2 as
template, with Sacl/BamHI sites on either end. pPCMV-VAMP2
(64) was digested with Sacl/BamHI to release VAMP2, and
religated with the digested, PCR-amplified kinase domain.

To generate the full-length human LRRK2 pCMV vector
(pCMV-fILRRK2), pGEMT-LRRK2 was digested with
Sacll/Mlul to release fl-LRRK2. Quick Change Site Directed
Mutagenesis was performed with the empty pCMV vector to
introduce a Sacll site 5’ to the Mlul site, followed by digestion
of the vector with Sacll/Mlul and introduction of fILRRK2.

K1906M and G2019S mutations were introduced into all re-
spective vectors by Quick Change Site Directed Mutagenesis,
and the identity of all constructs verified by direct sequencing
of the entire coding regions.

The double-myc-tagged, full-length wild-type and mutant
human LRRK2 constructs were kindly provided by
M. Cookson (NIH, Bethesda, USA). Full-length constructs
were transformed in Stbl3 E. coli, and DNA prepared using
the BACMAX DNA Purification Kit (Epicentre Biotechnolo-
gies, Madison, USA).

N-terminally myc-tagged constructs for wild-type, domin-
ant-negative and constitutively active AMPKal, as well as
N-terminally myc-tagged constructs for wild-type and
dominant-negative AMPKa2 were kindly provided by
D. Carling (MRC, Imperial College London, UK). Bel-2 and
its organelle-specific mutants were kindly provided by
M. Jaitteld (Institute of Cancer Biology, Danish Cancer
Society, Denmark) and D.W. Andrews (McMaster University,
Hamilton, Ontario, Canada). Human TPCI1-mRFP, TPCI-
L273P-mRFP and TPC2-mRFP have been previously
described. The L265P mutation in TPC2-mRFP was generated
by Quick Change Site Directed Mutagenesis and verified by
direct sequencing.

The tandem-tagged LC3 construct mCherry-EGFP-LC3B
(human) was kindly provided by T. Johansen (University of
Tromse, Norway), and EGFP-LC3 (rat) was provided by
T. Yoshimori (National Institute for Basic Biology, Okazaki,
Japan) and J. Oliver (Institute of Parasitology and Biomedi-
cine ‘Lopez-Neyra’, CSIC, Granada, Spain). The GI120A
mutation was introduced into both tagged LC3 constructs by
Quick Change Site-Directed Mutagenesis (Stratagene) and
verified by direct sequencing.
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Reagents

NAADP-AM and NED-19 were synthesized as previously
described (54,65). Torin was a generous gift of D. Sabatini
(Whitehead Institute for Biomedical Research, Cambridge,
USA). 3-MA (3-methyladenine), NH4CI, bafilomycin Al,
E-64d, pepstatin A, nigericin, trichostatin A, dantrolene, puro-
mycin and ionomycin were from Sigma. STO-609 (7-oxo-
7H-benzimidazo[2,1-a]benz[de]isoquinoline-3-carboxylic acid)
and L690,440 (1-[(4-hydroxyphenoxy)ethylidene]bis
[[phosphinylidyne bis(oxymethylene)]-2,2-dimethylpropanoate)
were from Tocris Bioscience (Missouri, USA). Compound
C, cycloheximide and MG-132 were from Calbiochem.
BAPTA-AM was from Invitrogen, rapamycin was from LC
Laboratories (Woburn, USA) and chloroquine was a generous
gift from L. Ruiz Pérez (Institute of Parasitology and Biomedi-
cine ‘Lopez-Neyra’, CSIC, Granada, Spain).

Cell culture, transfection and cell lysis

Unless otherwise indicated, experiments were performed in
HEK293T cells, which were cultured as previously described
(66). Where indicated, experiments were also performed in
neuroendocrine PC12 cells, which were cultured and trans-
fected as previously described (64). Cells at 70-80%
confluency were transfected using Lipofectamine 2000
(Invitrogen) according to manufacturer’s specifications for
4 h, followed by addition of fresh medium. Single transfec-
tions were performed using 3.5 wg of plasmid of interest and
10 pl of Lipofectamine 2000. For double-transfections,
2.5 pg of each plasmid was used, and for triple-transfections,
1.7 pg of each plasmid was employed. The DNA ratio for
co-transfections in the case of full-length LRRK2 constructs
was 1:5, using a total of 10 g of DNA.

Cells were treated with the indicated concentrations of com-
pounds and for the indicated times, and cell extracts prepared
24 or 48 h after transfection. Cells were rinsed once in ice-cold
PBS, followed by resuspension in 1 ml of lysis buffer per
100 mm dish (160 pl of lysis buffer per well of a 6-well
plate) (1% SDS in PBS containing 1 mm PMSF, 1 mwm
Na3VO, and 5 mMm NaF). Extracts were boiled for 5 min, soni-
cated and centrifuged at 13 500 rpm for 10 min at 4°C. Protein
concentrations of supernatants were estimated using the BCA
assay (Pierce). Whenever possible, extracts were immediately
resolved by SDS—PAGE without repeated freeze-thaws, as the
latter was found to decrease detection of some phosphorylated
proteins.

Immunofluorescence staining and confocal microscopy

Transfected cells were re-plated at a 1:3 ratio onto coverslips
and processed for immunocytochemistry 24 or 48 h after trans-
fection. Lysotracker DND-99, LysoSensor Green DND-189
and Bodipy 493/503 dyes were used essentially according to
manufacturer’s instructions (Invitrogen). Fixed cells were
mounted using ProLong Gold AntiFade mounting medium
(Invitrogen), and images acquired on a Leica TCS-SP5 con-
focal microscope using a x 100 HCX PL APO CS 1.4 oil
UV objective. Images were collected using single excitation

for each wavelength separately [488 nm Argon Laser line
and a 500—545 nm emission band pass; 543 nm HeNe Laser
line and a 556—673 nm emission band pass; 405 nm UV
diode and a 422—-466 nm emission band pass (12.5% inten-
sity)]. Ten to fifteen image sections of selected areas were
acquired with a step size of 0.3 wm, and z-stack images ana-
lysed and processed using Leica Applied Systems (LAS
AF6000) image acquisition software. The same laser intensity
was used for image acquisition of individual experiments.
Co-localization analysis was performed using Leica Applied
Systems (LAS AF6000) image acquisition software, adjusting
thresholds to 28% for each channel.

Primary antibodies included a mouse monoclonal
anti-LAMP2 antibody (1:50; Santa Cruz Biotechnology), a
mouse monoclonal anti-p62 antibody (1:50; BD Transduction
Laboratories), a mouse monoclonal anti-myc antibody
(1:10 000, Sigma) and a rabbit polyclonal anti-GFP antibody
(1:1000; Abcam). Secondary antibodies included goat anti-
rabbit or goat anti-mouse AlexaFluor-405-conjugated second-
ary antibody (1:100; Invitrogen), AlexaFluor-488-conjugated
secondary antibody (1:1000; Invitrogen) or AlexaFluor-555-
conjugated secondary antibody (1:1000; Invitrogen).

For detection of apoptosis, fixed cells were mounted using
mounting medium containing DAPI (Vector Laboratories)
and visualized on a Zeiss microscope using a x100
oil-immersion objective. For each experiment, an average of
100 cells from random fields was quantified, and condensed
or fragmented nuclei scored as apoptotic cells. Occasionally,
apoptotic cells were also quantified using the DeadEnd Fluoro-
metric TUNEL System (Promega) according to manufac-
turer’s specifications (Promega).

Quantitative image analysis

Autophagic activity was evaluated by quantifying the
average number of GFP—LC3 punctaec per cell. For this
purpose, z-stacks of random fields of cells were captured at
x 100 magnification on a confocal microscope. The number
of GFP-LC3 punctac per cell was either obtained by
manual counts performed by an observer blinded to condi-
tion, or more regularly using an NIH Image] macro called
GFP-LC3 (13). Alternatively, random fields of transfected
cells were imaged on a Zeiss microscope using a x 100
oil-immersion objective by an individual blinded to the
experimental conditions, and the number of GFP-LC3
punctae per cell counted manually. Whilst the decreased
resolution results in identification of overlapping or clustered
punctae as a single large puncta, and thus will underestimate
the number of GFP—LC3 punctae per cell, the relative
changes observed using this determination were similar to
those using the high-resolution analysis described above.
For all determinations of LC3—-GFP punctac per cell,
between 30 and 50 randomly chosen transfected cells were
analysed per experiment and condition. For quantification
of yellow and red mCherry-EGFP-LC3 (td-tag-LC3)
punctae, pictures were captured at x 100 magnification on
a confocal microscope, and the number of yellow and red
punctae analysed as described above from 40 randomly
chosen transfected cells per experiment and condition.
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Electron microscopy

Transfected cells were collected, resuspended in HEPES-
buffered media and filtered through a 50 pm filter before
FACS sorting. Sorted cells were fixed with 4% paraformalde-
hyde, 0.1% glutaraldehyde in 0.1 m cacodylate buffer contain-
ing 3 um CaCl, and 7.5% sucrose for 15 min at room
temperature. Fixed cells were washed and pelleted, then cell
pellets were cut into small cubes and mixed to randomize
the sample. Samples were stained with reduced osmium tetra-
oxide, dehydrated and embedded in resin. Sections (~80 nm)
were examined with an FEI TECNAI BioTWIN electron
microscope. Random cells were imaged.

To calculate relative volume densities, Photoshop software
was used to combine separate images to obtain a complete
view of each cell. Autophagic structures were recognized
according to their morphological characteristics. A counting
grid was superimposed on images at a random offset and intersec-
tions were scored according to the underlying structures, using
the ImageJ plug-ins Grids and Cell Counter (NIH, Bethesda,
MD, USA). The relative volume density of each structure was
calculated by dividing the number of intersections counted for
each category by the number counted for the whole cell.

Western blotting

Proteins were resolved by SDS—PAGE, transferred onto polyvi-
nylidene difluoride membranes (Hybond, GEHealthcare) and
probed with primary antibodies overnight at 4°C. The following
antibodies were employed: a rabbit polyclonal anti-phospho-
ACC (Ser79), a rabbit monoclonal anti-phospho-AMPKa
(Thr172) (40H9), a rabbit monoclonal anti-AMPKa, a rabbit
polyclonal phospho-S6 (S235/236), a rabbit polyclonal
phospho-p70 S6 kinase (Thr389), a rabbit polyclonal p70 S6
kinase, a rabbit monoclonal phospho-4E-BP1 (T37/46)
(236B4) and a rabbit polyclonal 4E-BP1. All those antibodies
were from Cell Signaling Technology, and used at a dilution
of 1:500. Additional antibodies included a mouse monoclonal
anti-p62 (1:500; BD Transduction Laboratories), a mouse
monoclonal anti-LAMP2 (H4B4) (1:200; Santa Cruz Biotech-
nology), a mouse monoclonal anti-LAMP1 (H4A3) (1:200;
Santa Cruz Biotechnology), a goat polyclonal anti-cathepsin
D antibody (1:100; Santa Cruz Biotechnology), a mouse mono-
clonal anti-cathepsin L antibody (1:100; BD Biosciences), a
mouse monoclonal anti-LC3 (1:500; MBL, Japan), a rabbit
polyclonal anti-LC3 (1:500; Cell Signaling Technology), a
rabbit polyclonal anti-GFP (ab6556) (1:500; Abcam), a mono-
clonal anti-bcl antibody (ab694) (1:10000; Abcam), a monoclo-
nal anti-tubulin antibody (clone DM1A) (1:5000; Sigma), a
rabbit polyclonal anti-pan-14-3-3 antibody (K-19) (1:500;
Santa Cruz Biotechnology), a rabbit monoclonal anti-LRRK?2
antibody (MJFF2, 1:500; Epitomics) or a mouse monoclonal C-
terminal anti-LRRK?2 antibody (N241A/34, NeuroMab,
UCDavis, USA). Membranes were washed and incubated with
secondary antibodies [anti-rabbit HRP-conjugated antibody
(1:2000) or anti-mouse HRP-conjugated antibody (1:2000)
(Dako Cytomation)] for 90 min at room temperature, followed
by detection using ECL reagents (Roche). Unless otherwise
indicated, 50 g of cell extracts were resolved on MiniProtean
Gels (BioRad Laboratories), whilst for phospho-p70 S6
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kinase, phospho-4E-BP1, LC3 and p62, 150 pg of cell extracts
were resolved on large PROTEAN II gels (BioRad Laborator-
ies), and westerns developed with enhanced ECL reagents
(Roche). Upon chemiluminescence detection, a series of timed
exposures were undertaken to ensure that densitometric ana-
lyses were performed at exposures within the linear range.
Films were scanned, and QuantityOne (Biorad) was employed
for densitometric analysis.

Immunoprecipitation

Transfected cells were washed in chilled PBS and pelleted by
centrifugation. Pellets were resuspended in IP buffer (1 ml/
10 cm dish) containing 1% NP-40, 50 mm Tris/HCI, pH 7.4,
150 mm NaCl, phosphatase inhibitor cocktails 2 and 3
(Sigma) and protease inhibitor cocktail (Roche) and lysates
centrifuged at 13 500 rpm for 10 min at 4°C. Protein concen-
tration of supernatants was estimated using a BCA assay,
and 1 mg total protein was subjected to immunoprecipitation
with either anti-GFP (5 wg, Abcam) or anti-LRRK2 (10 pg,
N138/6, NeuroMab, UCDavis, USA) antibodies. For immuno-
precipitations, lysates were incubated with antibodies for 1 h
at 4°C, followed by addition of protein G or protein A Seph-
arose beads and incubation overnight. Beads were washed
five times with IP buffer followed by elution with SDS
sample buffer and heating at 50°C for 3 min prior to separation
by SDS-PAGE.

Statistical analysis

Data are expressed as means + s.e.m., and the significance of
differences was assessed using unpaired #-tests. Differences
were accepted as significant at the 95% level (P < 0.05).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Figure S1 (related to Figure 1) Overexpression of LRRK2 constructs and effects on
cell death. (A) Schematic representation of myc-tagged full-length LRRK2 (myec-fl-
kinase) and non-tagged full-length LRRK2 (fl-kinase), as well as C-terminally tagged or
non-tagged kinase domain (kinase) constructs employed, with domains and amino acids
indicated. (B) Representative maximum-intensity projection of confocal images of cells
transfected with GFP-tagged catalytically inactive K1906M-mutant kinase, wildtype

kinase or G2019S-hyperactive kinase domain constructs as indicated, and processed 48



h after transfection. Scale bar, 10 um. (C) As in (B), but cell extracts prepared and
analyzed for levels of overexpression using a GFP antibody, and using a tubulin
antibody to correct for differences in protein loading. (D) Representative maximum-
intensity projection of confocal images of cells co-transfected with GFP (green) and
myc-tagged full-length wildtype (myc-fl-kinase) or mutant LRRK2 constructs (G2019S
or catalytically dead (KD)) as indicated, fixed 48 h after transfection and stained with an
anti-myc antibody (red). Scale bar, 10 um. (E) Cells were transfected with non-tagged,
full-length wildtype or mutant LRRK2 constructs as indicated, and cell extracts
prepared and analyzed with an anti-LRRK2 antibody (MJFF2, Epitomics) 48 h after
transfection for levels of overexpression, and with a tubulin antibody to correct for
differences in protein loading. (F) Cells were co-transfected with mCherry and with
either empty vector (ctrl) or with the indicated kinase or full-length (fl) kinase
constructs, and cell death analyzed either 24 h (top) or 48 h (bottom) after transfection

using Hoechst staining. Bars represent mean + s.e.m. (n=3).
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Figure S2 (related to Figure 2) Characterization of td-tag-LC3 labeling. (A) The
tandem-tagged (td-tag) LC3 protein emits yellow (green merged with red) fluorescence
in non-acidic structures, but appears as red only in autolysosomes due to the quenching
of the GFP in the acidic environment. (B) Confocal image of a cell transfected with td-
tag-LC3 and co-stained with LAMP2 (blue). Scale bar, 10 um. Inset: Example of
yellow, early autophagic structures negative for LAMP2 (asterisk) and red-only, late
autophagic structures positive for LAMP2 (arrows). (C) Detection of a phagophore with

td-tag-LC3. Scale bar, I um. (D) Confocal image of a cell transfected with td-tag-LC3



and treated with nigericin (25 uM, 5 min), a H'/K' ionophore which increases
lysosomal pH, thus allowing visualization of both early and late autophagic structures
as yellow punctae. Scale bar, 10 um. (E) Confocal image of a cell transfected with
G120A-mutant td-tag-LC3, which cannot be processed and conjugated to the
autophagosomal membrane, and thus appears only as cytosolic fluorescence. Scale bar,

10 pm.
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Figure S3 (related to Figure 3) Positive controls for regulation of TORCI signaling.
(A) Example of an experiment where cells were either left untreated (-), or treated for
the indicated times with the indicated concentrations of torin, followed by analysis of
cell extracts for the various substrates related to TORCI1 activity. (B), as in (A), but
cells treated with rapamycin as indicated, and cell extracts analyzed for the indicated
TORCI substrates. As previously described, both rapamycin and torin block TORCI1-
dependent phosphorylation of p70S6K, which in turn blocks phosphorylation of S6K. In
contrast, only torin is able to suppress the TORCI1-dependent but rapamycin-resistant
phosphorylation of 4E-BP1. Experiments of this type were performed two times with

similar results.
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Figure S4 (related to Figure 4) Effects of LRRK2 overexpression on AMPK and
intracellular calcium. (A) Cells were transfected with N-terminally myc-tagged human
wildtype (1-wt), dominant-negative (1-DN) or constitutively active (1-CA) AMPKal,
or with wildtype (2-wt) or dominant-negative (2-DN) AMPKa?2, and cell extracts
analysed for expression with an anti-myc antibody 48 h after transfection. (B) Cells
were transfected with the indicated AMPK constructs, and analyzed for cell death using
Hoechst staining 48 h after transfection. Bars represent mean + s.e.m. (n=3); *, p <
0.005. (C) Cells were co-transfected with LC3-GFP and either empty vector or

dominant-negative AMPKal (DN) as indicated, and treated with ionomycin (2.5 uM,



12 h) (iono.), rapamycin (100 nM, 12 h) (rap.) or MG-132 (500 nM, 12 h) (MQG) as
indicated, and LC3-GFP punctae quantified 48 h after transfection. Bars represent mean
+ s.e.m. (n=3); *, p < 0.05. (D) Cells were transfected with LC3-GFP and either left
untreated (ctrl) or treated with ionomycin (2.5 uM, 12 h) or rapamycin (100 nM, 12 h)
as indicated, and either left untreated (white bars) or treated with BAPTA-AM (5 uM, 2
h) (grey bars) prior to analysis for LC3-GFP punctae 48 h after transfection. Bars
represent mean + s.e.m. (n=3); *, p < 0.05. (E) Cells were transfected with the indicated
bel chimerae, and extracts analyzed for overexpression levels 24 h after transfection
with an anti-bcl antibody. (F) Cells were transfected with either empty vector (-) or the
indicated Bcl chimerae, and analyzed for cell death using Hoechst staining 24 h after
transfection. Bars represent mean + s.e.m. (n=3); *, p < 0.05. (G) Cells were co-
transfected with LC3-GFP and either K1906M or kinase domain constructs, and either
left untreated (white bars) or treated with dantrolene (1 uM, 2 h) (grey bars) prior to
analysis for LC3-GFP punctae 48 h after transfection. Bars represent mean + s.e.m.

(n=3); *, p<0.05.
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Figure S5 (related to Figure 5) Effects of intracellular calcium on p62 levels.
Representative experiment where cells were either left untreated (ctrl), or incubated
with ionomycin (2.5 uM, 6h) or thapsigargin (100 nM, 6h) to increase cytosolic calcium
levels. Where indicated, cells were treated with puromycin (1 uM, 6h) or cycloheximide

(350 nM, 6h) before analysis of p62 levels by Western blotting. The experiment was

repeated once with similar results.
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Figure S6 (related to Figure 6) Effects of LRRK2 on lipid accumulation and
lysosomal pH, and effects of NAADP-AM. (A) Example of cells co-transfected with
EGFP and either K1906M or kinase domain constructs, and stained with anti-LAMP2
(blue) and lysotracker (red). Scale bar, 10 um. (B) Cells were transfected with empty
vector (ctrl) or the indicated constructs, and extracts analyzed for levels of LAMP1 and
LAMP2 by Western blotting. (C) Quantification of experiments as in B, where bars
represent mean + s.e.m. (n=3). (D) Cells were transfected with the indicated constructs

and analyzed for the processing of cathepsin L (left) or cathepsin D (right). (E) Cells



were treated with NAADP-AM (100 nM, 12 h) before analysis for levels of p-ACC and
p-AMPK as indicated. (F) Quantification of experiments as in E, where bars represent

mean £ s.e.m. (n=3); *, p <0.05.
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Figure S7 (related to Figure 7) A link between LRRK2 and NAADP-sensitive
receptors. (A) Cells were transfected with the indicated RFP-tagged TPC constructs and
stained for LAMP?2 (green) and DAPI (blue). White: colocalization mask. Scale bar, 10
um. (B) Cells were transfected with empty vector (ctrl) or the indicated GFP-tagged
TPC2 constructs, and extracts analyzed for differences in overexpression using an anti-
GFP antibody. (C) Cells were transfected with either empty vector (ctrl) or the indicated
constructs, and analyzed for cell death using Hoechst staining 24 h after transfection.

Bars represent mean + s.e.m. (n=3). (D) Cells were co-transfected with LC3-GFP and



either empty vector (ctrl) or wildtype or mutant TPC1, and LC3-GFP punctae analyzed
24 h after transfection. Bars represent mean + s.e.m. (n=4); *, p < 0.05. (E) Cells were
transfected with either K1906M or wildtype LRRK2 kinase domain constructs, and
treated with NED-19 (1 uM, 12 h) where indicated before analysis for p-ACC and p-
AMPK. (F) Quantification of experiments as in E, where bars represent mean + s.e.m.
(n=3); *, p < 0.05. (G) Cells were transfected with TPC2-GFP or GFP vector, and
extracts (1 mg) subjected to immunoprecipitation of endogenous LRRK2 with an anti-
LRRK2 antibody (N138/6, NeuroMab, UCDavis, USA). Co-immunoprecipitated TPC2-
GFP was detected using an anti-GFP antibody, and inputs (5%) were run along-side the
immunoprecipitates. Representative of a total of four independent experiments. Note
that TPC2-GFP runs as distinct bands corresponding to core glycosylated and mature

fully glycosylated versions, respectively (67).
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Figure S8 (related to Figure 8) Effects of LRRK2 expression on autophagy induction,
lysosomal pH and cellular viability in the presence of proteasomal inhibitors in
dopaminergic neuroendocrine PC12 cells. (A) Neuroendocrine PC12 cells were co-
transfected with LC3-GFP and the indicated kinase domain or full-length LRRK?2 (fl-
kinase) constructs, and either left untreated (white bars) or treated with NED-19 (1 uM,
12 h) (grey bars), followed by quantification of LC3-GFP punctac 48 h after
transfection. Bars represent mean + s.e.m. (n=3); *, p < 0.005. (B) Transfected PC12
cells were treated with NED-19 (1 uM, 12 h) where indicated before staining with
lysotracker. Bars represent mean + s.e.m. (n=3); *, p < 0.05. (C) PC12 ells were co-
transfected with GFP and K1906M or kinase domain constructs as indicated and either
left untreated (-), treated with MG-132 (500 nM, 12 h), NED-19 (1 uM, 12 h) or both as
indicated. Cells were analysed for cell death 48 h after transfection using Hoechst

staining. Bars represent mean + s.e.m. (n=3); *, p < 0.005.
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Iterations in autophagy are thought
to underlie various neurodegenera-
tive diseases including Parkinson disease
(PD). Previous studies have indicated
that the PD gene leucine rich repeat
kinase 2 (LRRK?2) is involved in this
process, but its mechanism of action has
remained unknown. Our recent work
describes how LRRK2 acts through
calcium-mediated events originating from
acidic stores to regulate autophagy and
cell survival, which may give rise to novel
therapeutic strategies.

Mutations in the gene encoding LRRK2
cause autosomal-dominant PD and repre-
sent the strongest risk factor for the
development of idiopathic PD. Thus,
understanding LRRK2 function may be
relevant for our understanding of the more
common sporadic form of the disease as
well. LRRK2 is a large protein, and its
catalytic GTPase and kinase activities
implicate an important role for this protein
in cellular signaling events. However, the
normal cellular function of LRRK2 and
how this function is altered by pathogenic
mutations are currently unknown. Several
previous studies had implicated LRRK2 as
an important regulator of macroautophagy
(hereafter referred to as autophagy), and
our recent studies indicate a possible
molecular mechanism of action (Fig. 1).
Using a transient overexpression approach
in various cell lines, including dopaminer-
gic neuroendocrine cells, we found that
LRRK2 causes an increase in autophago-
some numbers. Such an
basal autophagy induction is mTORCI-
independent, but dependent on the kinase
activity of LRRK2, as overexpression of

increase in

Autophagy

a catalytically inactive mutant LRRK2 is
effect. The LRRK2-mediated

increase in autophagosome numbers occurs

without

through activation of a calcium-dependent
protein  kinase kinase-3  (CaMKK-8)/
adenosine monophosphate (AMP)-acti-
vated protein kinase (AMPK) pathway
and can be inhibited by calcium chelation
or by expressing a BCL-2 chimera targeted
to the endoplasmic reticulum (ER) and
known to lower ER calcium concentra-
tions. At the same time, LRRK2 over-
expression was found to cause an increase
in the pH of a population of lysosomes.
Such change in pH is not sufficient to
cause a complete lysosomal proteolysis
phenotype, but correlates with an increase
in lipid droplet numbers and with a
decrease in cell survival in the presence of
protein aggregation-induced stress.
Endosomes, lysosomes and lysosome-
related organelles have recently emerged as
important intracellular calcium storage
compartments. Release can be triggered
by the calcium mobilizing messenger
nicotinic acid adenine dinucleotide phos-
phate (NAADP), with further increases in
cyotosolic calcium through amplification
by ER calcium stores. In addition, the
NAADP-mediated calcium release is
accompanied by a partial alkalinization
of acidic stores, and lysosomal calcium
depletion can cause lipid accumulation.
Application of the membrane-permeable
NAADP-AM mimics, while Ned-19, a
recently described NAADP antagonist,
reverses the effects of LRRK2, indicating
that the NAADP pathway may be involved
in mediating the effects of LRRK2.
Two-pore channels (TPCs), a novel
family of endolysosomal calcium channel
proteins, are the likely receptors for
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Figure 1. Diagram illustrating the proposed mechanism by which LRRK2 regulates autophagy.
LRRK2 localizes to late endosomes and lysosomes, where it regulates calcium release through
two-pore channels (TPCs). Calcium-induced calcium release from the ER further amplifies cytosolic
calcium signals, leading to the activation of a CaMKKB/AMPK cascade resulting in increased
autophagosome numbers. Autophagosomes may display a decreased fusion efficiency

if the intralumenal calcium levels are decreased in either autophagosomes or lysosomes,
respectively, which would lead to a decrease in autophagic flux. Apart from regulating TPC-mediated
calcium release, LRRK2 has also been reported to interact with RAB7 to negatively regulate

the perinuclear localization of lysosomes in a microtubule-dependent manner, which would further

NAADP. They are widely expressed
channel proteins, with TPC1 localized to
endosomes and lysosomes, and TPC2
Point
mutants in the putative helix of the pore-
regions of those channel
been described, which
abolish calcium conductance and display
dominant-negative effects with respect to
NAADP-mediated calcium signals. Co-
expression of a dominant-negative version
of TPC2 blocks the effects of LRRK2
on autophagosome numbers, and TPC2
and LRRK2 are found to interact upon
co-expression and immunoprecipitation.

mainly localized to lysosomes.

forming

proteins  have

Together, our data indicate that a lysosomal

www.landesbioscience.com

NAADP receptor such as TPC2 may
be a target for LRRK2, causing calcium
release  from lysosomes, followed by
calcium-induced calcium release from the
ER and activation of a CaMKK/AMPK
pathway to induce autophagy, while
simultaneously alkalinizing lysosomal pH
and causing an accumulation of lipids.
These events are not detrimental to the
cell under basal conditions, but cause
enhanced cell death in the presence of
additional stress associated with abnormal
protein degradation.

Calcium is an important regulator of
autophagy, even though its precise sub-
cellular site(s) of action, or indeed whether

Autophagy

it stimulates or inhibits autophagy have
remained unclear. Several homotypic and
heterotypic fusion events between orga-
nelles within the endolysosomal system are
dependent on lumenal calcium. Thus, a
decrease in lysosomal calcium levels
would be predicted to cause a block in
autophagosome-lysosome fusion and a
concomitant accumulation of autophago-
somes. Other scenarios by which calcium
may regulate autophagosomal trafficking
and/or fusion events with lysosomes have
recently emerged as well. For example,
thapsigargin was recently shown to inhibit
autophagic flux by preventing the recruit-
ment of RAB7 to autophagosomes. While
the potential calcium-mediated event in
this case remains unclear, it may be due to
the importance of intralumenal autopha-
gosomal calcium for the recruitment of
RAB7 and/or for their fusion with lyso-
somes. Finally, a recent study indicates
that the Drosophila LRRK2 homolog
localizes to late endosomes and lysosomes
where it interacts with RAB7 to negatively
regulate the RAB7-dependent perinuclear
Interfering
with lysosomal clustering in a perinuclear
position prevents the efficient degradation
of autophagosomes, causing their accumu-

localization of  lysosomes.

lation and an overall reduction of flux
through the autophagosome-lysosome path-
way. It will be interesting to determine
whether the interaction between LRRK2
and RAB7 or TPC2 is calcium-dependent.
In either case, our model provides a possible
mechanism linking the distince LRRK2-
mediated phenomena as well as suggesting
possible ways of intervention.
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Abstract

Mutations in LRRK2 (leucine-rich repeat kinase 2) represent a significant component of both sporadic and
familial PD (Parkinson’s disease). Pathogenic mutations cluster in the enzymatic domains of LRRK2,
and kinase activity seems to correlate with cytotoxicity, suggesting the possibility of kinase-based
therapeutic strategies for LRRK2-associated PD. Apart from cytotoxicity, changes in autophagy have
consistently been observed upon overexpression of mutant, or knockdown of endogenous, LRRK2. However,
delineating the precise mechanism(s) by which LRRK2 regulates autophagy has been difficult. Recent data
suggest a mechanism involving late steps in autophagic-lysosomal clearance in a manner dependent on
NAADP (nicotinic acid-adenine dinucleotide phosphate)-sensitive lysosomal Ca?+ channels. In the present
paper, we review our current knowledge of the link between LRRK2 and autophagic-lysosomal clearance,
including regulation of Ca?* -dependent events involving NAADP.

Introduction

PD (Parkinson’s disease) is a common age-related neuro-
degenerative disorder, and recent studies have revealed
an important genetic component. Mutations in the gene
encoding LRRK2 (leucine-rich repeat kinase 2) comprise
the most common single genetic cause of familial PD [1,2],
and variations increase the risk of sporadic PD [3-5]. These
findings indicate that both forms of PD may share common
pathological mechanisms related to LRRK2, and highlight
the possibility that targeting LRRK2 may be beneficial in
both cases [6]. However, this requires a detailed knowledge
of the normal and pathological function(s) of LRRK2 at the
molecular, cellular and systems levels.

The LRRK2 protein displays a complex multidomain
structure with a central region comprising three independent
domains, including a ROC (Ras of complex proteins),
COR (C-terminal of ROC) and kinase domain. All six
verified pathogenic mutations map to those three domains,
indicating that altered enzymatic activity may be mediating
the pathogenic effects of LRRK2 (Figure 1). However,
whereas LRRK2 displays GTPase and kinase activity iz vitro,
only G2019S, the most prominent pathogenic LRRK2
mutation, has been consistently shown to augment kinase
activity (reviewed in [7,8]). The effect of the other pathogenic

Key words: calcium signalling, endolysosome, leucine-rich repeat kinase 2 (LRRK2), nicotinic
acid-adenine dinucleotide phosphate (NAADP), Parkinson’s disease, Rab protein.
Abbreviations used: COR, C-terminal of Ras of complex proteins; ER, endoplasmic reticulum;
HEK, human embryonic kidney; L3, light chain 3; LRRK2, leucine-rich repeat kinase 2; mTOR,
mammalian target of rapamycin; NAADP, nicotinic acid-adenine dinucleotide phosphate; PD,
Parkinson’s disease; ROC, Ras of complex proteins; TPC, two-pore channel.
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mutations is less clear, as is the possible mutual regulation
between the two enzymatic domains, or indeed the relevant
pathogenic output of the protein (GTPase compared with
kinase activity) [6-8]. Moreover, the true physiological
target(s) of kinase activity are largely unknown, and other
studies indicate that the function of LRRK2 may be
rather mediated via a scaffolding role as a protein—protein
interaction hub [9].

Although the molecular mechanism(s) of LRRK2 function
remain unclear, at the cellular level, certain phenotypes
have been consistently observed. At least under conditions
of high-level expression in witro, the pathogenic mutant
forms of LRRK2 seem to be acutely toxic [10-13].
Similarly, there is evidence for cell death iz wvivo upon
viral vector-mediated expression of mutant LRRK2 [14,15].
Importantly, toxicity seems dependent on the kinase activity
of mutant LRRK2 [10,11,14]. In cellular models where
cell death is not apparent, neurite shortening has also
been reported to be a consistent phenotype associated
with mutant LRRK2 [16-23]. Overexpression of wild-type
and especially G2019S mutant LRRK2 in primary cortical
neurons or neuronal cell lines leads to a reduction in neurite
length, whereas ablation of endogenous LRRK2 oppositely
enhances neurite length [16,17,23]. Likewise, upon long-term
culture conditions, dopaminergic neurons differentiated from
induced pluripotent stem cells from familial PD patients
with the G2019S mutation display reduced numbers of
neurites and neurite arborization [24]. Where evaluated, the
effect of G2019S mutant LRRK2 on neurite morphology
seems to be dependent on kinase activity and mediated
by macroautophagy [16,17,23,24]. Since all mutations tested

Biochem. Soc. Trans. (2012) 40, 1140-1146; doi:10.1042/BST20120138



Figure 1| Domain structure and PD mutations of LRRK2

The central region of LRRK2 contains a GTPase domain also called ROC,
3 COR domain of unknown function and a kinase domain, flanked
on either side by multiple protein-protein interaction domains. Clearly
causative pathogenic mutations are indicated, and are clustered around
the catalytic domains of LRRK2. Only the G2019S mutation consistently
augments kinase activity. ANK, ankyrin repeat domain; LRR, leucine-rich
repeats.
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to date have at least one of these effects in cells, neurite
shortening via changes in macroautophagy and eventual cell
toxicity may reflect common cellular outputs of the same
signalling pathways regulated by mutant LRRK2 [6]. In the
present paper, we review the current knowledge of LRRK2’s
role in macroautophagy and how this may be related to
endolysosomal Ca?* signalling.

LRRK2 and autophagy: the good, the bad
or the ugly?

Macroautophagy (hereinafter named autophagy) has been
consistently shown to play important roles for determining
neurite length (reviewed in [25]). Autophagy has recently
gained much attention for its potential contribution to the
pathogenesis of several neurodegenerative diseases including
PD [26,27], and this link is supported further by the
increase in autophagic vacuoles in the substantia nigra of
PD brains [28]. Autophagy is a tightly regulated process by
which cytosolic constituents, including damaged organelles
and aggregated proteins, are engulfed within specialized
double-membraned vesicles called autophagosomes, which
are subsequently delivered to the lysosome for degradation
[29,30]. Any disruption along the process, such as affecting
autophagosome formation, fusion of autophagosomes with
amphisomes or lysosomes, hydrolytic degradation or the
re-formation of lysosomes can impair autophagic flux,
concomitant with the accumulation of autophagy substrates
and autophagic structures [29,30]. Furthermore, a close
relationship exists between autophagy and endocytosis, with
both sharing lysosomes as their common end-point [31].
Given this complexity, it has been difficult to assign a precise
positive or negative role for normal or mutant LRRK2 in
autophagic-lysosomal clearance.

To study the normal function of LRRK2, various
lines of knockout mice have been generated. In LRRK2-
deficient kidney, an increase in the number and size of
secondary lysosomes and autolysosome-like structures has
been consistently observed [32-34]. This is accompanied
by the accumulation of lipofuscin granules, composed of
highly oxidized and cross-linked proteins and lipids which
cannot be properly degraded, and of p62, an autophagy
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substrate [32-34]. Such abnormal accumulation of undigested
material indicates an impairment in the autophagy-lysosomal
degradation system in the absence of LRRK2. To determine
the possible defect along the autophagic pathway, the levels of
LC3 (light chain 3)-I and LC3-II have been analysed. LC3-1II,
the lipidated form of LC3-1, is bound to the autophagosomal
membrane, and its amount tends to be a reliable indicator of
autophagic activity [35]. However, studies of this type have
yielded a complex picture, with either no change [34] or a
biphasic change reflecting an initial induction of autophagy
at a young age, followed by a decrease in flux over time
[32,33]. The continuous induction of autophagy caused by
the absence of LRRK2 i7 vivo has been suggested to cause an
eventual deficiency in the clearance or recycling of autophagic
components/autolysosomes [33]. However, it remains to
be seen whether such clearance/recycling represents a rate-
limiting step, or whether other mechanism(s) may account for
the observed age-dependent biphasic effects on autophagy.

In HEK (human embryonic kidney)-293 cells, RNAi
(RNA interference)-mediated knockdown of LRRK2 result-
ed in increased LC3 turnover under starvation conditions.
Unfortunately, equivalent flux experiments, or indeed an
ultrastructural analysis, were not performed under nutrient
rich conditions in the knockdown cells [36]. Conversely,
in the same cellular model, overexpression of R1441C
mutant LRRK2 was reported to cause impaired autophagic
balance, as was evident by the accumulation of multivesicular
bodies and large autophagosomes containing incompletely
degraded material and increased levels of p62 [36]. Simil-
arly, we detected improper autophagic-lysosomal clearance
(indicated by an increase in lysosomal pH, accumulation
of autophagic structures and lipid droplets) in HEK-293
cells overexpressing wild-type or G2019S mutant LRRK2
[37,38]. Thus it seems plausible that, at least in the kidney,
the normal function of LRRK2 may be to negatively regulate
autophagic clearance/lysosomal homoeostasis. In this setting,
the presence of extra (or mutant hyperactive) LRRK2 would
block, whereas the absence of LRRK2 would enhance,
autophagic flux, with enhanced flux eventually overloading
the lysosomal clearance/recycling system, such that both too
much or too little LRRK2 activity may be detrimental to the
proper functioning of this pathway i vivo.

LRRK2 and autophagy: universal or
tissue-specific?

What about LRRK2-dependent autophagic-lysosomal clear-
ance in the brain? Disappointingly, no accumulation of
autophagic or lysosome-related structures has been reported
in the brains of aged mice lacking LRRK2 [32-34]. This
may indicate that LRRK2 performs distinct roles in distinct
tissues [39]. Alternatively, LRRK1, a homologue of LRRK2,
may functionally compensate for the loss of LRRK2 in the
brain, but not in kidney, which suffers the biggest loss of
LRRK compared with other organs [40,41]. The generation
of double-knockout lines will be necessary to determine

©The Authors Journal compilation ©2012 Biochemical Society
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whether complete loss of LRRK in neurons results in age-
related changes in autophagy similar to those described in
the kidney. Apart from compensatory events mediated by
LRRKI1, the levels of LRRK2 among different tissues may
predetermine the presence and/or magnitude of a possible
phenotype upon knockout and/or overexpression. For
example, as LRRK2 levels are very high in the kidney [40,41],
a knockout strategy may most pronouncedly uncover the
(normal) role of LRRK2 in autophagic-lysosomal clearance
in this organ. In contrast, given the low levels of LRRK2 in
brain, a transgenic overexpression approach (of mutant
hyperactive LRRK2) may be more effective, at least in the
context of determining an autophagic-lysosomal clearance
phenotype.

Alternatively, LRRK2 may affect a conserved pathway
present in all cell types, but the same pathogenic mutation
may give rise to different degrees of pathology depending
on the cellular milieu in which it is operating [39]. As
basal autophagy is very high in the kidney, deregulation
of this pathway would be expected to be very pronounced
in this organ, but should nevertheless also be detectable in
other tissues such as brain. Indeed, overexpression of
G2019S mutant LRRK2 has been reported to cause abnormal
accumulation of autophagic and lysosomal structures in
primary cortical neurons and neuronal cell lines in culture
[16,17]. Similarly, an accumulation of autophagic vacuoles,
including early and late autophagosomes, has been described
in the soma and processes in the cortex and striatum
from G2019S and, to a lesser degree, R1441C transgenic
mice with advanced age [22]. Thus, both i wvitro and
in vivo, overexpression of mutant LRRK2 causes impaired
autophagic-lysosomal clearance in neurons as well. In
addition, bone-marrow-derived macrophages from mutant
LRRK2 mice display a decrease in LC3-II levels, possibly
highlighting an autophagic phenotype in those cells as well
[42]. A decrease in autophagic flux, concomitant with an
increase in p62 levels, autophagosomes and lipid droplets has
recently also been described in human dopaminergic neurons
derived from induced pluripotent stem cells from G2019S
mutant LRRK2, but not control patients, after long-term
culture [24], suggesting that endogenous levels of mutant
LRRK2 are sufficient to induce an autophagic-lysosomal
phenotype in dopaminergic neurons with time. Finally, and
consistent with a role in autophagic-lysosomal clearance,
overexpressed as well as endogenous LRRK2 has been report-
ed to localize to specific membrane subdomains including
endolysosomal structures in neuronal and non-neuronal cells
[36,43,44]. Altogether, the data currently suggest that LRRK2
regulates autophagic-lysosomal clearance in a variety of cell

types.

LRRK2 and autophagy: how?

The effects of LRRK2 on autophagic-lysosomal clearance
may reflect its primary mechanism of action, or may occur
secondarily, elicited as a response to some upstream event(s).
Even if rather direct, many distinct scenarios are possible, as

©The Authors Journal compilation ©2012 Biochemical Society

autophagy intersects with both the secretory and endocytic
pathways at several points [45]. For example, LRRK2 has
been shown to interact with the GTPase Rab5b, a regulator
of endocytic vesicle trafficking [46]. Interestingly, both
overexpression and knockdown of LRRK2 cause a decrease
in presynaptic vesicle endocytosis rates, again indicating
that both too much and too little LRRK2 adversely alters
homoeostatic mechanisms, in this case controlling endo-
cytosis [46]. Similarly, both overexpression or knockdown
of LRRK2 induce defects in vesicle endocytosis upon
depolarization of primary neuronal cultures [47,48], even
though the possible effect of LRRK2 on the GTPase activity
of Rab5b remains unclear.

Rab5b is a key regulator of the early endocytic pathway in
mammalian cells [49], and recent studies indicate that it may
play an additional positive role in autophagy by regulating
an early step of autophagosome formation in a TORC1
(target of rapamycin complex 1)-independent manner [50]. In
addition, endocytosis enables the formation of distinct signal
transduction complexes which define specialized endosomal-
lysosomal signalling platforms [51], such that LRRK2-
mediated changes in endocytosis may modulate the formation
of intracellular complexes to regulate signalling cascades
including Wnt or MAPK (mitogen-activated protein kinase)
cascades [51], both of which have been shown to be affected
by LRRK2 [52].

Other mechanisms by which LRRK2 may regulate auto-
phagy are possible as well. Fusion of both autophagosomes
and endosomes with lysosomes requires Rab7, as does
the process of lysosome re-formation [31,53-55], such that
interfering with Rab7 function would affect autophagic—
lysosomal clearance. Indeed, a recent study has shown that
the Drosophila LRRK2 homologue interacts with Rab7 on
late endosomes and lysosomes to negatively regulate Rab7-
dependent perinuclear lysosomal positioning required for
the efficient degradation of autophagosomes [56]. Finally,
a recent study in Caenorbabditis elegans expressing human
wild-type or mutant LRRK2, together with mutant tau as a
source of proteostatic stress, revealed increased expression
of numerous proteins including a subunit of the V-type
proton ATPase [57,58]. Moreover, the behavioural motor
deficits observed in these double-transgenic nematodes
could be reverted by increasing autophagic flux using a
rapamycin analogue. These data are consistent with our
findings that mutant LRRK2 may increase lysosomal pH
and concomitantly decrease lysosomal clearance, a process
reversed by rapamycin, but not by other compounds which
increase autophagy in an mTOR (mammalian target of
rapamycin)-independent manner [37]. It will be interesting
to determine whether the beneficial effect of the rapamycin
analogue on motor output is related to an mMTOR-dependent
increase in degradative capacity as autophagic flux is
enhanced, a decrease in protein synthesis, an effect on
lysosomal homoeostasis or a combination thereof. In either
case, a picture is starting to emerge whereby LRRK2 may
regulate both early and late steps of autophagic-lysosomal
clearance in a manner dependent on Rab proteins (Figure 2).



Figure 2 | Possible mechanisms by which LRRK2 may regulate
events related to endolysosomal function

LRRK2 may requlate Rab5 function to cause changes in endocytosis and
autophagosome formation. Altered endocytosis can further modulate
signalling events occurring either at the plasma membrane or on
intracellular organelles. Through its interaction with Rab7, LRRK2 may
also requlate the fusion of autophagosomes or endosomes with
lysosomes or lysosome re-formation, which in all cases would alter
autophagic-lysosomal clearance. Finally, most of the above-mentioned
membrane fusion/re-formation steps require intraluminal Ca*, and
LRRK2 has been proposed to regulate endolysosomal function by
modulating Ca?* channels located on lysosomes. The increasing
intraluminal  Ca?*  concentrations along the endocytic-lysosomal
pathway are indicated by the progressively darkened grey colour. Ligand
binding to receptors, followed by endocytosis and interaction with
signalling complexes, are indicated schematically. AV, autophagosome;
EE, early endosome; LE/MVB, late endosome/multivesicular body; LYS,
lysosome. For further details and references, see the text.
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Changes in the concentration of cytosolic Ca?* regulate
a multitude of cellular events [59]. These changes result
from both Ca?* influx across the plasma membrane and
the Ca’?* release from intracellular stores [60]. There is a
growing appreciation of the importance of organelles of the
endolysosomal system as mobilizable Ca>* stores [61,62].
Indeed, release of Ca?* from these stores has important
implications for both endolysosomal trafficking [54] and
intracellular Ca®* signalling by the potent agonist-generated
second messenger NAADP [61,63]. In many cell types,
NAADP triggers complex Ca’* signals that initiate from
acidic Ca?* stores, but which are subsequently amplified by
ER (endoplasmic reticulum) Ca?* -release channels [64,65].
Recent work has identified the endolysosomal TPC (two-
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pore channel) proteins TPC1 [66] and TPC2 [67] as the most
likely primary targets for NAADP [68].

In our recent studies, we found an increase in
autophagosome numbers upon transient overexpression
of both wild-type and G2019S mutant, but not kinase-
dead, LRRK2 in various cell lines, including dopaminergic
neuroendocrine cells [37]. Importantly, we found that these
effects were inhibited by the Ca?* chelator BAPTA [1,2-
bis-(0o-aminophenoxy)ethane-N,N,N',N’-tetra-acetic acid],
suggesting that they were Ca?* -dependent. The effects of
LRRK2 overexpression were also blocked by overexpression
of ER-targeted bcl2 (to deplete ER Ca?* stores) and
associated with an increase in the pH of a population
of lysosomes and an increase in lipid droplet numbers.
That NAADP evokes cytosolic Ca?* signals which can be
amplified by ER Ca?* stores, and causes partial alkalinization
of acidic stores and induces lipid accumulation [64,69,70],
prompted us to test the role of NAADP in LRRK2 action.

Accordingly, we found that elevation of cellular NAADP
levels using a cell-permeant NAADP analogue [NAADDP-
AM (NAADP acetoxymethyl ester)] [71] increased autopha-
gosome numbers, lysosomal pH and lipid droplet numbers,
thus largely mimicking the effects observed upon LRRK2
overexpression [37]. Conversely, the NAADP antagonist
NED19 identified by virtual screening methods [72] reversed
the effects of LRRK2. The increase in autophagosome
number could also be blocked by overexpression of TPC2
mutated within the pore region [73]. This inactive mutant
probably acts in a dominant manner similar to TPC1 in
which the corresponding residue is mutated [66,74]. Taken
together, these datauncover a hitherto unknown link between
NAADP and LRRK2 function (Figure 3).

Outlook

Although the importance of LRRK2 in regulating autophagy
is becoming increasingly clear, the underlying mechanisms
are not fully understood. As discussed above, potential
roles for Rab proteins and Ca?* are emerging and not
necessarily mutually exclusive. Moreover, the impact of Ca?™*
on autophagy has been appreciated for some time and appears
complex, with both positive and negative effects reported.
Such dual effects may depend on the precise intraorganellar
location at which Ca’* is required for autophagosome-
lysosome or endosome-lysosome fusion respectively [31,53].

Are the effects of LRRK2 on TPCs direct or indirect? It
is tempting to speculate that TPCs may be kinase substrates.
Recent evidence suggests that TPCs probably bind NAADP
indirectly through associated low-molecular-mass binding
proteins [75]. Although the precise identity of these proteins
remains to be elucidated, might these be potential LRRK2
substrates? Although the NAADP pathway is implicated
in LRRK2-mediated autophagy, the role of LRRK2 in
regulation of cytosolic Ca?* levels remains to be established.
Future work will thus be necessary to delineate the precise
molecular links between LRRK2, autophagy, NAADP and
Ca’t.

©The Authors Journal compilation ©2012 Biochemical Society
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Figure 3| Schematic diagram of proposed mechanism(s) by which
LRRK2 regulates autophagy via modulation of NAADP-dependent
Ca%* channel (TPCs) on lysosomes

LRRK2 localizes to late endosomes and lysosomes and regulates Ca2+
release through TPCs. Whether this regulation is direct or mediated
through interactions with Rab7 or NAADP receptor proteins (NAADP-R)
remains to be determined. Ca’*-induced Ca’* release from the
ER amplifies cytosolic Ca?*t signals, which leads to the activation
of a Ca?*-dependent cascade to increase autophagosome numbers.
Simultaneously, diminished luminal Ca?* may cause a decrease in
autophagosome-lysosome fusion, and increased pH may have additional
effects in impairing lysosomal proteolysis, leading to the observed
autophagic-lysosomal clearance phenotype. For simplicity, additional
Rab7- and Ca?*-requlated events which may be subject to LRRK2
modulation in a TPC-dependent or -independent manner are not
depicted.
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Parkinson’s disease is a debilitating neurodegenerative disorder, and its molecular etiopathogenesis remains poorly understood.
The discovery of monogenic forms has significantly advanced our understanding of the molecular mechanisms underlying PD,
as it allows generation of cellular and animal models carrying the mutant gene to define pathological pathways. Mutations in
leucine-rich repeat kinase 2 (LRRK2) cause dominantly inherited PD, and variations increase risk, indicating that LRRK2 is an
important player in both genetic and sporadic forms of the disease. G2019S, the most prominent pathogenic mutation, maps to
the kinase domain and enhances enzymatic activity of LRRK2, which in turn seems to correlate with cytotoxicity. Since kinases
are druggable targets, this has raised great hopes that disease-modifying therapies may be developed around modifying LRRK2
enzymatic activity. Apart from cytotoxicity, changes in autophagy have been consistently reported in the context of G2019S mutant
LRRK2. Here, we will discuss current knowledge about mechanism(s) by which mutant LRRK2 may regulate autophagy, which

highlights additional putative therapeutic targets.

1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative
disorder with symptoms including tremor, rigidity, and
postural instability [1]. Autosomal-dominant mutations in
leucine-rich repeat kinase 2 (LRRK2) comprise the most
common monogenic form of PD [2-5]. LRRK2-associated
PD is symptomatically and neurochemically largely indis-
tinguishable from sporadic PD cases [6], even though the
reported pleomorphic pathology of mutant LRRK2 carriers
differs from the rather classical a-synuclein pathology asso-
ciated with sporadic PD. Variations in LRRK2 have further
been reported to increase risk for sporadic PD [7-9], which
implicates LRRK2 in both sporadic and familial forms of
the disease. The big advantage of studying the function
of a mutated gene product as compared to a sporadic
disease is that one can generate cellular and animal models
carrying the mutant gene to define pathological pathways.
In conjunction with the described enzymatic activity of
LRRK2 which may be targeted by select kinase inhibitors

[10, 11], this has propelled the protein into the limelight
of PD research worldwide. However, to develop disease-
modifying or neuroprotective therapies around LRRK2, a
clear understanding of its normal and pathological func-
tion(s) is required. A link between LRRK2 and aberrant
macroautophagy has been consistently observed, and here we
review our current knowledge of LRRK2’s role in autophagy
and lysosomal homeostasis with implications for cell demise
in PD.

2. LRRK?2 Structure and Cellular Localization

LRRK2 is a large multidomain protein belonging to the
ROCO family of proteins which are characterized by the
presence of leucine-rich repeats, a Ras of complex (ROC)
GTPase domain, a C terminal of ROC (COR) linker region,
and a kinase domain [12]. Among the many putative
pathogenic variants identified to date, six missense muta-
tions in LRRK2 have been clearly shown to segregate
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FIGURE 1: Domain structure and PD mutations of LRRK2. The central region of LRRK2 contains a GTPase domain also called (ROC),
a C-terminal of ROC (COR) domain of unknown function, and a kinase domain, flanked on either side by protein-protein interaction
domains including an ankyrin repeat domain (ANK), leucine-rich repeats (LRR) and a WD40 domain (WD40). Clearly causative pathogenic
mutations are indicated and are clustered around the catalytic domains of LRRK2. Only the G2019S mutation consistently augments kinase

activity.

with disease, and thus represent authentic disease-causing
variants [13]. Importantly, these mutations all map to the
central region comprised of the catalytic domains, indicating
that a change in enzymatic activity (either GTPase or kinase)
mediates the pathogenic effect(s) of LRRK2 (Figure 1). The
G2019S mutation within the kinase domain (Figure 1) is
the most frequent pathogenic LRRK2 mutation, having been
identified in up to about 40% of familial PD cases dependent
on ethnicity, and also detected in apparent sporadic PD cases
(4, 5, 7-9]. This mutation has been consistently shown to
augment catalytic activity [14], even though the inherent
kinase activity of LRRK?2 is very low. This may be, at least in
part, due to the lack of currently identified and reproducible
genuine kinase substrates. LRRK2 kinase is active towards
itself [14], and autophosphorylation may represent a phys-
iological readout. The effect of other pathogenic mutations
on kinase activity is less clear. Intriguingly, a recent study
indicates that the G2385R risk variant causes a partial loss
of kinase activity, highlighting the possibility that both too
much or too little LRRK2 kinase activity may be detrimental
[15]. Mutations in the ROC and COR domain cause a
decrease in GTPase, without gross changes in kinase activity
[16, 17], suggesting that the GTPase activity may comprise
the genuine physiological readout of LRRK2, which may
be further modulated by kinase activity [11]. Finally, apart
from the catalytic central domains, LRRK2 contains vari-
ous protein-protein interaction domains including LRRK2-
specific, ankyrin, and leucine-rich repeat motifs at the N-
terminus, and WD40 repeats near the C-terminus of the
protein (Figure 1). The existence of these domains indicates
the possibility that it may act as a protein scaffold for the
assembly of protein complexes [18]. Indeed, LRRK2 has
been reported to interact with a whole array of proteins
and may form distinct protein complexes in a cell-type
or subcellular compartment-specific manner [19]. In this
context, the enzymatic activities of LRRK2 may serve to
change the affinity and/or composition of such complexes.
Alternatively, a change in enzymatic activity may be the result
of a change in protein complex interaction(s). Consistent
with the latter possibility, LRRK2 has been reported to exist
as a dimer, with dimerization enhancing kinase activity and
causing relocalization to intracellular membranes [20-23],
even though this has been disputed [24]. In either case, apart
from being cytosolic, overexpressed, as well as endogenous,
LRRK2 has been reported to localize to specific membrane
subdomains including endolysosomal structures in neuronal

and non-neuronal cells [25-27]. There, it may interact with
and/or regulate distinct protein complexes. Such interactions
may be controlled by the catalytic activity of LRRK2, either
towards itself or currently unknown substrates. If correct, not
only the catalytic activity of LRRK2, but also the modulation
of distinct protein interactions should be considered possible
targets for therapeutic strategies.

3. LRRK2 and the Regulation of Autophagy

The precise molecular mechanism(s) of LRRK2 function
remain unclear. Certain phenotypes are robustly seen, such
as the acutely toxic nature of pathogenic mutant forms
of LRRK2 upon high-level overexpression in cultured cells
[28-31]. Cell death is also evident upon viral vector-
mediated expression of mutant LRRK2 in vivo [32, 33], and
toxicity seems to depend on kinase activity [28, 29, 32]. In
neuronal cellular models where cell death is not apparent,
neurite shortening represents another consistent phenotype
associated with mutant LRRK2 expression [34-42]. Where
investigated, this also seems kinase activity-dependent and
mediated by macroautophagy [34, 35, 41, 42]. All mutations
tested to date have at least one of these effects on cells.
Thus, the cellular pathway(s) underlying LRRK2 toxicity
may involve altered macroautophagy, which in neurons
may lead to neurite shortening and eventual cell demise.
If so, elucidating the mechanism(s) by which LRRK2 alters
macroautophagy becomes key.

Apart from playing an important role in determining
neurite length [43], macroautophagy (thereafter named
autophagy) has recently gained attention for its contribution
to the pathogenesis of several neurodegenerative diseases
including PD [44-46]. Autophagy is a process by which
cytosolic constituents, including damaged organelles and
aggregated proteins, are engulfed within specialized double-
membraned vesicles called autophagosomes. Autophago-
somes then fuse with amphisomes or lysosomes, followed
by the hydrolytic degradation of products in lysosomes
and reformation of these organelles to maintain cellular
degradative capacity [47, 48]. Disrupting any part of this
process impairs autophagic flux, accompanied by the accu-
mulation of autophagic substrates and organelles [47, 48]. In
addition, autophagy and endocytosis share lysosomes as their
common end-point [49], such that it has been very difficult
to define whether LRRK2 plays positive or negative roles in
autophagic-lysosomal clearance.
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A wealth of studies indicate that LRRK2 regulates
autophagy. For example, various lines of knockout mice
have been generated, which display an increase in the
number and size of secondary lysosomes and autolysosome-
like structures in the kidney [50-52]. An accumulation of
lipofuscin granules, highly oxidized, and crosslinked proteins
and lipids which cannot be properly degraded, and p62, an
autophagy substrate, have also been observed [50-52]. Such
abnormal accumulation of undigested material indicates an
impairment in the autophagosomal-lysosomal degradation
system. To determine a possible defect along the autophagic
pathway, the levels of LC31 and LC3II have been analyzed.
LC3IIL, the lipidated form of LC3I, becomes bound to
the autophagosomal membrane and serves as a reliable
indicator of autophagic activity [53]. Studies analyzing the
levels of LC3II in the absence of LRRK2 in the kidney
indicate either no change [52], or a biphasic change with
an initial enhancement of flux at young age, followed by
an impairment of flux over time [50, 51]. This block in
flux has been interpreted to be due to an “overload” of
the system, resulting in impaired clearance and/or recycling
of autophagic components/autolysosomes [51]. Whilst an
interesting hypothesis, it depends on assigning a rate-
limiting step in the autophagy process, which will need
further proof.

In agreement with the in vivo data of young animals,
RNAi-mediated knockdown of LRRK2 has been found to
result in increased autophagic flux under starvation condi-
tions in a human embryonic kidney cell line (HEK293) [25].
Unfortunately, flux experiments were not performed under
nutrient-rich conditions in these knockdown cells. Con-
versely, overexpression of R1441C mutant LRRK2 caused a
block in autophagic flux, as evidenced by the accumulation of
multivesicular bodies and large autophagosomes containing
incompletely degraded material and increased levels of
p62 [25]. Similarly, in our studies overexpressing wildtype
and G2019S mutant LRRK2 in HEK293 cells, we found
improper autophagic-lysosomal clearance, as indicated by
an accumulation of autophagic structures and lipid droplets
[54, 55]. Thus, at least in the kidney and in kidney-derived
cell lines, the normal function of LRRK2 may be related to
negatively regulating autophagic clearance and/or lysosomal
homeostasis. Too much LRRK2 activity then would dampen,
whilst too little activity would enhance autophagic flux. If
the latter overloads the system with time, any deregulation of
LRRK?2 activity may be damaging to the proper functioning
of the autophagic pathway in vivo.

4. Tissue-Specific versus Universal
Regulation of Autophagy

In contrast to kidney, there has been no evidence for the
accumulation of autophagic or lysosome-related structures
in the brains of aged mice lacking LRRK2 [50-52]. Thus,
LRRK2 may perform distinct roles in a tissue-specific man-
ner, with an effect on autophagy in kidney, but not in brain.
Alternatively, LRRK1 may functionally compensate for the
loss of LRRK2 in the brain, but not in the kidney, the latter of

which contains small amounts of LRRK1 versus LRRK2 and
thus percentually suffers a much bigger loss of LRRK proteins
[56, 57]. In addition, the homo- and heterodimerization of
LRRK1 and LRRK2 proteins has been reported [58, 59], with
LRRK1 involved in regulating endosomal trafficking [60, 61],
consistent with a role for both proteins in recycling and
degradation events. Generation of double-knockout lines
will be required to delineate whether a complete loss of
LRRK proteins in neurons results in age-related changes in
autophagy similar to those observed in the kidney.

As another possibility, the overall levels of LRRK proteins
present in different tissues may predetermine whether a
phenotype is observed upon knockout versus overexpression
conditions. For example, as LRRK levels are very high in
kidney [56, 57], a knockout strategy may be more adequate
to uncover the (normal) role of LRRK2 in autophagic-
lysosomal clearance. Conversely, given the low levels of
LRRK2 in the brain, an overexpression approach, especially
of mutant, hyperactive LRRK2, may be more effective.

Apart from differences in the levels of LRRK proteins,
the rate of basal autophagy also displays large differences
across distinct tissues. Thus, the same pathogenic mutation
of LRRK2 may give rise to different degrees of pathology
depending on the cellular milieu in which it is operating [19].
As basal autophagy is very high in the kidney, a deregulation
may be more pronounced in this organ as compared to
other tissues. Nevertheless, if LRRK2 is a universal modulator
of autophagic/lysosomal clearance, changes should also be
detectable in other tissues such as brain, albeit possibly to
a lesser degree or in an age-dependent manner difficult to
track using rodent models. In agreement with a universal role
in regulating autophagy, an overexpression approach using
G2019S mutant LRRK2 has been reported to cause abnormal
accumulation of autophagic and lysosomal structures in
primary cortical neurons and neuronal cell lines in culture
[34, 35]. Similarly, an accumulation of autophagic vacuoles,
including early and late autophagosomes, has been described
in the soma and processes in the cortex and striatum
from G2019S, and to a lesser degree R1441C, transgenic
mice with advanced age [40]. Thus, both in vitro and
in vivo, overexpression of mutant LRRK2 seems to cause
impaired autophagic-lysosomal clearance in neurons as
well. A decrease in autophagic flux, concomitant with an
increase in p62 levels, autophagosomes and lipid droplets
has recently also been described in human dopaminergic
neurons derived from induced pluripotent stem cells from
G2019S mutant LRRK2, but not control patients, after long-
term culture [42]. These data are important, as they indicate
that endogenous levels of mutant LRRK2 are sufficient to
induce an autophagic-lysosomal phenotype in dopaminergic
neurons with time. In contrast, fibroblasts from those same
patients do not reveal differences in autophagic clearance,
consistent with their extremely low levels of basal autophagic
activity [42]. However, the latter findings are in contrast to a
recent report suggesting elevated levels of autophagic activity
[62], and the precise role for mutant LRRK2 in autophagy
regulation in fibroblasts remains to be determined. Finally,
bone marrow-derived macrophages from mutant LRRK2
mice display a decrease in LC3II levels, possibly highlighting



an autophagic phenotype in those cells as well [63]. All-
together, the currently available data indicate that LRRK2
can regulate autophagic-lysosomal clearance in neurons as
well as a variety of other cell types, possibly in a manner
dependent on the basal level of autophagy.

5. Mechanism of Autophagy Regulation
by LRRK2

If LRRK2 indeed regulates autophagic clearance, under-
standing the mechanism of action becomes important
to develop alternative and/or complementary treatment
strategies. The effects of LRRK2 on autophagic-lysosomal
clearance may reflect its primary mechanism of action
or may occur secondarily, elicited as a response to some
upstream event(s). Even if direct, many distinct scenarios
remain possible, as autophagy intersects with both secretory
and endocytic pathways at several points [64]. Given its
heterodimerization with LRRK1 [58, 59], which has been
reported to regulate trafficking events of the epidermal
growth factor receptor (EGFR) between early and late
endosomes, endosome motility and sorting of the epidermal
growth factor receptor (EGFR) to the inner vesicles of mul-
tivesicular bodies [60, 61], one may speculate that LRRK2
regulates similar events, with consequences for autophagic
pathways involving multivesicular bodies [65].

Apart from this mere analogy, LRRK2 has been shown
to interact with the GTPase rab5b, a key regulator of
early endocytic vesicle trafficking [66]. Overexpression or
knockdown of LRRK2 cause a decrease in presynaptic vesicle
endocytosis rates, again indicating that both too much and
too little LRRK2 adversely alter the balance of homeostatic
mechanisms, in this case controlling endocytosis [66].
Similarly, both overexpression or knockdown of LRRK2
induce defects in vesicle endocytosis upon depolarization
of primary neuronal cultures [67, 68], which may involve
interactions of LRRK2 with a series of endocytic proteins
apart from rab5b [68], but further studies are needed to
determine how LRRK2 may regulate the function of any of
these proteins. Interestingly, rab5b, apart from regulating the
endocytic pathway [69] has recently been shown to play an
additional positive role in autophagy by regulating an early
step of autophagosome formation in a TORCI1-independent
manner [70]. Thus, a LRRK2-mediated regulation of rab5b
may rather directly impact upon autophagic flux. Indirect
LRRK2-mediated regulation of autophagy via changes in
endocytosis can be envisioned as well, as endocytosis enables
the formation of distinct signal transduction complexes
which define specialized endosomal-lysosomal signaling
platforms [71]. LRRK2-mediated changes in endocytosis
may modulate the formation of those intracellular complexes
to regulate signalling cascades including Wnt or MAP kinase
cascades [71], both of which have been shown to be affected
by LRRK2 [18], and which then may modulate the function
of downstream autophagic components.

Multiple data support the idea that LRRK2 also modu-
lates late steps in the autophagic-lysosomal clearance path-
way. The fusion of both autophagosomes and endosomes
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with lysosomes requires rab7, as does the process of lysosome
reformation [49, 72-74], and interfering with rab7 function
will thus affect autophagic-lysosomal clearance. Indeed, at
least in Drosophila, the LRRK2 homolog seems to interact
with rab7 on late endosomes and lysosomes to negatively
regulate rab7-dependent perinuclear lysosomal positioning
required for the efficient degradation of autophagosomes
[75]. Another recent study in C. elegans expressing human
wildtype or mutant LRRK2 in conjunction with proteostatic
stress indicates increased expression of numerous proteins
including a subunit of the V-type proton ATPase [76, 77],
and the behavioural motor deficits observed in these double-
transgenic worms can be reverted by increasing autophagic
flux using a rapamycin analog. These data are consistent with
our findings that mutant LRRK2 may increase lysosomal pH
and concomitantly decrease lysosomal clearance, a process
reverted by rapamycin, but not by other compounds which
increase autophagy in an mTOR-independent manner [54].
It remains to be seen whether the beneficial effect of the
rapamycin analog on motor output is related to an mTOR-
dependent increase in degradative capacity as autophagic
flux is enhanced, a decrease in protein synthesis, an effect
on lysosomal homeostasis, or a combination thereof. Taken
alltogether, a picture is emerging whereby LRRK2 may
regulate both early and late steps of autophagic-lysosomal
clearance in a rab protein-dependent manner (Figure 2).

6. A Link between LRRK2, Autophagy,
and NAADP-Mediated Endolysosomal
Calcium Signaling

In agreement with other reports, we also found an increase in
autophagosome numbers upon transient overexpression of
wildtype and G2019S-mutant, but not kinase-dead LRRK2
in various cell lines including dopaminergic neuroendocrine
cells [54, 55]. Interestingly, we found that these effects were
inhibited by the calcium chelator BAPTA, suggesting that
they were calcium-dependent. The effects of LRRK2 over-
expression on autophagosome numbers were also blocked
when genetically depleting ER calcium stores and were
accompanied by an increase in the pH of a population of
lysosomes and an increase in the number of lipid droplets.
This phenotype closely matches the one triggered by NAADP,
which evokes cytosolic calcium signals that can be amplified
by ER calcium stores, causes partial alkalinization of acidic
stores, and induces lipid accumulation [78-80]. NAADP is
a potent agonist-generated second messenger and capable of
triggering complex calcium signals which are initiated from
acidic stores and are being subsequently amplified by ER
calcium release channels [81-83]. Targets for NAADP are
likely comprised of the endolysosomal two-pore channels
TPC1 and TPC2 [84-86], even though recent studies indicate
that NAADP does not directly bind to TPCs, but rather
indirectly through currently unidentified associated low-
molecular weight binding proteins [87]. In either case, there
is a growing appreciation of the importance of endolyso-
somal organelles as mobilizable calcium stores [81, 88],
and intraluminal calcium seems required for endolysosomal
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membrane fusion events, thus, directly impacting upon  found that elevation of cellular NAADP levels using a cell
endosomal and autophagic trafficking events [73]. permeable NAADP analogue (NAADP-AM) [89] increases

The analogy between the effects of LRRK2 overexpres-  autophagosome numbers, lysosomal pH, and lipid droplet
sion and NAADP action prompted us to test the connection ~ numbers, thus, largely mimicking the effects observed
between NAADP and LRRK2 action. Accordingly, we  upon LRRK2 overexpression [54]. Conversely, the NAADP



antagonist NED19 recently identified by virtual screening
methods [90] reverted the effects of LRRK2. The increase in
autophagosome number could also be blocked by overex-
pression of TPC2 mutated within the pore region [91]. This
inactive mutant likely acts in a dominant manner similar
to TPCI in which the corresponding residue is mutated
[84, 92]. Together, these data uncover a hitherto unknown
link between NAADP and LRRK2 function (Figure 3).

7. Summary

A wealth of recent data supports the idea that LRRK2
regulates autophagy. Another ROCO protein family member,
death-associated protein kinase 1 (DAPK1), also seems
to be an essential regulator of autophagy [93], and it
will be interesting to determine whether other ROCO
proteins are autophagy modulators as well. Furthermore,
LRRK?2 variants have been associated with Crohn’s disease
(CD), an inflammatory bowel disease [94]. As other CD-
associated risk genes are also linked to autophagy trig-
gered as an antibacterial response, the disease may result
from ineffective control of bacterial infection and resultant
chronic inflammation [95]. Similarly, recent data suggest
that LRRK2 dysfunction in PD may involve the immune
system [96], and the involvement of aberrant autophagy
in such process warrants further investigation. Whilst the
link between LRRK2 and autophagy is becoming solid, the
precise underlying mechanism(s) remain unknown. Both
direct and indirect scenarios can be envisioned, and evidence
for both is emerging. Rab proteins and calcium seem
to play potentially important and not mutually exclusive
roles. Calcium is known to both positively and negatively
regulate autophagy, and these dual effects may depend on
the precise intraorganellar location at which it is required
for autophagosome-lysosome or endosome-lysosome fusion,
respectively [49, 72]. Many questions remain to be addressed,
such as whether TPCs (or NAADP binding proteins) are
LRRK?2 targets, whether LRRK2 causes indeed measurable
changes in intracellular calcium levels, or how LRRK2
regulates the activity or localization of distinct rab proteins.
Additional work is needed toward delineating the precise
molecular links between LRRK2, autophagy, and NAADP-
mediated events.
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5. Pathogenic LRRK2 modulates degradative receptor trafficking by

regulation of late endosomal budding
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In the present study, we evaluated effects of wildtype and pathogenic LRRK2 on
endocytic trafficking of the epidermal growth factor receptor (EGFR). The trafficking
route of the EGFR is purely degradative [370] and distinct from other receptors such as
the transferrin receptor, which is recycled back to the cell surface via a recycling
compartment, or the mannose 6-phosphate receptor, which undergoes retromer-
mediated retrieval back to the Golgi from a late endosomal compartment. Upon binding
EGF, the EGFR is internalized by clathrin-mediated endocytosis, and subsequently
sorted to the lysosome for degradation. Such trafficking seems dependent on CINSS,
which interacts with the late endosomal GTPase Rab7 to recruit dynamin 2 (dyn2), a
large GTPase which deforms lipid bilayers causing vesicle scission. Action of the
CIN85-dyn2 complex results in post-endosomal budding necessary for EGFR
trafficking from a late endosomal to lysosomal compartment for subsequent degradation

[330], as mentioned previously.

Pathogenic LRRK2 delays EGFR degradation

To investigate the role of LRRK2 in EGFR internalization and degradation, we
expressed epitope-tagged LRRK2 constructs in HeLa cells and assessed binding and
degradation of fluorescently labelled EGF (Alexa555-EGF). Binding of Alexa555-EGF
at 4°C was reduced in the presence of wildtype LRRK2, and this effect was more
pronounced in the presence of pathogenic G2019S or R1441C-mutants (Fig. 9A,B). To
monitor endocytic movement in cells overexpressing wildtype or mutant LRRK?2, cells
were incubated with Alexa555-EGF at 4°C, followed by washing to remove labeled
EGF from the medium, and endocytosed Alexa555-EGF was quantified 10 and 30 min
upon incubation of cells at 37°C. Under these conditions, we observed a delay in
Alexa555-EGF clearance in wildtype LRRK2, which was very pronounced in G2019S-
and R1441C-mutant LRRK2-expressing cells (Fig. 9C). Such delay was not observed
with the kinase-inactive K1906M LRRK2 mutant, which was expressed to similar
levels as wildtype or mutant LRRK2, indicating that the observed effects are LRRK2
kinase activity-dependent (Fig. 9C, Fig.S1).

As the CIN85-dyn2 complex is important for trafficking of the EGFR out of a
late endosomal compartment, we next expressed dominant-negative versions of either
CIN85 (CIN85-dn) or dyn2 (dyn2-dn) unable to bind to each other [332].
Overexpression of either CIN85-dn or dyn2-dn mimicked the effects of mutant LRRK?2,
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both in terms of Alexa555-EGF surface binding and delayed clearance (Fig. S1). To
determine whether the changes in intracellular fluorescent EGF were due to altered
EGFR degradation, we performed biochemical EGFR degradation assays in transfected
HEK293T cells expressing wildtype or mutant LRRK?2. Indeed, cells expressing mutant
LRRK?2 showed a delay in EGFR degradation compared to mock-transfected cells (Fig.
9D), similarly to what has been previously described when overexpressing CIN85-dn or

dyn2-dn binding mutants [332].
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Figure 9. LRRK2 delays EGFR degradation (A) HeLa cells were transfected with empty
pCMV vector (ctrl) or the indicated myc-tagged LRRK2 constructs, and processed for
immunocytochemistry with an anti-myc antibody (blue) after binding of Alexa555-EGF for 30
min at 4 °C. Scale bar, 15 pm. (B) The amount of surface-bound fluorescent EGF was
quantified using ImagelJ from 20 transfected cells per condition per experiment. N=8
experiments (ctrl versus LRRK?2), 7 (ctrl versus R1441C), 4 (ctrl versus G2019S) and 2 (ctrl
versus K1906M) (*, p < 0.05). (C) Upon binding of fluorescent EGF at 4 °C, cells were washed
to remove unbound EGF, and shifted to 37°C to allow internalization of bound EGF.
Quantification of internalized Alexa555-EGF was performed at 0 min, and after 10 min and 30
min of internalization. Values are normalized to the amount of Alexa555-EGF binding at t=0.

N=8 experiments (ctrl versus LRRK2), 7 (ctrl versus R1441C), 4 (ctrl versus G2019S) and 2
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(ctrl versus K1906M) (*, p < 0.05). (D) HEK293T cells were transfected with empty pCMV
(ctrl) or mutant LRRK2 construct. Cells were serum-starved for 1 h in the presence of
cycloheximide to block novel protein synthesis, and EGFR internalization stimulated with non-
labelled EGF for the indicated time points. Cell extracts (40 pug) were analyzed by Western blot
for EGFR levels and tubulin as loading control, as well as for levels of LRRK2 protein using an

anti-myc antibody. The experiment was repeated twice with similar results.

LRRK?2 regulates late endosomal EGFR trafficking

Rab5 and Rab7 primarily associate with early and late endosomes, respectively. We
next asked whether LRRK?2 affects the switch from Rab5 to Rab7 during early-to-late
endosomal transition. For this purpose, we coexpressed GFP-tagged versions of Rab5 or
Rab7 with LRRK2, and visualized trafficking of fluorescent EGF through these
compartments. Previously, we assured that overexpression of GFP-tagged Rab5 or Rab7
did not alter EGFR trafficking in either the absence or presence of mutant LRRK2 (Fig.
10A,B).
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Figure 10. Mutant LRRK2 causes a delay in the Rab5/Rab7 switch (A,B) HeLa cells
were transfected either with empty pCMV vector (ctrl), or co-transfected with mutant LRRK?2
and the indicated constructs, and Alexa555-EGF binding and uptake experiments performed as
described in legend to Figure 9. N=3 experiments (*, p < 0.05). (C,D) Hela cells were co-
transfected with empty vector (pCMV) or mutant LRRK2, and either GFP-Rab5 or GFP-Rab7,
and Alexa555-EGF uptake performed for either 10 min or 15 min. Colocalization of Alexa555-
EGF with either GFP-Rab5 or GFP-Rab7 was quantified as described in Materials and Methods.
Scale bar, 20 um. (E) The average percentage of colocalization of AlexaS55-EGF with GFP-
Rab5 (left) or GFP-Rab7 (right) 10 min and 15 min after shifting cells to 37°C was quantified

from 10-15 cells per experiment. N=3 experiments (¥, p < 0.05).

Most Rab5-positive endosomes were distributed in the cell periphery, whilst
Rab7-positive late endosomes were more commonly observed in a perinuclear region
(Fig. 10C,D). In mock-transfected cells, at 10 min after a brief pulse of Alexa555-EGF
stimulation, most of the fluorescent EGF was found in early endosomes, as evidenced
by its colocalization with Rab5 (Fig. 10C, E). After 15 min, most EGF had disappeared
out of early endosomes, as evidenced by decreased co-localization with Rab5, and this
decrease was accompanied by an increase in the colocalization with Rab7, indicative of
the progression of the EGFR to late endosomal compartments (Fig. 10D, E). In mutant
LRRK2-transfected cells, there was a slight decrease in the co-localization of
fluorescent EGF with Rab5 after 10 min, and a slight but non-significant increase after
15 min. Importantly, there was a pronounced decrease in the colocalization of
fluorescent EGF with Rab7 after 15 min in LRRK2-transfected cells as compared to
mock-transfected cells, suggesting impaired entry of the EGFR into the Rab7-positive

compartment (Fig. 10E).
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Together, these data indicate that transition of EGFR from early to late
endosomes is affected in mutant LRRK2-expressing cells, a process which is dependent
on the rab5/7 switch.

Pathogenic LRRK2 impairs vesiculation of late endosomes

We next wondered whether LRRK2 may be recruited onto late endosomes upon
EGF stimulation. Whilst overexpressed wildtype and pathogenic mutant LRRK2 were
largely cytosolic (not shown), addition of non-fluorescent EGF allowed occasional
detection of pathogenic LRRK2 on GFP-Rab7-positive late endosomal structures (Fig.
11A). Careful analysis showed that at times pathogenic LRRK2 could be detected on
the outer membrane of GFP-Rab7-positive structures (Fig. 11B).

A

anti-myc GFP-Rab7 Alexa555-EGF merge
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Figure 11. Mutant LRRK2 can localize to late endosomes. (A) HeLa cells were co-transfected
with GFP-Rab7 and the indicated constructs, starved overnight, and RhEGF uptake performed
for 60 min, followed by staining for LRRK2 with an anti-LRRK2 antibody. Scale bar, 15 pm.
(B) For higher resolution images of mutant LRRK2 localization to individual GFP-rab7-labelled
late endosomes, cells were co-transfected as indicated, EGF uptake experiments performed with
non-fluorescent ligand, and staining for LRRK2 performed using an Alexa594-coupled

secondary antibody. Scale bar, 4 um.

To gain insight into how mutant LRRK2 may regulate trafficking events from the late
endosome, we performed time-lapse microscopy of Rhodamine-EGF (RhEGF)-
stimulated HeLa cells co-expressing GFP-Rab7. Expression of wildtype, and to a larger
degree G2019S- or R1441C-mutant LRRK2 caused a striking difference in the
morphology of GFP-Rab7-positive structures (Fig. 12A,B). Whereas mock-transfected
or kinase-inactive K1906M LRRK2-transfected cells showed mainly punctate GFP-
rab7-positive structures and few, short tubules (< 1.5 um), the LRRK2-expressing cells
displayed an increased number of tubules, and an increased number of long tubules (>
1.5 um) which were positive for RhREGF (Fig. 12A,B). Such phenotype was identical to
that observed when overexpressing CIN85-dn mutant (Fig. 12B), as previously

described [332], indicating that the vesiculation process was attenuated.
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Figure 12. Mutant LRRK2 prevents late endosomal budding and increases GFP-
Rab7 tubule length. (A) Movie stills of HeLa cells co-expressing GFP-Rab7 and indicated
constructs and stimulated with RhEGF. Arrows point to long Rab7-positive tubules containing
RhEGF. Scale bar, 8 pm. (B) Quantification of the total number of GFP-Rab7 tubules (left), and
the number of long tubules (> 1.5 pum) (right). GFP-Rab7 tubules containing RhEGF were
quantified over the entire imaging period. 7-15 cells were quantified per condition in each

experiment. N=4 experiments (except 3 experiments for R1441C, 2 for K1906M), *, p < 0.05.
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We asked whether such phenotype may also be observed in cells expressing
endogenous levels of mutant LRRK2. For this purpose, we analyzed Rab7 staining in
primary dermal fibroblasts from PD patients carrying the G2019S LRRK?2 mutation and
age- and sex-matched healthy controls. Rab7 staining was largely punctate in control
fibroblasts, and no changes in the amount of Rab7 punctae per area could be observed in
the G2019S LRRK2 mutant fibroblasts (Fig. 13A,B). However, most G2019S mutant
fibroblasts displayed at least one Rab7-positive tubule > 5 um (Fig. 13C). These data
indicate that pathogenic mutant LRRK2 interferes with the formation of carriers

emanating from the late endosome, resulting in a delay in EGFR degradation.
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Figure 13. Fibroblasts from G2019S LRRK2 PD patients display increased amount
of rab7-positive tubular endosomes. (A) Fibroblasts from healthy control or G2019S
LRRK?2 PD patients were stained for endogenous rab7. As rab7-positive late endosomal tubules
are very sensitive to fixation and detergent conditions, a specific protocol was necessary as
described in Materials and Methods. Scale bar, 30 um. (B) Individual cells were scored for the
amount of rab7-positive structures, and fluoresent signal normalized to cell size. (C) The

percentage of cells containing at least one Rab7-positive tubular structure > 5 pm was
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determined by analyzing between 30-50 cells per fibroblast line (n=5 control lines, n=5 G2019S
LRRK2 PD lines). *, p < 0.05.

The CIN85/dyn2/Rab7 pathway is involved in the LRRK2-mediated late
endosomal trafficking defects

We sought to determine whether the LRRK2-mediated defects at the late
endosome may be rescued by modulating the CIN85/dyn2 complex [332].
Overexpressed CIN85 and dyn2 were found to localize to Rab7-positive structures (Fig.
S1), as previously described [332]. Whilst overexpression of CIN85 or dyn2 had not
effect on EGFR downregulation compared to mock-treated cells, they largely rescued
the LRRK2-mediated delay in EGFR degradation (Fig. 14A,B). CIN85 was more
efficient in rescuing the trafficking deficit as compared to dyn2 (Fig. 14A,B). As CIN8&S
is thought to interact with Rab7 on late endosomes, followed by recruitment of dyn2 to
vesiculate late endosomal membranes [332], we wondered whether active Rab7 may be
implicated in this process. Overexpression of active, GTP-bound GFP-Rab7-Q67L did
not affect EGFR trafficking in mock-transfected cells, but suppressed the delay in
EGFR degradation induced by LRRK2 (Fig. 14C,D). This was not observed when
expressing wildtype Rab7, even though both wildtype and active mutant Rab7 were
expressed to similar degrees (Fig. 14E). The LRRK2-mediated delay in EGFR
degradation was also suppressed when expressing GFP-Rab7L1, a Rab protein largely
localized to the Golgi and to tubular structures emerging from the Golgi [372].
However, 60 min upon fluorescent EGF internalization, some colocalization of RhEGF
with GFP-Rab7L1 could be observed in both mock-transfected and mutant LRRK2-
transfected cells (Fig. 14F), indicating that at least a fraction of overexpressed GFP-
Rab7L1 may directly contribute to late endosomal trafficking of the EGFR.
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Figure 14. The CIN85/dyn2/rab7 pathway regulates the LRRK2-mediated delay in EGFR
degradation. . (A,B) HeLa cells were transfected either with empty pCMV vector (ctrl), or co-
transfected with mutant LRRK?2 and the indicated constructs, and Alexa555-EGF binding and
uptake experiments performed as described in legend to Figure 9. N=3 experiments (*, p <
0.05). (C,D) HeLa cells were transfected either with empty pCMV vector (ctrl), or co-
transfected with mutant LRRK?2 and the indicated constructs, and Alexa555-EGF binding and
uptake experiments performed as described in legend to Figure 9. N=3 experiments (*, p <
0.05). (E) Transfected cell extracts were analyzed by Western blotting to assure similar levels of

overexpression of the various GFP-tagged Rab contructs. (F) Movie stills of HelLa cells
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cotransfected with GFP-Rab7L1 and either with empty pCMV vector (ctrl) or mutant LRRK2,
and loaded with RhEGF for 1 h. Arrows indicate colocalization of RhEGF with GFP-Rab7L1.

Scale bar, 10 um.

Pathogenic LRRK2 downregulates the activation state of Rab7

Given the above-mentioned data, we reasoned that LRRK2 may regulate the
levels and/or activity of Rab7. No change in Rab7 protein levels were observed in cells
overexpressing mutant LRRK2 as compared to mock-transfected cells, fibroblasts from
G2019S LRRK2 patients, or postmortem brain extracts from G2019S LRRK2 patients
versus healthy controls (Figs. 15A,B). We thus focused on determining effects of
LRRK2 on Rab7 activity. Rab protein activity is regulated by guanine nucleotide
exchange factors (GEFs), which activate Rabs by facilitating the exchange of GDP for
GTP, and GTPase-activating proteins (GAPs), which inactivate Rabs by accelerating
the hydrolysis of the bound GTP to GDP [373, 374]. Rab proteins only associate with
their effector proteins when GTP-bound, and this produces a downstream response
associated with GTPase activation of the given Rab protein. Whilst the identity of the
mammalian Rab7 GEF remains controversial, TBC1D15 seems to act as a GAP for
Rab7 [375, 376]. Interestingly, TBC1D15 overexpression delayed EGFR degradation
(Fig. 15B,C). Such delay could be rescued when expressing catalytically active, GTP-
bound Rab7-Q67L or Rab7L1, but not wildtype Rab7 (Fig. 15B,C), identical to what
was observed with mutant LRRK2 expression. These eperiments confirm that Rab7-
Q67L is functionally active in cells, and indicate that Rab7L1 may impact upon the
same EGFR trafficking pathway as Rab7.

Several effector proteins for Rab7 have been identified [318, 322, 377]. RILP
(Rab interacting lysosomal protein) is the best-studied Rab7 effector, and binds
selectively to Rab7-GTP to recruit the dynein-dynactin motor complex and facilitate
vesicle movement toward the minus end of microtubules [318, 377]. The N terminus of
RILP recruits dynein motors, but does not bind GTP-Rab7, such that an N-terminally
truncated RILP construct functions as dominant-negative mutant to inhibit Rab7-
dependent endolysosomal fusion reactions [318, 377]. Consistent with the possibility
that pathogenic LRRK2 may deregulate Rab7 activity, overexpression of dn-RILP, but
not wt-RILP, mimicked the effects of pathogenic LRRK2 on delayed EGFR
degradation (Fig. 15D,E).
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Figure 15. Mutant LRRK?2 alters the Rab7 cycle. (A) Western blots of dermal fibroblast
extracts (40 pg per lane) from three healthy control and three G2019S LRRK2 PD (left), or

extracts from postmortem caudate brain (50pg per lane) from healthy control and two G2019S

LRRK2 PD patients (right) display no drastic changes Rab7 protein levels. (B,C) HeLa cells

were transfected either with empty pCMV vector (ctrl), or co-transfected with the Rab7 GAP
TBC1D15 and the indicated constructs or empty pCMV vector, and Alexa555-EGF binding and

uptake experiments performed as described in legend to Figure 9. N=3 experiments (*, p <

0.05). (D,E) HeLa cells were transfected either with empty pCMV vector (ctrl), or with the
Rab7 effector RILP or a dominant-negative version thereof (RILP-dn), and Alexa555-EGF

binding and uptake experiments performed as described in legend to Figure 9. N=3 experiments

(*, p < 0.05).
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To gain more direct evidence for a LRRK2-induced change in Rab7 activity, we
employed an effector pull-down assay using the Rab7 binding domain of RILP to
selectively isolate Rab7-GTP from cell lysates [376]. Pull-down assays from cells
expressing Rab7, or mutants that are predominantly GTP-bound (Rab7-Q67L)
confirmed that Rab7-GTP was selectively isolated by GST-RILP (Fig. 16A). The
fraction of endogenous Rab7 bound to GTP was reduced in cells expressing TBC1D15,
further confirming that TBC1D15 functions as a GAP for Rab7 in vivo (data not
shown). When overexpressing pathogenic mutant LRRK?2, a striking decrease in the
levels of endogenous Rab7-GTP was observed (Fig. 16B), indicating that LRRK2

decreases endogenous active Rab7 levels.
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Figure 16. Mutant LRRK2 causes a decrease in Rab7 activity. Mutant LRRK2 causes
a decrease in Rab7 activity. (A) HEK293T cells were transfected with the indicated constructs,
and the Rab7 binding domain of RILP coupled to GST was used to pulldown the GTP-bound
form of Rab7 from cell lysates. No signal was detected when eluates from beads coupled to
GST alone were evaluated (not shown). (B) HEK293T cells were transfected with either emtpy
pCMYV vector (ctrl), or with TBC1D15, and the amount of endogenous active Rab7 isolated by
GST-RILP pulldown. (C) HEK293T cells were transfected with either empty pCMV vector
(ctrl) or indicated constructs, and endogenous active Rab7 isolated by GST-RILP pulldown.
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Input (10%) was run alongside pulldowns to demonstrate equal levels of total Rab7 protein in
control and LRRK2-expressing cells, and overexpression levels of various LRRK2 constructs
analyzed on separate gels. (D) Experiments of the type described in (C) were quantified, and the
amount of Rab7 isolated by GST-RILP expressed relative to total amount in sample (input), and
normalized to amount of Rab7-GTP detected in pCMV-transfected cells. N=3 independent

experiments, *, p < 0.05.
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Supplementary Figure 1. CIN85-dn and dyn2-dn mimick effects of LRRK2 on

EGFR degradation. (A,B) HeLa cells were transfected either with empty pCMV vector
(ctrl), or with mutant constructs as indicated, and Alexa555-EGF binding and uptake
experiments performed as described in legend to Figure 9. N=3 experiments, *, p < 0.05. (C)
Transfected HEK293T cell extracts were analyzed by Western blotting to assure similar levels
of overexpression of wildtype and mutant constructs. (D) HeLa cells were cotransfected with
GFP-Rab7 and either CIN8S5 or dyn2, Alexa555-EGF binding and uptake performed for 20 min,
and cells stained with an anti-flag antibody to demonstrate colocalization of CIN85 and dyn2

with GFP-rab7-positive, fluorescent EGF-loaded late endosomes. Scale bar, 3 um.
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Discussion

In the present study we show an increase in autophagosome numbers upon
transient overexpression of wildtype and G2019S-mutant, but not kinase-dead LRRK2,
in various cell lines including DA neuroendocrine cells [192]. Several previous studies
have also indicated that LRRK?2 regulates autophagy [37, 84, 85, 124, 177, 191, 194,
196], suggesting that deregulation of LRRK2 activity may be damaging to the proper
functioning of the autophagy pathway [37, 84, 85, 124, 177, 191, 194, 196]. Despite
these findings, the exact mechanisms underlying such deregulation have been largely

unknown.

To get evidence for the molecular mechanism(s) of action for LRRK2-mediated
autophagosome formation, we employed several cellular and biochemical approaches
and reported a TORCI-independent, but AMPK-dependent induction of autophagy.
Even though TORC1-mediated autophagy is best studied, an important role for AMPK
in basal autophagy [378] regulation has emerged during the last few years [379]. We
also found that such increase in basal autophagy was insensitive to 3-MA and
wortmanin, as previously shown [194] pointing towards a mechanistic difference

between canonical and LRRK2-mediated autophagy.

3-MA and wortmanin block starvation-induced autophagy by inhibiting Vps34,
(and thus the de novo production of PI;P) [380, 381]. Localized high concentrations of
PI;P are required for the formation of a membrane platform for subsequent
autophagosome nucleation (see Introduction) [382]. However, there is evidence for
Vps34-independent induction of autophagy [383-385]. Autophagosome formation in a
Vps34-independent manner may be dependent on the membrane source for
autophagosome biogenesis, as pre-existing PI;P-enriched regions are common in the
endocytic pathway, which may be sufficient for autophagosome formation.
Alternatively other lipid signals may be implicated in the LRRK2-mediated autophagy
induction [386].

AMPK is activated upon mitochondrial dysfunction and a decrease in ATP
levels, with concomitant increase in AMP [387]. In addition, AMPK can be activated by
several upstream kinases, which in turn are subject to regulation [387]. We found that
LRRK2-mediated autophagy induction occurred through activation of the
CaMKKB/AMPK pathway, and could be inhibited when genetically depleting ER
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calcium stores or by adding a calcium chelator. These results indicate that active
LRRK?2 may increase cytosolic calcium levels by inducing calcium release from the ER,
and thereby activate autophagy induction through the CaMKKB/AMPK pathway.
Calcium is an important regulator of autophagy, even though contradictory data have
emerged suggesting both stimulatory [267, 268] and inhibitory [269, 270] effects. It
may be that the precise effects depend on characteristics of the calcium signal, its origin,
and on cellular state/type (see Introduction). Luminal calcium is also important for
homotypic and heterotypic fusion events between organelles within the endo-lysosomal
system [341]. A decrease in lysosomal calcium levels would thus be predicted to cause
a block in autophagosome-lysosome fusion and a concomitant accumulation of
autophagosomes. Hence, it is important to note that an increase in autophagosome
numbers may be due to autophagy induction and/or a block in autophagosome

degradation.

We thus performed experiments aimed at determining if LRRK2-mediated
induction of autophagy is productive, causing an increase in autophagic flux, or a block
in flux and accumulation of autophagosomes due to a possible defect in lysosomal
homeostasis. We found that whilst autophagosome formation is enhanced in a kinase-
dependent manner, autophagic flux was decreased, and these effects were accompanied
by an increase in the pH of a population of lysosomes. Even whilst such change in pH
was not sufficient to cause a complete lysosomal proteolysis phenotype, it correlated

with an increase in lipid doplet numbers, indicating a defect in autophagic degradation.

Our data with respect to lysosomal alterations are consistent with recent reports
indicating that mutant LRRK2 alters lysosomal localization [169] or the number and/or
size of lysosomes in vitro and in vivo [37, 84, 85, 187]. Such observed expansion and/or
clustering of lysosomes may reflect a compensatory response of the cells to an altered
upstream event, or highlight the primary mechanism of mutant LRRK2 action.
Lysosomal dysfunction may further enhance exosome release and thus transmissibility
of a-synuclein [326], (see figure 17). Mutant LRRK2 has recently been shown to
interfere with chaperone-mediated autophagy by inhibiting the proper formation of the

LAMP-2A translocation complex, thus inducing accumulation of o-synuclein and
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increasing cell toxicity [37]. In that model, the LRRK2-mediated effects on lysosomal

functioning are direct, but other scenarios are possible as well.

We further aimed to determine the exact mechanism by which LRRK2 causes a
calcium-mediated autophagy induction and a partial alkalinization of a subpopulation of
lysosomes with a concomitant decrease in degradative capacity. Interestingly, that
phenotype closely matched the one triggered by NAADP, which evokes cytosolic
calcium signals that can be amplified by ER calcium stores [343, 349, 388].
Accordingly, we found that elevating intracellular NAADP levels mimicked the effects
observed upon LRRK?2 overexpression. Conversely, an NAADP antagonist reverted the
effects of LRRK2, pointing to a link between LRRK2 and NAADP-receptors.

O O

endosome autophagosome

decreased fuh /fcreased fusion
LAMP-2A

calcium‘/ 27 TPC2 \ Tu—synuclein

increased lysosome size/
clustering
decreased luminal calcium —® T exosome release
increased pH

Figure 17. Lysosome-centric model for pathogenic LRRK2 action. Mutant LRRK2
may function at the lysosome to increase lysosome size/induce lysosome clustering, and may
cause calcium efflux from this acidic organelle, concomitant with increased lysosomal pH. This
would cause a block in efficient trafficking from both endomembrane and autophagy systems,
with concomitant aberrant increase in receptor signalling and decrease in autophagic clearance.
Lysosomal dysfunction may then enhance exosome release and thus transmissibility of a-
synuclein. Furthermore, mutant LRRK2 has been shown to interfere with chaperone-mediated
autophagy by inhibiting proper formation of the LAMP-2A translocation complex, thus

inducing accumulation of a-synuclein and increasing cell toxicity.

Targets for NAADP have initially been proposed to be the endolysosomal two-
pore channels TPC1 and TPC2 [338]. We found that the LRRK2-mediated increase in
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autophagosome numbers could be blocked by co-overexpression of inactive mutant
TPC2 which abolishes calcium conductance and displays dominant-negative effects
with respect to NAADP-mediated calcium signaling [362]. In addition, TPC2 and
LRRK2 were found to interact upon co-expression and immunoprecipitation. Together,
these data uncover a hitherto unknown link between NAADP and LRRK2 (see figure
17).

Recent studies indicate that NAADP does not directly bind to TPCs, but rather
indirectly through currently unidentified associated low-molecular weight binding
proteins [389]. These proteins then may associate with TPCs to change their channel
properties. Furthermore, controversy has recently been raised as to the ionic specificity
of the TPCs, which have been suggested to behave as a sodium-selective channels
activated by PI(3,5)P,, rather than by NAADP (see Introduction). Whilst further studies
will be necessary to resolve those discrepancies, at present, the vast majority of studies
indicate that TPCs can conduct calcium. In addition, an attractive but highly speculative
hypothesis is that the small molecular-weight proteins may be related to Rab proteins,
which may link NAADP-mediated calcium release from endolysosomal compartments

to fusion events, but further studies are required to address this possibility.

Finally, the link between LRRK2, NAADP-mediated release of calcium from
acidic stores, and concomitant alterations in cytosolic calcium levels remains to be
further validated. Whilst some data have emerged that LRRK2 may alter intracellular
calcium levels [190], precise calcium imaging experiments will be needed to establish a
link between changes in lysosomal, ER, mitochondrial and cytosolic calcium levels and

mutant LRRK2.

Even though neurite length and neurite complexity seem robust readouts for the
cellular effects of LRRK2, a series of studies have established a link between enhanced
sensitivity to cellular stressors, cell death and the presence of mutant LRRK2 [186, 188,
191] and this readout also seems informative for our understanding of LRRK?2 function
in cells. Indeed, we found that mutant LRRK2 overexpression was not sufficient to
cause cell death within 48 hours after transfection, but increased the susceptibility of

cells to further insults related to protein degradation-mediated stress. Such increased cell
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death could be blocked by an NAADP antagonist, suggesting that the NAADP pathway

is implicated in this process.

Blocking proteasome-mediated degradation causes a concomitant increase in
autophagy, a cellular response likely tailored towards clearing an increased amount of
protein aggregates observed under these conditions [390]. Thus, if LRRK2 impairs
autophagic flux, this should become damaging to the cell under stress conditions which
require increased autophagic clearance. Interestingly, application of rapamycin, a
TORCI inhibitor, reverted the LRRK2-mediated effects on cell death, whilst a TORC1-
independent autophagy-enhancing compound was unable to do so. This again suggests
that mutant LRRK?2 does not irreversibly block autophagic flux, but dampens flux in a
reversible manner. Rapamycin has been shown to have beneficial effects for cell
survival in the context of several neurodegenerative diseases [391] and seems to act on
various pathways. Thus, the rapamycin-mediated reversal may be due to an increase in
degradative capacity as autophagic flux is enhanced, a decrease in protein synthesis, an
effect on lysosomal homeostasis or a combination thereof. Indeed, evidence for all three

events were found with rapamycin [392].

In the above-mentioned studies, wildtype LRRK2 had a significant effect,
similar to pathogenic G2019S-mutant LRRK2. As mutations in LRRK2 cause PD in an
autosomal-dominant manner, we overexpressed the protein to mimic a gain-of-function
phenotype. It is feasible that the pathogenic mechanism of LRRK2 depends on
exceeding a threshold level of activity, also supported by the finding that homo- and
heterozygous carriers of LRRK2 mutations are clinically indistinguishable [40]. Thus,
under our experimental conditions, overexpression of both wild-type or G2019S-mutant
LRRK?2 may reach the threshold level required for LRRK2 function and/or activity to
become pathogenic. Furthermore, it remains possible that the effects described here are
a wild-type function of LRRK2 unrelated to PD, even though other studies describing
an impaired autophagic balance with G2019S-mutant, but not wild-type LRRK2 [90,
124, 177, 194, 196] are consistent with the idea of a threshold effect. Alternatively, we
may have missed a small but biologically important difference in effect, which

nevertheless may have important consequences when present over many years.
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Our studies describe a mechanism by which LRRK2 may alter autophagy, which
involves late steps in the auto-lysosomal trafficking pathway. Importantly, the lysosome
is the common end-point between autophagy and endocytosis (see figure 17) and, as
previously mentioned in the Introduction, LRRK2 has been recently shown to regulate
endocytosis and to interact with various proteins involved in endocytic vesicle
recycling. Thus, we investigated the role of LRRK2 in receptor-mediated endocytosis
and receptor degradation. For this purpose, we employed a well-known system, which is
the trafficking of the EGFR. We performed a morphological analysis using marker
proteins for early and late endosomes and described a decrease in EGFR trafficking out
of late compartments upon transient overexpression of wild-type, but more so when
overexpressing G2019S-mutant and R1441C-mutant, but not kinase-active LRRK2.

Such delayed trafficking was associated with a decrease in EGFR degradation.

To further study LRRK2-mediated changes in the trafficking out of the late
endosomal compartment, we performed time-lapse microscopy of cells overexpressing
Rab7-GFP, localized to late endosomes and lysosomes. These data showed that mutant
LRRK?2 interfered with the vesiculation of late endosomes, causing the appearance of
aberrantly elongated and distended tubules which were positive for fluoresently-labeled
EGF. Such increase in tubular late endosomal structures was also observed in
fibroblasts from PD patients containing the G2019S LRRK2 mutation compared to
healthy controls, as indicated by staining for endogenous Rab7. Thus, the alterations in

the late endosome also occur under conditions of endogenous mutant LRRK?2.

Exit of the EGFR from the late endosomal compartment has previously been
shown to involve CIN85/dyn2, two proteins which bind to the EGFR and link it with
Rab7 on the late endosomal membrane. Consistently, a dominant-negative CIN85
mutant showed the same tubular extensions of late endosomes as observed with mutant
LRRK?2. In addition, overexpression of wildtype CIN85 or dyn2 rescued the LRRK2-
mediated endocytic phenotype.

Given the link between CIN85/dyn2 and Rab7, we wondered whether the rab
protein may be implicated in the LRRK2-mediated phenotype. Rab proteins can cycle
between an active, GTP-bound state, and an inactive GDP bound state. Overexpression

of the GAP (GTPase activating protein) of Rab7, which inactivates Rab7, mimicked the
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effects of LRRK2 on delayed endocytic trafficking and EGFR degradation, as did
overexpression of a dominant-negative Rab7 effector protein (RILP). Furthermore,
overexpression of catalytically active Rab7, but not wildtype Rab7, rescued the
LRRK2-mediated phenotype on EGFR trafficking. Such rescue was also observed when
overexpressing Rab7L1, a rab protein implicated in Golgi trafficking. Under our
experimental conditions, we could see some colocalization of Rab7L1 with fluorescent
EGF, indicating that Rab7L1 may contribute to trafficking out of a late endosomal

compartment.

We next wondered whether mutant LRRK?2 may alter either levels or activity of
Rab7. Protein levels of Rab7 were found unchanged upon mutant LRRK2
overexpression, in G2019S LRRK2 mutant versus control fibroblasts, or in postmortem
brain from G2019S patients versus healthy controls. To study whether LRRK2
modulates Rab7 activity, we performed effector pull-down assays [376] and found that

mutant LRRK?2 decreases Rab7 activity.

Rab7 is a master regulator of late endocytic membrane transport, protein sorting,
endosomal maturation and autophagy, and altering Rab7 function may impact upon all
of those events. Decreased Rab7 activity can explain a delay in EGFR trafficking out of
the late endosomal compartment via deficient vesiculation, leading to enlarged
endosomal tubules. Interestingly, fission of tubular endosomes has previously been
shown to trigger endosomal acidification [314] and thus may explain the effects on
lysosomal acidification we observed previously. How altered Rab7 activity is linked to
NAADP-mediated signaling in this context remains to be determined. Altered Rab7
activity may also explain the decreased autophagic flux we observed, as

autophagosomes fuse with late endosomes for delivery to the lysosome.

It will be interesting to determine precisely how LRRK2 decreases Rab7
activity. LRRK2 may alter the action of GAPs or GEFs for Rab7. Interestingly, LRRK2
has been shown to regulate a GAP protein [91] and thus a similar scenario may apply to
Rab7 GAP/GEF. LRRK2 itself has been shown to be regulated by GAPs and GEFs [91,
92, 393] and this may indirectly impact upon Rab7 activity. Other indirect scenarios

(eg. alterations in lipid composition of the late endosomal membrane, which alter
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membrane association and GTP status of Rab7) are possible as well. Future studies are

needed to address the precise mechanism of LRRK?2 action on Rab7 activity.

Interestingly, a recent study has reported that LRRK2 regulates retromer-
mediated retrieval of the mannose 6-phosphate receptor in a Rab7L1-mediated manner
[152]. However, Rab7L1 is largely localized to the Golgi apparatus, rather than the late
endosome, and Rab7 has been previously shown to be required for membrane
recruitment of the cargo-selective retromer complex on late endosomes [323, 394].
Thus, it seems possible that overexpressed Rab7L1 can functionally complement Rab7
at the late endosome, even though under endogenous conditions, it is largely Golgi-
associated. In addition, the previous findings for LRRK?2 regulating retromer-mediated
retrieval are consistent with our hypothesis that LRRK2 decreases Rab7 activity, which

would cause a concomitant decrease in retromer function, (see figure 18).

However, our data are in contrast to another very recent study, indicating that
LRRK?2 interacts with Rab7L1 on the Golgi to cause Golgi fragmentation and clearance
[395]. Further studies in our model system, by analyzing the effects of rab
overexpression, in the presence or absence of LRRK2, on Golgi structure and clearance,
are required. It is possible that such Golgi-related events occur, but that they do not alter
EGFR degradation, which is the phenotype we analysed here. Alternatively, Rab7L1-

mediated events on Golgi may be dependent on the levels of overexpression, or on cell

type.

Alltogether, our data highlight mechanism(s) underlying LRRK2-mediated
deficits in autophagy-lysosomal and endosomal-lysosomal trafficking important
towards gaining an understanding as to how pathogenic LRRK2 may cause cellular

demise associated with PD.
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Figure 18. Model for the LRRK2-mediated events throughout the endolysosomal
pathway. The LRRK2-mediated decrease in Rab7 activity may lead to a delay in the rab5-
Rab7 switch and a delay in receptor trafficking out of late endosomes. This causes an
accumulation of internalized EGFR in late endosomes which are aberrantly elongated into
distended tubules. Inefficient pinching off from these tubules would lead to an increase in non-
acidic late endosomes and lysosomal abnormalities, which we have previously observed. Rab7

activity may affect retromer-mediated retrieval of the M6PR to the TGN as well.
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Conclusions

Pathogenic LRRK2 overexpression causes induction of autophagy through
activation of the calcium/CaMKKB/AMPK pathway in an mTOR-

independent manner.

Mutant LRRK?2 alkalinizes a subpopulation of lysosomes and causes

accumulation of lipid droplets.

Mutant LRRK?2 increases sensitivity of cells to stressors associated with
abnormal protein degradation.

LRRK2 acts through NAADP (nicotinic acid adenine dinucleotide
phosphate) receptors, as effects can be mimicked by the lysosomal calcium-
mobilizing messenger NAADP, and reverted by an NAADP antagonist or

overexpression of dominant-negative receptor constructs.

Mutant LRRK?2 causes a delay in endocytosis and degradation of the EGFR

(epidermal growth factor receptor).

Mutant LRRK2 causes a delay in the rab5-Rab7 switch of early-to-late
endosomal trafficking, and a delay in receptor trafficking out of late

endosomes.

Mutant LRRK2 causes an accumulation of internalized EGFR in late
endosomes which are aberrantly elongated into distended tubules. Rab7-
positive tubular late endosomal structures are also observed in fibroblasts

from mutant LRRK2 patients.

The effects on EGFR degradation can be rescued when overexpressing
CINB8S (cbl-interacting protein of 85 kDa) or dynamin 2, proteins known to
mediate vesiculation of late endosomes, and to interact with Rab7 on late

endosomes.

Overexpression of catalytically active Rab7, or Rab7L1, rescue the
endocytosis deficits mediated by mutant LRRK2. Mutant LRRK2 causes a
decrease in Rab7 activity, which may underlie the effects on endocytic

trafficking reported here.
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Conclusiones

La sobreexpresion de mutaciones patogénicas en LRRK2 provoca un
aumento de la autofagia a través de la ruta de sedalizacion

calcio/CaMKKB/AMPK, independiente de mTOR.

Mutaciones patogénicas en LRRK2 provocan la alcalinizacién de una

subpoblacion de lisosomas y la acumulacion de gotas lipidicas.

Mutaciones patogénicas en LRRK2 aumentan la sensibilidad a muerte
celular en la presencia de estrés debido a agregacion proteica.

LRRK2 acttia a través de una ruta que implica canales sensibles a NAADP
(nicotinic acid adenine dinucleotide phosphate). Los efectos de la
sobreexpresion de mutaciones patogénicas de LRRK2 son mimetizados por
NAADP y revertidos por el antagonista de éste o la sobrexpresion de la
forma dominante negativa de su receptor.

Mutaciones patogénicas en LRRK2 provocan un retraso en la endocitosis y

degradacion del EGFR (epidermal growth factor receptor).

Mutaciones patogénicas en LRRK2 causan un retraso en el trafico del EGFR
entre estructuras endosomales tempranas, rab5, y tardias, Rab7, ademas de

un retraso en la salida del receptor desde el endosoma tardio.

Mutaciones patogénicas en LRRK2 provocan la acumulacion de EGFR
internealizado en endosomas tardios, provocando estructuras anormalmente
alargadas. Estas estructuras tubulares anormalmente alargadas de Rab7
también estdn presentes en fibroblastos de pacientes con mutaciones en

LRRK2.

Los efectos sobre la degradacion del EGFR pudieron ser revertidos por la
sobreexpresion de CIN85 (cbl-interacting protein of 85 kDa) o dynamin 2,
proteinas que participan en la vesiculaciéon de los endosomas tardios e

interaccionan con Rab7 sobre estas estructuras.

La sobreexpresion de la forma cataliticamente activa de Rab7, o de Rab7L1,
revertieron las deficiencias en endocitosis provocadas por la sobreexpresion

de LRRK2 patogénica. Mutaciones patogénicas en LRRK2 provocan una
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disminucidn en la actividad de Rab7, lo que podria explicar todos los efectos

en endocitosis previamente descritos.
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