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Abstract / Resumen

Mutations in the leucine rich repeat kinase 2 (LRRK2) gene are the most
common cause of familial Parkinson’s disease (PD), with autosomal-dominant
inheritance, and variants in this gene also confer risk to develop sporadic PD.
Whilst the cellular and molecular mechanisms underlying LRRK2-PD remain
largely unknown, recent studies have identified a subset of Rab GTPases as
physiological LRRK2 kinase substrates.

In the present study, we identify centrosomal alterations caused by
pathogenic LRRK2 using different cell lines and confirmed in patient-derived
samples. In non-dividing cells, pathogenic LRRK2 causes deficits in centrosome
positioning with downstream consequences for cell differentiation, polarity and
directional migration. In dividing cells, pathogenic LRRK2 causes centrosomal
cohesion defects. Importantly, we demonstrate that these defects are dependent on
the LRRK2 kinase activity.

We confirm that Rab8a, a small Rab GTPase with described roles in
centrosome-related events, is a LRRK2 kinase substrate, and corroborate that
pathogenic LRRK2 increases Rab8a phosphorylation. For the first time, we
identify the cellular localization and consequences of LRRK2-mediated Rab8a
phosphorylation. We demonstrate that pathogenic LRRK2 causes an abnormal
accumulation of phosphorylated Rab8a around the centrosome, which is, at least
partially, responsible for the centrosomal cohesion defects.

We also evaluate the effects of Rab7L1, a gene that modifies risk for
sporadic PD, on the centrosome phenotype. Remarkably, we observe that when
increasing Rab7L1 levels, wildtype LRRK2 mimicks the effects of pathogenic
LRRK2 on Rab8a phosphorylation and centrosomal cohesion deficits, suggesting
that both phenotypes may be a common readout for a broader spectrum of PD.
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Whilst the downstream consequences of the centrosomal defects and its
relevance for PD remain to be elucidated, the data presented here identify a new
role for LRRK2 in the context of centrosomal functioning, and indicate the

important role of Rab proteins for understanding PD pathogenesis.
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Las mutaciones en el gen leucine rich repeat kinase 2 (LRRK2) son la causa
méas comun de la enfermedad de Parkinson (EP) hereditaria, presentando una
herencia autosomica dominante. Ademas, otras variantes en LRRK2 se han visto
asociadas a un mayor riesgo de sufrir EP esporadica, sugiriendo que LRRK2
desempefia un papel importante y general en la EP. Aunque todavia desconocemos
los mecanismos celulares y moleculares que subyacen a la EP, recientemente se
han descubierto un subgrupo de proteinas de la familia de las Rab GTPasas como
sustratos fisioldgicos de la actividad quinasa de LRRK2.

En este trabajo, hemos identificado que LRRK2 patogénico causa
alteraciones en el centrosoma, usando diferentes lineas celulares y comprobadas en
muestras derivadas de pacientes. Por una parte, en células que no se dividen,
LRRK?2 patogénico causa alteraciones en el posicionamiento del centrosoma, con
consecuencias en la capacidad de las células para diferenciarse, polarizarse y
migrar. Por otra parte, en células en divisién, LRRK2 patogénico provoca defectos
de cohesion en el centrosoma. De manera significativa, hemos demostrado que
dichas alteraciones centrosomales son dependientes de la actividad quinasa de
LRRK2.

Conjuntamente, hemos confirmado que Rab8a, una pequefia Rab GTPasa
con funciones relacionadas a algunos procesos del centrosoma, es un sustrato de
LRRK2, y ademés hemos comprobado que LRRK2 mutante aumenta dicha
fosforilacion. Por primera vez, hemos identificado la localizacion y las
consecuencias de la fosforilacion de Rab8a. En concreto, LRRK2 patogénico
provoca una acumulacién de Rab8a fosforilado alrededor del centrosoma, lo que
es, al menos en parte, responsable de las alteraciones centrosomales descritas.

Ademas, hemos evaluado el papel de Rab7L1, un gen que modifica el
riesgo de desarrollar EP, en los problemas centrosomales. Notablemente,
observamos que al aumentar los niveles de Rab7L1, la proteina LRRK2 silvestre se

comporta como las versiones patogénicas de LRRK2, causando un aumento en la



fosforilacion de Rab8a y alteraciones en el centrosoma, lo que sugiere que ambos
fenotipos pueden ser habituales en un espectro mas amplio de la EP.

Aunque las consecuencias Yy la relevancia para la EP de las alteraciones en
el centrosoma tienen que ser estudiadas en detalle, este trabajo describe nuevas
funciones de la proteina LRRK2 en relacion con el centrosoma, y demuestran la

importancia de las proteinas Rab en el estudio y comprension de la EP.
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Introduction

1. PARKINSON'’S DISEASE

At the beginning of the 19" century, an English doctor called James
Parkinson thoroughly described for the first time the symptoms and progression of
a disease known as “paralysis agitans”. Although different sources along history
partially described some clinical symptoms of the disease, James Parkinson’s work
“An essay on the shaking palsy” was seminal to give it a disease entity [1]. Two
hundred years later, and after being renamed as Parkinson’s disease (PD) in honor
of its discoverer, important progress has been achieved to understand the disease.

Being the second most prominent neurodegenerative disease, PD affects
0.3 % of the total population of industrialized countries, increasing to 1 % of the
population older than 60, and up to 4 % older than 80 [2]. Due to the severity of the
disease and the inability of the patients to live a normal life at advanced disease
stages, patients' relatives tend to take care of them, making the global number of
people directly or indirectly affected to be counted by millions. Patients’ health
care costs represent an economic burden for families and government economies.
As life expectancy increases in developed countries, PD will soon become a major
problem for society. Because of the impact of the many different aspects on social
welfare, finding a cure for the disease is, or should be, a top priority for occidental

countries.

1.1 Clinical manifestations

PD is clinically characterized by motor and non-motor symptoms. The
motor symptoms, considered the cardinal and most characteristic signs of the
disease, include tremor at rest, bradykinesia (slow movement), rigidity and postural
instability. At later stages of the disease, flexed posture, freezing of gait and falls
are common features that complicate patients’ lives. PD is also associated with
various non-motor symptoms which are frequently underestimated, that appear at

early and late stages of the disease. These include cognitive and neurobehavioral

1
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abnormalities (including dementia, depression, apathy and anxiety in more than
50 % of the patients), autonomic failure (urinary incontinence, sweating and
orthostatic problems), sleep disorders and sensory abnormalities (mostly pain and
lack of smell) [3].

4 Pre-motor/prodromal period Parkinson's disease diagnosis
Early Advanced/late
Complications
Psychosis
Z
ﬁ Fluctuations
= Dyskinesia Motor
=}
g Dysphagia
o Postural instability
= Bradykinesia Freezing of gait
Rigidity Falls
Tremor
EDS Pain Urinary symptoms Nen-motor
Hyposmia Fatigue Orthostatic hypotension
Constipation RBD Depression Ml Dementia
T T T T T =
-20 -10 0 10 20

Time (years)

Fig. 1. Clinical manifestations over the course of the disease. From [4]

1.2 Pathology

Pathological examinations of post-mortem PD patient brains show two
hallmarks of the disease. On the one hand, patients show a loss of dopaminergic
neurons in the substantia nigra pars compacta (SNpc). Most of the motor
complications associated with PD come from a reduced dopaminergic transmission
from the SNpc to the striatum due to the death of dopaminergic neurons, resulting
in an increased inhibition of the thalamo-cortical projections, and subsequent
repression of the initiation and fine control of movements [5].

The second pathological hallmark of the disease is the appearance, in
surviving neurons, of dense intraneural deposits originally described in 1912 by
Friedrich Lewy [6]. Lewy bodies (LB) are mainly composed of aggregated and
non-soluble a-synuclein, but other proteins including ubiquitin and sometimes even
tau [7, 8] can also be found in these inclusions [4, 5]. When localized in neural

processes with filamentous morphology they are called Lewy neurites.
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A. Normal | B. Parkinson’s
Disease

Caudate

Putamen

1
. \
<~ Nigrostriatal———>¢

pathway \

_Synuéleln

Fig. 2. Pathological hallmarks of Parkinson’s disease. a) Nigrostriatal pathway under normal
conditions. b) Nigrostriatal pathway affected by the loss of dopaminergic neurons in the Substantia
nigra pars compacta (SNpc) in PD and consequent dopamine deficiency in the striatum (putamen
and caudate nucleus) c¢) Immunostaining of intracellular Lewy bodies with a-synuclein and
ubiquitin antibodies. Adapted from [9].

Braak and colleagues proposed a model where LB pathology progresses
through six different stages in PD in a temporal and spatially defined pattern [10].
Interestingly, this model correlates with the appearance of clinical symptoms of
PD. Specifically, stages 1 and 2 correlate with the appearance of premotor
symptoms, stage 3 is related to the first appearance of motor symptoms, and stages
4 to 6 correspond to the more advanced stages of the disease, which include non-
motor features [4]. Even though much effort had been put into understanding LB
pathobiology, it is unclear whether LB are toxic by themselves, if they reflect a
protective mechanism, or simply comprise a cellular waste product [11]. In either
case, the presence of LBs implicate abnormal protein aggregation in the disease

process.
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1.3 Treatment

Current treatments for PD show symptomatic benefits for some motor
manifestations, but have little, if any, effect on non-motor symptoms.
Unfortunately, there is currently no treatment to prevent or stop disease

progression.

i) Dopamine replacement strategies

Since it was originally tested in 1961 [12], L-3,4-dioxyphenylalanine
(L-DOPA or levodopa) treatment has been the best choice to treat some of the
motor symptoms of PD. Being the metabolic precursor of dopamine, L-DOPA is
administered to revert the dopamine reduction in the striatum of PD patients [13].
In contrast to dopamine, L-DOPA can cross the blood-brain barrier, and once
internalized by dopaminergic neurons of the SNpc, it is metabolized to dopamine
by the enzyme DOPA decarboxylase, and can later be released to replenish
dopamine input into the striatum. Additional advances in the field have been
achieved in order to get more sustained L-DOPA dosage over time, thereby
reducing dopamine peaks that provoke motor response oscillations and dyskinesia
(involuntary movements) [14]. In this sense, new L-DOPA formulations and
continuous delivery strategies have decreased, but not eradicated, the problems
associated with L-DOPA administration. Pursuing the same goal, L-DOPA is now
usually co-administered with other drugs that prevent peripheral L-DOPA
degradation (Catechol-O-methyltransferase (COMT) inhibitors) and prevent
synaptic dopamine clearance by glial cells (Monoamine oxidase type B (MAOB)
inhibitors) [14].

Dopamine agonists that activate dopamine receptors in the striatum are
another choice to treat the motor symptoms of PD. Their longer half-life and the
reduced motor complications compared to L-DOPA make them another attractive

option to treat PD. However, dopamine agonists show reduced overall effects as
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compared to L-DOPA, and they can also provoke side-effects, including sleepiness
and loss of impulse control [14].

In spite of the improvements of dopamine substitution strategies with
respect to some motor problems, symptoms like postural instability, dysphagia
(difficulty in swallowing) and falls are usually resistant to the above-mentioned

treatments.

ii) Non-dopamine related strategies

Therapies are available to treat some of the non-motor symptoms of PD,
and some of the adverse effects of dopamine treatments. In this sense, some drugs
are used to ameliorate rapid eye movement sleep behavior disorder (RBD),
depression, nauseas, orthostatic hypotension, dyskinesia or hallucinations caused
by the disease or by the dopamine-related treatments [15]. For example,
cholinesterase inhibitors can be useful to treat cognitive defects, and clozapine is
the best option for the psychotic symptoms in PD, although the exact mechanisms
by which they act are not completely understood [4, 15]. However, much more
effort needs to be done in understanding the causes of the non-motor symptoms of

the disease and in finding strategies that ameliorate those disabling problems.

iii) Deep-Brain Stimulation (DBS)

Introduced first in 1995 [16], DBS is based on high-frequency electrical
stimulation of determined areas (subthalamic nucleus in the case of PD) with an
internal electrode. It is a well-established method to treat the motor fluctuations and
dyskinesia, generally used in patients with advanced PD. Several recent clinical
trials also highlight the benefits of earlier DBS surgical treatments in patients who
respond well to L-DOPA treatment, recommending intervention at earlier stages of
the disease [17]. However, DBS is a complex treatment due to surgery and
posterior complications which include rare intracranial bleedings and device

complications.
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1.4 Etiology

Despite extensive work during past decades, the precise causes underlying
PD remain unknown. Current knowledge suggests that PD is a complex disease,
with different causes contributing towards disease development. Importantly, PD
has a clear genetic component that is helping the scientific community to

understand the disease.

i) Age and gender

Statistical analysis points out to aging as the major established risk factor to
develop PD. A recent meta-analysis of epidemiological studies of PD performed
between 2001 and 2014 shows that incidence rates increase constantly over time, in
both males and females [18]. When looking at gender differences, significantly
higher PD incidence rates were found in males than in females at all ages,

indicating that gender is also a risk factor for PD [18].

ii) Genetics

Genetic studies (traditionally linkage analyses, and more recently Genome
Wide Association Studies (GWAS)) have discovered mutations and variations that
associate with PD. Importantly, all these findings are helping the scientific
community to model and understand the molecular mechanisms underlying the

disease and to find possible therapeutic targets.

Familial Sporadic
——————————————————————————————————— Disease threshold
Age
Disease Environment and
risk unknown genetic variants

Known genetic variants

Fig. 3. Etiology of Parkinson’s disease. Adapted from [5]
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a) Autosomal-dominant mutations

a-synuclein

Mutations in the a-synuclein (SNCA) gene were the first identified causative
genetic component of PD. Polymeropoulos et al. discovered the A53T-SNCA
mutation in a large Italian family with PD [19], and this was quickly confirmed in
three other Greek families [20]. Additional mutations (A30P, E46K, H50Q and
G51D) were subsequently found to cause autosomal-dominant PD, but all of them
(including A53T) are rare and only observed in few families throughout the world
[21]. Duplications, and in some cases triplications of the gene locus are a more
common cause of familial PD, but still only account for ~1-2% of
autosomal-dominant familial PD [21, 22]. There seems to exist a direct correlation
between the levels of a-synuclein and the age of onset and severity of the disease.
Given that a-synuclein is the main component of LBs [23], much effort has been
put on understanding a-synuclein biology. The protein is found in presynaptic
nerve endings, and has been reported to interact with Rab proteins and with
different components of the SNARE family, which play primary roles in different
vesicle trafficking events [24, 25]. These observations, together with the fact that
a-synuclein forms aggregates and fibrils within LBs, point towards clear roles for
the protein in intracellular membrane trafficking events and protein homeostasis,

deficits of which may underlie PD pathogenesis.

LRRK2

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most
common cause of familial PD, with autosomal-dominant inheritance. LRRK2
mutations affect 1% of patients with sporadic PD and 4 % of patients with
hereditary PD worldwide [26], but there are different prevalences amongst
populations, with the highest frequencies at 10-30 % of PD cases in Ashkenazi
Jewish and 35-40 % of PD cases in North African Berber populations, respectively
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[26, 27]. Two additional reasons make the study of LRRK2 biology and
pathobiology especially relevant for the whole spectrum of PD. On the one hand,
variations in the LRRK2 locus are associated with increased risk to develop
sporadic PD [28, 29]. On the other hand, the clinical and neuropathological features
of LRRK2 PD patients are similar to those occurring in most sporadic PD patients
[26, 30].

VPS35

Mutations in vacuolar protein sorting-associated 35 (VPS35) gene cause a
rare form of late-onset, autosomal-dominant PD, accounting for just 0.1-1 % of
autosomal-dominant PD [31, 32]. VPS35 is a core protein of the retromer, a
complex of proteins required for the retrograde trafficking from late endosomes to
the Golgi complex, highlighting and further supporting the implication of altered
membrane trafficking associated with PD pathobiology.

b) Autosomal-recessive mutations (PARKIN/PINK1)
PARKIN

Mutations in the PARKIN gene cause severe autosomal-recessive juvenile
onset parkinsonism (ARJP), and are the most common cause of early-onset PD,
accounting for 15-50 % of the cases [33-35]. Interestingly, in most cases, parkin
mutant carriers lack LBs in postmortem brain examination, which may be at least
in part be due to the early cell death in affected areas. Parkin is a E3 ubiquitin
ligase which is recruited to damaged mitochondria upon PINK1-mediated
phosphorylation, where it ubiquitinates mitochondrial membrane proteins to

promote mitophagy [36, 37].



Introduction

PINK1

Around 2-9 % of early-onset, autosomal-recessive PD cases are caused by
mutations in the PTEN-induced putative kinase 1 (PINK1) gene [22, 38]. PINKL1 is
a kinase localized to mitochondria, where it is activated upon mitochondrial
membrane potential depolarization [39] to phosphorylate parkin and thereby
regulate the autophagic degradation of defunct mitochondria [37]. These findings
highlight the mechanistic link between mitochondrial homeostasis and PD
pathomechanisms.

Mutations in other genes (e.g. DJ-1, FBXO7, PLA2G6, ATP13A2,
DNAJC6 and SYNJ1) have been shown to segregate with PD but represent rare
forms of the disease. Interestingly, they have been linked to autophagic and
endocytic pathways, mitochondrial health and synapse homeostasis, highlighting

the role of those mechanisms in PD [40].

c) Risk variants

GWAS have identified several variants that confer risk to develop PD [21].
Although the actual risk of most of these variants is relatively low, ranging from
1.2-1.5 times the risk to develop PD as compared to non-carriers, the identified
genes give clues as to the cellular and molecular pathways that may contribute to
disease development. Interestingly, there are four genes which have been
continuously detected as risk factors in these studies: SNCA, LRRK2, GBA and
MAPT [21, 22].

The fact that mutations in SNCA and LRRK2 cause autosomal-dominant
PD and variants also modulate risk to develop sporadic PD [28, 29] highlights the
key role of both proteins for the entire disease spectrum. Interestingly, homozygous
loss-of-function mutations in GBA are known to cause Gaucher disease (GD), an
autosomal recessive lysosomal storage disorder [41]. GBA is a lysosomal enzyme

that cleaves glucocerebroside to ceramide and glucose [42]. Heterozygous GBA
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mutations increase PD risk by around 20-fold [43], again pinpointing towards an
important link between endolysosomal dysfunction and protein dyshomeostasis and
PD pathogenesis. The fact that variants in the microtubule associated protein tau
(MAPT) gene, associated with Alzheimer’s disease and other tauopaties with
dementia also increase PD risk [29], has suggested a common link between these
apparently different diseases. Tau is involved in the assembly and stabilization of
the microtubular network [44], suggesting that improper microtubule organization
and membrane trafficking contributes to cellular dyshomeostasis in PD.

During the past few years, many other susceptibility genes have been
described. Rab7L1 is one of the five genes within the PARK16 locus identified to
modify risk for PD in several GWAS [28, 29]. Due to the fact that Rab7L1
interacts with LRRK2, and both of them form a complex with GAK
(Cyclin-G-associated kinase) [45], a protein involved in clathrin-dependent
endocytosis and in clathrin-dependent cargo traffic from the Golgi to the lysosome
[46], and another risk factor for PD [47], the study of Rab7L1-LRRK2 biology has

become a subject of intense study.

Genetic landscape of Parkinson’s Disease
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LRRK2  PLA2G6
PINK1 ~ SNCA

FBX07
DJ-1 vPS35  pnAJCE
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Disease-causing

.....

.....

GBA  LRRK2
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Fig. 4. Genetics of Parkinson’s disease. From [48]
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1.5 Molecular mechanisms

Different and not mutually exclusive mechanisms have been proposed to
underlie neurodegeneration in PD patients. A wealth of evidence indicates that
membrane trafficking in general, and the autophagy/endolysosomal system in
particular, may be compromised in PD. The presence of LBs, mainly consisting of
aggregated a-synuclein, indicates a defect in the autophagic clearance of protein
aggregates. In support of this, an increased number of autophagosomes and reduced
number of lysosomes has been observed in the SNpc of postmortem samples from
PD patients as well as animal models of the disease [49, 50]. In addition, and as
mentioned above, many of the genes linked to PD, either through Mendelian
inheritance (SNCA, LRRK2, VPS35) or via polymorphisms conferring risk (GBA,
RAB7L1, GAK), have established roles in the autophagy/endolysosomal pathways
[51, 52].

Mitochondrial dyshomeostasis and oxidative stress are also associated with
PD mechanisms [53-55]. This is supported by the known mitochondrial functions
of the gene products involved in autosomal-recessive PD such as PINK1 and
Parkin [21]. In addition, some drugs which affect the proper functioning of the
mitochondrial respiratory chain, like MPTP, cause parkinsonism, which further
points towards the importance of mitochondrial health in the context of PD [56].
Mitochondria dysfunction caused by genetic mutations or by environmental
exposure to drugs leads to increased oxidative stress [57], which combined with the
already high levels of oxidative stress in DA neurons due to the generation of ROS
during DA metabolism [58], may explain the relatively selective death of DA
neurons.

Apart from such cell-autonomous processes, non-cell autonomous
mechanisms have been proposed to contribute to PD development. On the one
hand, different studies have shown a-synuclein-positive LBs in fetal grafted

neurons in PD patients [59, 60], suggesting that the pathology can spread from one
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cell to another in a “prion-like” fashion. On the other hand, increasing evidence
coming from post-mortem analysis of PD patient brains, genetic analyses and
epidemiological studies support the importance of inflammation and immune
responses in PD [61]. Chronic neuroinflammation accompanied by active microglia
iIs a common process in the SNpc and other regions affected in PD [62, 63]. In
addition, several proteins causative for PD like a-synuclein or LRRK2 have been
reported to regulate microglia and T-cell functions [64, 65], and LRRK2 is highly
expressed in immune cells [66]. Finally, GWAS have identified genetic variations
in the human leukocyte antigen (HLA) region associated with altered risk [67],
suggesting an important role of the immune system in PD.

2. LRRK2

The initial finding of autosomal-dominant mutations in the PARKS8 locus
segregating with late-onset familial PD [68] was followed by the identification and
cloning of the LRRK2 gene [69, 70]. Patients carrying LRRK2 mutations show a
clinical and neuropathological phenotype similar to sporadic PD patients.
Importantly, LRRK2 mutations show an incomplete age-dependent penetrance,
varying from around 50 % at age 50 to approximately 75 % at age 79 [26, 71, 72],
but penetrance can also be as low as 26 % at age 80 when analyzing Ashkenazi
Jewish populations carrying the LRRK2 G2019S mutation [73]. Therefore, it
seems that the genetic background and/or environmental factors seem to play an

additional role in in the development and manifestation of LRRK2-PD.

2.1 Structure and activity

LRRK2 is a 280 kDa, multidomain protein with a catalytic core consisting
of a kinase domain and a ROC (Ras of complex) GTPase domain linked to a
COR-domain (C-terminal of ROC). In addition, LRRK2 encompasses

protein-protein interacting domains (armadillo, ankyrin and leucine-rich repeat
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(LRR) domains) and a WD40 domain [74]. Most of the autosomal-dominant
mutations in LRRK2 are clustered within the catalytic domains of the protein. The
most frequent mutation, G2019S, and a less common 12020T mutation are within
the kinase domain, while R1441C/G/H and N1437H mutations are located in the
GTPase domain and the Y1699C mutation in the COR domain, respectively.
Interestingly, although only the most prominent G2019S mutation displays
enhanced kinase activity when assessed in vitro, recent in vivo studies indicate that
all pathogenic mutants show increased kinase activity [75, 76]. Importantly, such

kinase activity seems to mediate LRRK2-induced neuronal toxicity [77, 78].

N1437H 12020T
R1441G/C/H Y1699C G2019S

2527

ARM ANK LRRs WD40

interaction catalytic interaction

Fig. 5. Domain structure of LRRK2. Full-length LRRK?2 is indicated with its distinct domains,
and clearly pathogenic mutations indicated above. ARM, armadillo repeats; ANK, ankyrin repeats;
COR, C-terminal of ROC domain; LRR, leucine-rich repeats. From [79]

Kinases are ideal drug targets, and important effort has been made towards
developing specific, potent and brain-permeable LRRK2 kinase inhibitors as
disease-modifying strategies to treat LRRK2-related PD. Drug development has led
to several generations of compounds with increased selectivity and brain
permeability. Various compounds have been generated, including Inhibitor-1 and
GSK2578215A (GSK), which displays higher selectivity against LRRK2 kinase,
even though neither one of those is blood-brain barrier (BBB) permeable. Newer
compounds with exquisite potency, selectivity and BBB permeability have been
generated, including MLi-2 from Merck, PF-06447475 and PF-06685360 from
Pfizer, and GNE-7915 and GNE-0877 from Genentech, respectively [80].

Preclinical trials using animal models have raised issues associated with fully
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inhibiting LRRK2 kinase activity. The use of this recently-developed kinase
inhibitors in non-human primates (NHP) has shown the presence of histological
changes in the lung (lamellar body accumulation in type Il pneumocytes) with very
high doses [81, 82], that have also been observed with other less specific LRRK2
kinase inhibitors in rodent and NHP studies [82, 83]. However, these abnormal
histological lung changes are not associated with deficits in lung functions, and are
quickly reversible after drug intake [81].

There has been intense debate on the crosstalk between the GTPase and
kinase domain of LRRK2 [84, 85]. In vitro studies have shown increased GTP
binding [86-88] and/or decreased GTP hydrolysis [87, 89-91] for all pathogenic
mutations in the ROC and COR domain. These mutants do not seem to display
increased Kinase activity when assessed in vitro [92], but do so towards select
substrates when assessed in vivo [75]. A possible explanation for this apparent
discrepancy has recently been suggested. Mutations in the ROC-COR domain,
possibly mediated by enhanced GTP binding and a resulting conformational
change, make them especially prone to Rab7L1-mediated kinase activation by
currently unknown mechanisms [93], whilst in the in vitro studies, the absence of
such cellular LRRK2 activators would impede kinase activation.

Several aminoacids within LRRK2 are subject to phosphorylation. LRRK2
phosphorylates itself on S1292, making this site an autophosphorylation site.
However, since autophosphorylation of protein kinases usually occurs at very low
stoichiometry, detection of S1292 phosphorylation does not serve as a sensitive
measure of LRRK2 kinase activity [94]. A set of other residues, including S910,
S935, S955 and S973, are phosphorylated at much higher stoichiometry, but not by
LRRK2 itself [95, 96], but rather by other cellular kinases [97]. These so-called
cellular phosphorylation sites, especially S935, have been used as a readout of the
efficacy of LRRK2 kinase inhibitors [97], likely because the binding of kinase

inhibitors causes a conformational change within LRRK2, which inhibits the
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binding of LRRK2 to 14-3-3 proteins, leading to dephosphorylation of these
residues [97].

2.2 LRRK2 expression

LRRK?2 is ubiquitously expressed amongst different tissues and cell types
[98, 99]. Kidney and lung are the organs with the highest LRRK2 expression,
which may explain the abnormalities observed in those organs in mice and
monkeys upon LRRK?2 kinase inhibition or knockout, respectively, and which also
suggests an important physiological role for LRRK2 in those tissues [82]. LRRK2
is expressed in the brain [100], showing high levels in dopamine-receptive areas,
especially in the striatum and cortex [101, 102]. There is controversy on the actual
levels of LRRK2 within SNpc, with some studies suggesting that the levels are
comparable to other brain areas [103, 104], but many others suggesting that they
are considerably lower [101, 102, 105, 106].

LRRK2 is also highly expressed in many different cells of the immune
system, including peripheral blood mononuclear cells, lymph nodes, spleen and
primary microglia [66, 82, 99, 107]. Interestingly, LRRK2 expression is robustly
upregulated upon stimulation with pro-inflammatory signals (including IFN-y and
LPS (Lipopolysaccharide, an outer membrane component of bacteria) suggesting
that LRRK2 may play an important role in the immune system [66, 107]. In
support of this, variations around the LRRK2 locus have been identified as risk
factors for autoimmune diseases such as Crohn’s disease [108, 109], systemic lupus
erythematosus [110] and leprosy [111], further highlighting its importance in

immunity and inflammation.
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2.3 LRRK2 disease models

i) Animal models

A vast array of genetic animal models aimed at recapitulating the
pathological and clinical symptoms of PD have been generated, but most models
show none or only modest alterations in DA neuron survival [112].

LRRK2 knock-in (KI) mice with either the G2019S or R1441C mutation
display no overt PD-relevant histopathological or behavioral abnormalities,
although kidney irregularities have been observed [83, 113]. Although no DA
neuron degeneration is observed in LRRK2 KI mice, dopamine D2 receptor
function is partially impaired in the LRRK2-R1441C KI mice [113], and the
extracellular release of dopamine in the LRRK2-G2019S KI mice is also deficient
[114], which results in a DA deficiency in the striatum, similar to some extent to
the one observed in PD patients.

Various human bacterial artificial chromosome (BAC) transgenic rodent
models overexpressing pathogenic LRRK2 have been generated. Human
G2019S-LRRK2 BAC transgenic mice were reported to display mild but selective
SNpc DA neuron death, with abnormalities in autophagy, mitochondria and neurite
complexity, but without effects on striatal DA levels or behavioral alterations [115,
116]. In contrast, a rat model overexpressing G2019S-LRRK2 showed mild
behavioral modifications and impaired dopamine reuptake, but no reduction in the
number of DA neurons or of striatal DA levels [117]. Human R1441G-LRRK?2
BAC transgenic mice overexpressing LRRK2 5-10 fold above endogenous levels
showed age-dependent and progressive hypokinesia, and these mice also showed
impaired DA release and dendritic abnormalities in SNpc DA neurons, without a
reduction in the number of these neurons [118]. A recent study showed that
inducible and selective overexpression (5-fold increase above endogenous) of
G2019S-LRRK2 driven by the tyrosine hydroxylase (TH) promoter causes
age-dependent DA neurodegeneration and accumulation of high molecular weight
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a-synuclein [119]. Whilst independent validation of this model is required, it
represents a substantial advance in the genetic modelling of PD in mice, and at the
same time suggests that LRRK2 pathology can occur in a cell-autonomous manner.

In vivo delivery of LRRK2 through recombinant viral vectors has allowed
to target specific neuronal populations and to obtain PD related phenotypes, likely
because of the non-physiological levels of protein expression. Targeting the DA
neurons of the SNpc in mice through Herpes simplex virus (HSV)-pathogenic
LRRK2 injection caused a 50 % neuronal loss which was not observed with the
kinase-dead LRRK?2 mutant [120]. Similarly, an adenovirus-pathogenic LRRK2 rat
model showed progressive loss of DA neurons in the SNpc [121], and effect which
was later shown to be kinase dependent [122].

Taken together, the research carried out in rodent models indicates that
perhaps due to the short lifespan of these animals, overexpression of pathogenic
LRRK?2 (using BAC transgenic or viral vector-based systems) is the only way to

obtain a PD-related phenotype.

i) Cellular models

Although lacking the complexity of the intact brain network and the
crosstalk between different neuronal populations, in vitro cellular models offer the
opportunity to test the implications of pathogenic LRRK2 for various intracellular
mechanisms and allow for the discovery and validation of molecular pathways. At
the same time, the use of distinct drugs to modulate specific steps of cellular
homeostasis, enable insights into the precise function(s) of LRRK2 within a
specific pathway.

Primary patient-derived dermal fibroblasts, induced pluripotent stem cells
(iPSC) and differentiated iPSC have been instrumental in characterizing LRRK2
functions [123-126]. In addition, overexpression of LRRK2 in several

immortalized cell lines (especially the human neuroblastoma, neuronal-like
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SH-SYS5Y cell line) have led to primary findings for the LRRK?2 field [127], which
have later been corroborated in other disease models. Other cell lines, including
HEK293 (human embryonic kidney) cells have been routinely used for proteomics
and interactor analyses as well.

The most common phenotype described in these studies is the reduction of
neurite length and complexity upon pathogenic LRRK2 expression, similar to the
dystrophic neurites found in PD brains [128]. Using primary cortical cultures
transduced with LRRK2, Macleod et al., first described the implications of LRRK2
on regulating neurite process morphology, showing that pathogenic LRRK2 causes
a reduction in neurite length and branching with an accumulation of autophagic
structures [129]. Autophagy defects were proposed to be underlying the neurite
shortening phenotype observed under mutant LRRK2 overexpression in
differentiated SH-SY5Y cells [127]. In agreement with these data, one of the
earliest studies using iPSC-derived DA neurons from PD patients showed that
endogenous LRRK2-G2019S neurons present altered morphology with fewer and
shorter neurites, accompanied by autophagy deficits caused by autophagosome
maturation defects [126]. These data were corroborated by another group that
corrected the LRRK2-G2019S mutation in iPSC-derived neurons and reverted the
neurite outgrowth problems [130].

2.4 Cellular and molecular pathways

Due to its ubiquitous expression, the presence of several protein-protein
interaction domains and a vast array of reported interactors (see below), LRRK2
has been implicated in many different cellular functions and pathways. In addition,
the use of a wide variety of model systems, the use of endogenous versus
overexpression or knockout approaches, and the study of both physiological
LRRK2 versus pathogenic LRRK2 mutants, have increased the complexity of

trying to integrate results and obtain a clear idea of the intracellular role(s) of
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LRRK2. Data coming from different model systems consistently indicate that
wildtype and pathogenic LRRK2 play important roles at different stages of several
membrane trafficking events which are highly interconnected and interdependent,

including autophagy, endocytosis, lysosomal biology and the retromer complex.

i) Autophagy

Autophagy is a cellular catabolic process by which proteins and defunct
organelles are transported to the lysosome for degradation [131]. Autophagy can be
classified into three distinct subtypes depending on the mechanisms by which the
distinct components are delivered to the lysosome. Macroautophagy (hereafter
autophagy) is the most common form of autophagy, and it involves the engulfment
of proteins or organelles by a double-membrane vesicle called the autophagosome
which later fuses with the lysosome. Chaperone-mediated autophagy (CMA) is the
most selective type of autophagy, in charge of specific protein degradation which
requires the identification of a signal peptide within the protein with the help of
chaperones, followed by translocation of proteins into the lysosome. Finally,
microautophagy occurs when the lysosome membrane itself engulfs small
cytoplasmic components [131].

Evidence for a physiological role of LRRK2 in autophagy comes from
studies involving LRRK2-KO (knockout) research. Different studies have shown
that LRRK2-KO mice have autophagic alterations in kidney cells, with increased
levels of the autophagy marker LC3-1I which could be explained by either
increased autophagosome formation and/or diminished clearance [132-134].
Pharmacological LRRK2 kinase inhibition in cellular models also leads to
accumulation of LC3-Il positive autophagosomes [135, 136], although another
study reported the opposite effect, with LRRK2 kinase inhibition causing deficits
in the induction of autophagy [137]. In either case, most current data suggest an

important role for endogenous LRRK2 in controlling autophagy.
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Pathogenic LRRK2 also alters the autophagy/endolysosomal system. Mice
overexpressing human LRRK2-G2019S and R1441C show increased number of
enlarged autophagosomes within neurons from the cerebral cortex and striatum
[115]. Fibroblasts from pathogenic LRRK2 PD patients show alterations in
autophagy as compared to healthy controls, and autophagic alterations have also
been described in SH-SY5Y cells overexpressing LRRK2-G2019S [127, 138, 139].
Finally, iPSC-derived dopamine neurons from LRRK2-G2019S PD patients show
accumulation of autophagic vacuoles caused by a decrease of autophagosome
clearance [126].

Under overexpression conditions, Gomez-Suaga et al., proposed that the
increase in autophagosome accumulation observed upon LRRK2-G2019S kinase
domain expression is through an increase in cytosolic Ca®* that activates the
CaMKK/AMPK pathway. At the same time, mutant LRRK2 expression produced a
partial alkalinization of lysosomal pH, thus reducing the number of lysosomes with
acidic pH. These events were mediated by endolysosomal calcium channels (such
as TPC2) which are directly or indirectly regulated by LRRK2 to modulate Ca?*
release important for endolysosomal trafficking [140]. A later study confirmed that
expression of pathogenic LRRK2 (R1441C, Y1699C and G2019S) causes
enlarged, non-functional lysosomes, but contrary to the previous report, lysosomal
pH was found to be more acidic [141]. Altogether, evidence points towards
pathogenic LRRK2 causing autophagic deficits, probably by blocking the
autophagic flux, and mediated by alterations in endolysosomal functioning.

ii) Endocytosis

Endocytosis is the process by which the cell incorporates components from
the extracellular space [142]. There are different forms of endocytosis, including
clathrin-mediated endocytosis, clathrin-independent endocytosis, pinocytosis and

phagocytosis. These processes usually involve vesicles budding off from the
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plasma membrane, fusion with an early endosome, and subsequent protein sorting
that directs the endocytosed components to the late endosome and then the
lysosome for degradation, or to the recycling endosome to recycle receptors back to
the cell surface.

LRRK?2 interacts with different components of the endocytic pathway, and
mutations in LRRK2 have been reported to affect both early and late steps of this
pathway. Interestingly, LRRK2 interacts with different members of the Rab
GTPase family, small proteins that control specific vesicle trafficking events.
Rab5b, a protein localized to early endosomes, has been proposed to interact with
LRRK?2 using a yeast two-hybrid screen [143]. In this study, pathogenic LRRK2
was also shown to impair synaptic vesicle endocytosis, which was rescued by
Rab5b overexpression. Rab7 is localized to late endosomes, and has also been
suggested to interact with LRRK2 [144]. Furthermore, pathogenic LRRK2 was
reported to regulate endocytic vesicle trafficking in a Rab7-dependent manner
[145]. Gémez-Suaga et al. found that pathogenic LRRK2 caused a pronounced
delay at late stages of the endocytic pathway, causing abnormally elongated late
endosomes and concomitant accumulation of proteins to be degraded. Interestingly,
overexpression of active Rab7 rescued these deficits caused by pathogenic LRRK2
[145].

iii) Retromer-mediated trafficking

The retromer is a complex of different proteins including
membrane-associated sorting nexins and a trimer composed of VPS26, VPS29 and
VPS35 [146]. It is important for recycling of transmembrane receptors from
endosomes to the trans-Golgi network and the plasma membrane [146]. The
D620N mutation in VPS35 causes autosomal-dominant PD, affecting 0.1-1 % of
patients with familial PD [147, 148], making the study of retromer biology an
important topic in the PD field.
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Several pieces of evidence point towards a link between LRRK2 and
retromer-mediated trafficking. VPS35 overexpression ameliorates the pathogenic
LRRK2-induced locomotor phenotype in a Drosophila model, suggesting that
retromer deficiencies may underlie such LRRK2-mediated defects [149]. In
addition, overexpression of VPS35 in rat primary neuronal cultures rescues the
endolysosomal defects observed upon pathogenic LRRK2 expression, and
overexpression of VPS35 in G2019S LRRK2 mutant-expressing flies rescues
dopaminergic neuron loss [150]. In addition, co-immunoprecipitation of LRRK2
and VPS35 suggest a possible physical interaction between these two proteins
[150]. Additional possible links between LRRK2 and retromer-mediated trafficking
pathways are indicated by its reported interaction with Rab7L1 and Rab9 [45, 150,
151], both of which are involved in the same endosome-to-Golgi retrograde
pathway [152, 153]. On the one hand, Rab7L1 has been implicated in the
trafficking of the cation-independent mannose 6-phosphate receptor (MP6R) from
the endolysosome compartment to the Golgi apparatus, as knockdown of Rab7L1
provoked a significant reduction in lysosomal and Golgi accumulation of MP6R
[150, 152] similar to VPS35 knockdown or pathogenic LRRK2 effects [150]. In
addition, knockdown of Rab7L1 caused a reduction in the levels of VPS35 and
VPS29 [150], suggesting that Rab7L1 is required for proper retromer complex
formation. On the other hand, Rab9 overexpression rescued the endolysosomal
abnormalities observed in LRRK KO Drosophila models, suggesting possible
deficits in retromer-mediated endosome-to-Golgi retrieval pathways [151].

iv) Golgi apparatus

At the intersection of the secretory, endocytic and lysosomal pathways, the
Golgi apparatus is in charge of the classification and delivery of newly synthesized
proteins coming from the endoplasmic reticulum (ER), but also acts as an acceptor

compartment from the retromer pathway to later re-distribute proteins that avoid
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lysosomal degradation back to their original compartments [154]. In addition to its
function as a sorting station, the Golgi apparatus also plays important roles in
post-translational modification of proteins, can act as a microtubule-nucleating
center as well as a calcium store [154]. The trans-Golgi network (TGN) is the
tubular reticular membrane at the trans face of the Golgi, and it is a specialized
sorting machinery to deliver cargo molecules to different cellular compartments
[155].

Interestingly, the Golgi apparatus is located next/around the centrosome in
most vertebrate cells, and its structure and positioning partially depend on
microtubules (MTs) originating from the centrosome [156], the major
Microtubule-Organizing Center (MTOC) of the cell. The centrosome, together with
the Golgi apparatus define the polarity of many different cell types, and are
important for polarized secretion, cell migration and cell differentiation [157]. In
addition, the MT-nucleating capacity of the Golgi apparatus (rather than the
centrosome) seems to contribute towards maintaining MT polarity in neuronal
dendrites [158, 159].

Early studies indicated that both endogenous and overexpressed LRRK2
can localize to the Golgi apparatus [160-162]. In addition, fragmentation of the
Golgi apparatus was observed in cortical neurons from wildtype and
G2019S-LRRK?2 transgenic mice, which was more severe in neurons from A53T
a-synuclein and LRRK2 double-transgenic mice, suggesting a synergistic effect of
both PD-related proteins on Golgi morphology [163]. Additional evidence for a
link between LRRK2 and Golgi integrity has emerged from the finding that
overexpressed Rab7L1 recruits LRRK2 to the Golgi complex resulting in Golgi
fragmentation and autophagy-mediated Golgi clearance and/or aberrant Golgi
clustering [45, 150]. Whilst further work is necessary to determine the precise
molecular mechanism(s), current data indicate that pathogenic LRRK2, especially
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in conjunction with a-synuclein or Rab7L1, can cause structural and/or functional

deficits of the Golgi complex.

v) Cytoskeleton

Three main classes of filaments compose the eukaryotic cytoskeleton:
microfilaments or actin filaments, intermediate filaments and MTs. They provide
structural support for the cell, and are essential for establishing cellular shape,
compartmentalization, and cell polarity. They play pivotal roles in the intracellular
transport of molecules and organelles, and are crucial for axon and dendrite
formation as well as cellular migration [164].

MTs are highly dynamic, hollow cylindrical structures, typically formed by
13 protofilaments composed of heterodimers of a- and B-tubulin [165]. Generally,
MT polymerization originates at the centrosome, the major MTOC. Increasing
evidence points towards MT dysfunction as a common phenotype for several
neurodegenerative diseases. For example, mutations in MAPT cause familial
frontotemporal dementia with parkinsonism linked to chromosome-17 (FTPD-17),
progressive supranuclear palsy, and mild, late-onset parkinsonism [166]. In
addition, tau aggregates form neurofibrillary tangles, a common hallmark of
Alzheimer’s disease [167], and tau pathology may also be observed in PD patients
[7, 168-170]. Tau proteins are expressed in neurons, where they bind to and
stabilize MTs. Interestingly, LRRK2 has been reported to interact with and
phosphorylate MT-associated tau, but not free tau, thereby interfering with its
ability to bind MTs and decreasing MT stability [171, 172]. Whilst such
phosphorylation seems to occur at low stoichiometry, other scaffold-type
mechanisms by which LRRK2 may regulate tau phosphorylation by other kinases
have been proposed as well [173].

LRRK2 has also been reported to interact with actin [174], and most

prominently with MTs. In vitro data indicate that both endogenous as well as
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overexpressed LRRK2 can interact with different tubulin isoforms [175].
Importantly, all pathogenic LRRK2 mutants except for G2019S show
co-localization with MTs under overexpression conditions [88, 176]. Blanca
Ramirez et al. demonstrated that the association of pathogenic LRRK2 to MTs
depends on LRRK2 GTP binding rather than on the kinase activity [88]. Other
studies indicate that LRRK2 may regulate posttranslational MT modifications
which contribute to altered MT stability [177-179]. In either case, altered MT
stability could contribute to the well-established neurite shortening phenotype
observed in different mutant-LRRK2 neuronal cell models. In addition, enhanced
interactions of pathogenic LRRK2 with MTs may interfere with select vesicular
trafficking events, further aggravating the membrane trafficking defects caused by

additional LRRK2-mediated modulation of Rab proteins.
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Fig. 6. The role of LRRK2 in membrane trafficking. LRRK2 distribution represented as a green shadow. In
red, the small GTPase Rab8a and its cellular distribution. In blue, the small GTPase Rab7L1 and its cellular
distribution.

| Endosome

Late
Endososome

25



Jesus Madero Pérez

2.5 LRRK2 interactors

LRRK?2 has been described to interact with a large set of different proteins.
Filtering for independent data replication, the number of interactors becomes
reduced to 62 [180]. At least two reasons may account for such a high number of
interactors. The many distinct protein-protein interaction domains may make
LRRK2 prone to interact with a variety of distinct proteins in a scaffold-type
manner. In addition, given the ubiquitous tissue expression, LRRK2 could interact
with small subsets of those proteins in a tissue- and cell type-specific manner.
Here, | will summarize the ones that have been independently validated,
corroborated by different techniques, and which are more relevant for this
dissertation.

These interactors include a set of Rab proteins such as Rab5b, Rab7L1,
Rab8, Rab10 and Rab32 [75, 143, 150, 181]. Colocalization of LRRK2 with those
different Rab proteins in distinct cell types has been reported, most prominently
with Rab7L1, which is able to relocalize LRRK2 from the cytosol to a
Rab7L1-positive Golgi compartment [45, 76, 150]. Similarly, Rab32 also interacts
and recruits LRRK2 to different transport vesicles [181]. Rab32 is highly expressed
in melanocytes, acts on the transport of key enzymes for melanogenesis [182], and
plays a role in the formation of lysosome-related organelles (LRO). As mentioned
above, LRRK2 also interacts with other proteins important for membrane
trafficking events, including VPS35, and with MTs, either via direct interactions or
via interaction with tau [88, 171, 176].

Another set of consistently reported LRRK?2 interactors are 14-3-3 proteins
[183, 184], which usually bind phosphorylated proteins protecting phosphorylation
sites from dephosphorylation, or can mediate dimerization of two distinct target
proteins [185]. Phosphorylation at LRRK2 S910 and S935 residues is needed for
the binding of LRRK2 to 14-3-3 proteins [183, 184]. Interestingly, most pathogenic
LRRK2 mutations show decreased S910 and S935 phosphorylation and a
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concomitant reduced binding to 14-3-3 proteins, which leads to a decrease in
cytosolic LRRK2 [183, 184]. Similarly, treatment with LRRK2 kinase inhibitors
provokes S910 and S935 dephosphorylation, most likely because of a
conformational change in LRRK2 that inhibits the binding to 14-3-3 proteins and
leaves S910 and S935 accessible to phosphatases [97].

2.6 LRRK2 kinase substrates

During the past 13 years of LRRK2 research, much effort has been directed
towards identifying LRRK2 kinase substrates, as detection of their phosphorylation
status is crucial towards measuring on-target effects of LRRK2 kinase inhibitors in
preclinical and clinical trials. Many proteins have been proposed as LRRK2 kinase
substrates, but low stoichiometry, lack of independent validation, or lack of in vivo
confirmation using phospho-state-specific antibodies have hampered progress in
the field.

In 2016, Steger et al. used an unbiased, dual-phosphoproteomic screening
approach employing MEFs (murine embryonic fibroblasts) from LRRK2-G2019S
KI mice as compared to inhibitor-insensitive point mutant LRRK2 versions, and
highly potent and selective LRRK2 kinase inhibitors. Using this approach, they
identified a subset of proteins from the Rab GTPase family as LRRK2 kinase
substrates, which comprises a breakthrough in the field [75]. Three distinct Rab
proteins (Rab8a, Rab10 and Rabl2) were originally identified as physiological
LRRK2 substrates. Interestingly, all pathogenic LRRK2 mutants increased Rab
protein phosphorylation in vivo. Rab proteins were phosphorylated at a very
conserved residue within the switch Il domain responsible for regulator and
effector binding, suggesting that LRRK2 phosphorylation may affect the function
of these Rab proteins.

A further systematic analysis of Rab phosphorylation by LRRK?2 identified

14 distinct Rab proteins as LRRK2 kinase substrates under co-overexpression
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conditions (Rab3a/b/c/d, Rab5a/b/c, Rab7L1, Rab8a/b, Rab10, Rab12, Rab35 and
Rab43), from which 10 were phosphorylated under mutant LRRK2 overexpression
and endogenous Rab conditions (Rab3a/b/c/d, Rab8a/b, Rab10, Rab12, Rab35 and
Rab43), and 4 under endogenous LRRK2 and Rab conditions (Rab8a, Rabl0,
Rab35 and Rab 43) [186].

Switch II SW|tch II
E3

Rab8A 61 IWDTAGERF 81 Rab40A GTGC TlﬁRSlSl A
RabsB B TWDTAGOER Fliuy TR Rab40B YT WD TS GOIE TR R S
Rab10 62-H THT T(SE Rab40C 670-CT FR
Rab13 BIVWDTAG - KTTTA Rab17 I T WD TAGOEKY HS-\,HJ_.
Rab3A I TWDTAG R|THT T[AF Rab31 S T WDITAGOER Fisis] L ESsgU
Rab3B IWDTAEJERY THT T|AF Rab5A 6l L WD TAGCOER YISIE] LSS Y Y R
Rab3C EITWDTAGO ER YIsIUy THRENEN Rab5B I TWDITAGOER VRIS APM
Rab3D I TWDITAGO ER VIl T UMY Rab5C I TWDITAGOER V5| T RN 7V R
Rab35 I TWDTAGOER Elsliy T Hgs]fs] Y Rab6A ST WDITAGOER Flal - PSKTIR
Rab1A T WD TAGOER FiRiiiy T M Rab6B T WDTAGCOER FiE| T BB VRIR|
Rab1B I TWDTAGOER Fiziiy THMS]S] Y Rab6C AT WDITA GO E RIS T. =Rl VRN R
Rab12 95 IWDTAGERF Rab7A BITWDTACOER FIONT.[ERNT Y R
Rab27A 72 RS HNR ST T A s Rab9A Bl L WDTAGCOER FIES] | ISRS] I R[€]C
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Rab19 WV WD TAGOER FIsWN TUMeRI VY R Rab11A &ORAIT:A
@ TWDTAGOER Siglil TRels] Y Y R Rab11B I TWDTAGCOER VRN ThEPN 7 Y R
Rab18 ITWDTAGOER FISWNT NS Y Y R Rab14 (T WDITAGOER FlseN VRN VY R
Rab30 BITWDTAGOER Fiae] TUNeNSI VY & Rab21 (] T WD TAGOER FIEWAT [Ep=il [V R|
Rab2A B T WD TA GO ERIFises] Thigas] vV IV R Rab22A B T WDITAGOER FISWNT EWegll v [V R
Rab2B I T WD TA GO BRI FIces] Thgsgs] v v R[€]A Rab23 szEDAlTKA A
Rab39A BT WDTAGOER FRE THNEE v Y R Rab24 I T WDITAGEIER YISRNVICHEN v Y RIE[ A
Rab39B g L WD TAPER AR SHTR AR Rab25 55LRA.TSA
Rab26 I iR SW T H ANN#I DN 137 Rab28 GeI“?Hl]TI(‘CK.ADK.IYG- 86
Rab37 aeRSETHA A Rab32 (T WOMA GO ER FlEpNTMENSan v Y K| 99
Rab4A (B TWDTAGOER R B TR SKN@IGIA s Rab34 T WD TAGOER Figel TENSlNY 7 & 25
Rab4B BITWDTAG ER TR SFERIGEN st Rab36 176 ITEVNEOINWIK CH A S AFRSSIGEN19%
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Fig. 7. Alignment of human Rab proteins. Sequences aligned with respect to the switch Il region
and with respect to the identified in vitro and in vivo substrates. Background color legend: Black,
100% similarity; dark gray, 80-100% similarity; light gray, 60-80% similarity; white, <60%
similarity. In red blocks, the identified Rab proteins subject to LRRK2 phosphorylation. The red
symbol “*” indicates the phosphorylated aminoacid within the switch II region. In black box,
predicted substrates for LRRK2 phosphorylation based on the presence of TITT, TITS or SITS (T,
threonine; I, isoleucine; S, serine) sequence.

In addition, other groups have independently validated the phosphorylation
of some of these Rabs by LRRK2. For example, Rabla/b, Rab3c, Rab8a/b and
Rab35 have been recently identified as LRRK2 substrates using in vitro kinase
assays, and when co-expressing Rabs and mutant LRRK2 in HEK293T cells,
phosphorylation of these Rab proteins was confirmed, with the addition of Rab10
[187]. Rab10 and Rabl12 were also confirmed as physiological LRRK2 substrates

using proteomics and phosphoproteomics approaches in cultured and immune
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stimulated human peripheral mononuclear blood cells treated with or without
LRRK?2 kinase inhibitors [188]. Similarly, using newly developed phospho-state
specific antibodies [189], phosphorylated Rab10 was detected in human peripheral
blood neutrophils and decreased upon LRRK2 kinase inhibitor treatment,
suggesting that this readout can be used with peripheral samples from patients in
clinical settings [190].

3. RAB GTPases

Rab proteins comprise the largest family of small GTPases formed by more
than 60 members in humans [191, 192]. Localized to different and specific
vesicular and organellar membranes, they play crucial roles in membrane
trafficking events, including vesicle budding, tethering, transport and fusion [193,
194]. These proteins cycle between an active and an inactive state, which is tightly
controlled by different regulators [195, 196]. In their active form, Rab proteins are
bound to GTP and inserted into membranes, able to recruit their effectors with
downstream effects on compartment-specific membrane trafficking events.
Dependent on the specific Rab protein, effectors include sorting and tethering
factors, kinases and phosphatases, and modulators of other small GTPases.

Once a Rab protein is synthesized, it is post-translationally modified at the
C-terminus by prenyl groups that function as membrane anchors [197]. Most Rab
proteins contain a variety of prenylation motifs such as CC, CXC, CCX, CCXX
and CCXX, with C for cysteine and X for any amino acid, and generally both
cysteine residues are modified by geranylgeranyl groups. The vast majority of Rab
proteins are isoprenylated by geranylgeranyl transferase type Il (GGTII). The
prenylation motifs of the Rab proteins are insufficient for substrate recognition by
GGTII, but require prior binding of unprenylated Rabs to the Rab escort proteins
(REP1/2). GGTII then binds to this complex, lipid groups are transferred, GGTII

dissociates and the REP/Rab protein complex is delivered to cellular membranes.
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The initial membrane association of newly synthesized Rab proteins is regulated by
REP proteins, but subsequent regulation of membrane association is subject to the
action of Rab GDP dissociation inhibitor (GDI1/2), a protein capable of delivering
and extracting prenylated Rab proteins from membranes [197].

Guanine nucleotide exchange factor proteins (GEFs) are considered the
activators of Rab proteins [191]. These proteins promote the transition between a
GDP-bound to GTP-bound status once Rab proteins are localized to their
membranous compartment. On the contrary, conversion to their inactive forms is
catalyzed by GTPase-activating proteins (GAPS), which stimulate the Rab protein
GTPase activity, leading to a GDP-bound, inactive status.

Vesicle/Organelle Lumen

A A KA A

Activation
e —
\GEF/
Membrane L
Insertion
Membrane Membrane

Insertion Extraction

I Prenylation

Newly synthesized Rab

Fig. 8. Rab GTPases cycle. Upon synthesis, inactive Rab proteins are bound to REP. This complex
is recognized by GGT that transfers usually two prenyl groups. GGT then dissociates, and the
prenylated Rab—REP complex is delivered to membranes by REP. GEF can bind via interactions
involving the switch Il region and convert the Rab protein into its active, GTP-bound form capable
of recruiting effector proteins. GAP promotes the conversion of GTP to GDP, and consequently
promotes conversion to the GDP-Rab inactive form. Rab proteins bind to GDI1/2 via interactions
involving the switch Il regions and are reversibly extracted from membranes
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Several GEFs have been described for different Rab proteins, in some cases
cell-type specific, assuring a complex fine-control of Rab protein function [198].
However, for some Rab proteins, no GEFs have been identified to date, likely due
to the existence of different GEF families and also unrelated proteins with low
structure and sequence homology. On the contrary, most identified GAP proteins
belong to the TBC protein family, which includes more than 40 members with a
TBC domain [199]. In addition, many of these GAPs have been found to regulate
many different Rabs, suggesting low specificity which would mean that most Rabs

are constantly inactivated unless GEFs activate them.

3.1 Rab proteins and PD

Increasing evidence points towards a strong link between Rab protein
dyshomeostasis and PD. Importantly, recent genetic studies found mutations and/or
variations in distinct Rab genes that segregate with or increase risk for PD.
Although large mutation screens suggest that these cases represent rare forms of
PD, they provide valuable hints towards which intracellular pathways may be
defective in PD.

Apart from genetic links of PD with Rab7L1 (see below), a loss of function
mutation and truncated forms of Rab39B (encoding for a neuronally enriched Rab
protein localized at the Golgi compartment) [200] were found to cause X-linked
early-onset PD with a-synuclein pathology and intellectual disability in two distinct
families [201]. Different genetic studies described additional mutations and
truncations in Rab39b that also caused X-linked early-onset PD [202-204]. These
mutations seem to work as loss-of-function mutations, and data further suggest that
loss of Rab39B dysregulates a-synuclein homeostasis [201, 205].

Interestingly, recent studies reported increased levels of Rab35 in the serum
of PD patients as compared to healthy controls. Serum levels of Rab35 correlated

with the age of disease onset, with patients displaying a 5 year earlier onset when
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having high levels of Rab35 [206]. Since Rab35 overexpression increased
aggregation and secretion of A53T-a-synuclein, these data suggest a link between
altered Rab protein functioning and protein aggregation [206]. Other links between
a-synuclein and Rab proteins have emerged as well. Multiple Rab proteins (Rabl,
Rab3a, Rab8a, Rab8b, Rablla, Rab13) have been shown to interact and interfere
with a-synuclein aggregation and toxicity [24, 205, 207]. In those studies,
overexpression of these Rab proteins decreased a-synuclein aggregation,
suggesting that their presence (and activity) exerts a protective effect, even though
by a currently unknown mechanism. Altogether, current data indicate an important
link between Rab proteins and PD, even though further work is needed to dissect

the precise underlying molecular mechanism(s).

3.2 RAB8a, one of the major LRRK2 kinase substrates

As previously mentioned, Rab8a can interact with LRRK2, and is one of the
physiological and independently validated LRRK2 kinase substrates [75, 186, 187].
All pathogenic LRRK2 mutations increase Rab8a phosphorylation in vivo at the
T72 position, a residue that sits in the switch Il motif, responsible for the
interaction with various regulators and effectors. Indeed, a phosphomimetic Rab8a
T72E mutant showed reduced interaction with the Rab8a GEF Rabin8. In addition,
they found that phosphomimetic Rab8a T72E mutant also showed reduced
interaction with GDI1/2, which is required for membrane extraction of GDP-bound
Rabs [186]. At the same time, no differences in GTP binding affinities were
observed between phosphomimetic and wildtype Rab8a, respectively. Together,
these data suggested that GDP-bound inactive, phosphomimetic Rab8a
accumulates on membranes but is not able to interact with its effectors. In contrast,
another study indicated that phosphomimetic Rab mutants may display increased
GTP-bound state [187]. Finally, another study using a phosphomimetic Rab10
mutant indicated that mimicking phosphorylation blocks the interaction with GAP,
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suggesting that the Rab protein may remain inserted into the membrane in a
GTP-bound state, but unable to interact with its effector proteins [76]. However,
none of these studies determined the localization of endogenously phosphorylated
Rab proteins, and the effect of LRRK2-mediated phosphorylation on Rab protein

function and localization remains unclear.

i) Rab8a regulation

Several GEFs have been identified to interact with and modify the activity
of Rab8a, including Rabin8 [208] GRAB [209], Mss4 [210] and C90rf72 [211].
Rabin8 is the best described Rab8a GEF to date, and has been shown to act in a
pathway that links Rabll and Rab8 functioning in the control of polarized
transport from the TGN and recycling endosomes to the plasma membrane [212].
Specifically, Rabin8 is recruited to membranes by Rab11, where it activates Rab8a,
forming a Rab11-Rabin8-Rab8 cascade [212], that has been also described to act in
ciliogenesis [213]. Additional regulation of this cascade implies the
phosphorylation of Rabin8 by several upstream kinases, which alters its
biochemical properties and interaction with Rab8a [214, 215]. Similar to Rabin8,
GRAB acts as a GEF for Rab8a in the Rab11-GRAB-Rab8 cascade, playing an
important role in axonal outgrowth [216]. Mss4 was suggested to be a GEF for
Rab8, but the crystal structure analysis of the interaction and biochemical analysis
[210, 217] suggest that Mss4 acts as a chaperone for cytosolic Rab8a rather than as
a GEF. C9orf72, variations in which are the most common cause of Amyotrophic
Lateral Sclerosis and Frontotemporal Dementia [218, 219], in complex with
SMCR8 and WDRA41 proteins, acts as GEF for Rab8a and Rab39b [211].
Interestingly, C9orf72 has recently been found to interact with Rab7L1 to regulate
vesicle trafficking and Golgi integrity [220], suggesting a possible link between
Rab8a, its GEF C90rf72, and Rab7L1.
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Some members of the TBC protein family have been identified as GAP
proteins for Rab8a, including TBC1D1, TBC1D4 and TBC1D30. However, these
proteins show less specificity as compared to GEF proteins, as one protein can act
as a GAP for several Rabs. For example, TBC1D1 is also a GAP for Rab2a, Rab8b,
Rab10 and Rabl4. Similarly, TBC1D4 also acts on Rab2a, Rabl0 and Rabl4.
TBC1D30 is, until now, thought to be specific for Rab8a.

ii) Rab8a, recycling endosomes and polarized membrane trafficking

Receptors, ion channels and other proteins are continuously internalized via
different endocytic processes. To maintain cell surface protein homeostasis, many
of the internalized proteins are sorted and recycled back to the plasma membrane
through recycling endosomes (RE) [221]. RE are dynamic, morphologically
diverse organelles, including vesicular and pericentrosomal tubular-like membrane
structures [221]. Several Rab proteins are implicated in such recycling pathways
and are markers for those RE, including Rab4, Rab8a and Rabl1 [222-224]. Rab8a
is known to colocalize with the transferrin receptor (Tfn-R) in pericentrosomal RE
[223, 225], and its activity is needed for the recycling of the Tfn-R to the plasma
membrane [223].

Apart from recycling endosomes, Rab8a has also been shown to be
localized to the TGN, and is involved in polarized transport of proteins to the
plasma membrane. Specifically, Rab8a has been shown to be important for the
polarized localization of apical proteins in intestinal epithelial cells, and together
with Rab11 mediates epithelial polarization by controlling apical exocytosis [212,
226]. In this context, Rab8a at the RE can form an intermediate step between the
Golgi and the polarized protein transport to the basolateral plasma membrane
[227], acting as polarized sorting machinery for both the endocytic and secretory

pathways. Rab6 and Rab8a double-positive vesicles have been defined to be
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exocytotic vesicles that deliver secreted proteins [228], and this has been later
demonstrated to be controlled by ARHGEF10 [229].

Rab8a has also been reported to regulate cell shape. For example, activation
of Rab8a by its GEF Rabin8 can provoke actin remodeling and formation of
polarized cell surface domains by controlling vesicle transport to these protrusions
[208]. Indeed, expression of dominant-negative Rab8a mutants or depletion of
Rab8a inhibit protrusion formation in HT1080 fibrosarcoma cells [223]. Finally,
within neuronal cells, Rab8a has been reported to be involved in trafficking of
neurotransmitter receptors in postsynaptic terminals [230]. In addition, several
studies have shown a role of a Rab11-Rabin8-Rab8a cascade on axonal growth and
cell migration [216, 231]. Downregulation of Rab8a led to a decrease in migration
capacity of cultured Schwann cells [231]. Similarly, expression of
dominant-negative Rab8a mutant led to neuronal axon shortening as compared to
catalytically-active Rab8a mutants, and depletion of GRAB, a Rab8a GEF, led to

migration deficits in neurons [216].

iii) Rab8a and the centrosome:

Several data indicate that Rab8a may play a role in functions related to the
centrosome. The most studied phenomenon is the link between active Rab8a and
ciliogenesis, a centrosome-related event (see below). Yoshimura et al. originally
described that Rab8a is involved in ciliogenesis by specifically interacting with
cenexin/ODF2 (cenexin3), a subdistal appendage protein localized to the basal
body of cilia. Under serum starvation conditions that promote ciliogenesis, both
Rab8a and cenexin 3 localized to microtubules and membrane of the cilia, and
depletion of either of these two proteins abolished ciliogenesis [232]. The same
year, another study independently identified Rab8a, in its GTP-bound active state,
as a key regulator of the formation and extension of primary cilia. In this study,

Nachury et al. showed that Rab8a locates to the basal body of cilia, and promotes
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cilia elongation by vesicle delivery to the ciliary membrane. As another proof,
Rab8 or Rabin8 depletion caused ciliogenesis defects [233]. Interestingly, Rab8a
only accumulates on cilia at early stages of ciliogenesis, but disappears from
mature cilia [232, 233]. A later study suggested that Rab8a functions in cilia
formation, is upregulated by a Rab11-dependent recruitment and activation of the
Rab8a-GEF Rabin8 [213, 234], and a more recent research also implicates Rab10
in ciliogenesis formation [235]. Interestingly, these Rab proteins can modify
centrosomal behavior, but conversely, modification of centrosomal components can
regulate and alter RE organization and function [236]. For example, Hehnly et al.
showed that cenexin depletion decreases the rate of recycling, causing an
accumulation of recycling endosomes (seen as Rabl-positive vesicles) around the
centrosome [236]. Altogether, these studies indicate an important role for Rab8a in

centrosome-related events related to ciliogenesis.

3.3 Rab7L1, one of the major LRRK2 protein interactors and PD
risk factor

i) Genetics

Rab7L1 (also known as Rab29) is one of the five genes clustered within the
PARK16 locus, variations in which either positively or negatively modify risk to
develop PD [28, 29]. Overexpression of Rab7L1 was reported to rescue the neurite
shortening induced by G2019S or R1441C-LRRK2 in primary rat neuronal
cultures, and knockdown of Rab7L1 mimicked the reduction in neurite length
caused by pathogenic G2019S-LRRK2 [150]. Similar results were found when
testing the role of Rab7L1 overexpression or knockdown in a Drosophila model
overexpressing G2019S-LRRKZ2, indicating that higher levels of Rab7L1 may be
protective for PD [150]. A recent study has corroborated the positive effect of
overexpressing Rab7L1 in rescuing the neurite shortening induced by pathogenic
LRRK2 [237].

36



Introduction

In contrast, another study using exome sequencing and RNA-Seq in
postmortem samples found that a variant which caused lower expression of
Rab7L1 was associated with a lower risk of PD, therefore suggesting that higher
Rab7L1 expression correlate with higher risk for PD [45]. In agreement with these
data, overexpression of Rab7L1 in primary mouse cortical neurons caused neurite
shortening similar to the one caused by pathogenic LRRK2. Furthermore, the Golgi
clustering and clearance observed upon LRRK2 mutations in HEK293T cells was
enhanced by Rab7L1 overexpression [45]. Thus, whilst it remains unclear how
Rab7L1 protein levels modulate PD risk, current genetic evidence indicates that
Rab7L1 is one of the main risk loci for PD.

ii) LRRK2-mediated Rab7L1 Phosphorylation

Rab7L1 was not detected in the original phosphoproteomics screen which
identified various Rab proteins as LRRK2 kinase substrates [75]. Subsequent
studies have confirmed that Rab7L1 is barely phosphorylated under endogenous
conditions as compared to Rab3, Rab8a, Rabl0, Rabl2, Rab35 and Rab43,
although it is robustly phosphorylated under overexpression conditions [76, 186,
238]. In addition, it is not yet clear whether LRRK2 phosphorylates Rab7L1 on
Thr71 [76], Ser72 [238], or on both residues [186]. The cellular implications of
such LRRK2-mediated Rab7L1 phosphorylation remain unclear as well, even
though a recent study suggests that it may alter Golgi morphology [238].

Similarly, the identity of GEFs or GAPs which regulate Rab7L1 function
remains unknown. Rab7L1 has been reported to interact with C9orf72 [220], but it
remains to be shown whether this interaction regulates the GTPase activity of
Rab7L1. In fact, Rab7L1 may display very weak GTPase activity as compared to
other Rab proteins [239], such that further studies are warranted to establish its

capacity to act as a GTPase rather than a GTP-binding protein.

37



Jesus Madero Pérez

iii) The Rab7L1-LRRK2 interaction and effects on LRRK2 activity

What is currently most clearly established is that Rab7L1 is a main LRRK2
protein interactor, and when co-expressed in cells, causes recruitment of LRRK2 to
the Golgi complex [45, 150]. Rab7L1 was found to form a complex together with
LRRK2, GAK and BAG5 capable of promoting TGN removal by
autophagy-dependent mechanisms, and/or structural alterations of the Golgi
complex evident as "clustering” [45]. Further analysis of the regions involved in
the specific interaction between LRRK2 and Rab7L1 showed that the LRRK2
ankyrin domain is responsible for the binding to Rab7L1, as point mutations
(Cys727Asp, Leu728Asp, and Leu729Asp) within this domain abolish, or at least
diminish, the interaction with Rab7L1 [93].

In agreement with the hypothesis that Rab7L1 acts upstream of LRRK2,
two recent studies have further shown that the Rab7L1-LRRK?2 interaction causes
LRKK2 kinase activation, as measured by pS1292-LRRK2 autophosphorylation
and by increased phosphorylation of the LRRK2 substrate Rabl0. For this
activation to happen, Rab7L1 needs to be anchored to the membrane, because when
mutating the C-terminal cysteines to avoid prenylation and consequent integration
into membranes, cytosolic Rab7L1 is not able to activate LRRK2 [76]. In addition,
Rab7L1 needs to be bound to GTP to activate LRRK2 [76, 93].

iv) Cellular roles of Rab7L1

Multiple evidences indicate that LRRK2 and Rab7L1 form a functional
network and act on the same cellular pathway(s). Most of these data come from KO
studies in different animal models aimed at understanding the physiological role(s)
of these two proteins. For example, Rab7L1-KO mice show lysosomal defects in
the kidney nearly identical to those observed in the LRRK2-KO mice [83, 133,
240]. Similarly, knockdown of the LRRK2 and Rab7L1 orthologues in C.elegans

(LRK-1 and GLO-1, respectively) were shown to produce similar defects on axonal
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morphology and length [240]. Epistasis and rescue-type experiments further
indicate that the Rab7L1 orthologue acts upstream of the LRRK2 orthologue in the
same pathway that controls axonal morphology in specific C. elegans neurons
[240]. Whilst further work is required to elucidate the precise cellular pathway(s)
modulated by Rab7L1, there exists strong evidence for a Rab7L1-LRRK2 cascade
in vitro and in vivo.

Rab7L1 has also been shown to modulate the effects on neurite shortening
caused by pathogenic LRRK2. However, as discussed above, results have led to
contradictory conclusions as to the positive or negative effects of Rab7L1
overexpression, with some studies showing a rescue of the neurite shortening
caused by pathogenic LRRK2 [150, 237], and another study indicating that Rab7L1
overexpression on its own causes neurite shortening [45].

Rab7L1 has been observed at the Golgi apparatus, at both the cis-medial
compartment [150, 241] and the TGN [45, 152]. Rab7L1 has been proposed to play
a role in Golgi integrity, although different studies show contradictory results [45,
150, 152]. One study showed that knocking down Rab7L1 or expressing dominant-
negative inactive Rab7L1-T21N mutant caused Golgi fragmentation [152]. On the
contrary, two different studies failed to find significant changes in Golgi
morphology after Rab7L1 depletion [150, 242]. As a third observation, Beilina et
al. found that Rab7L1 overexpression caused clustering of the Golgi complex
and/or autophagy-lysosome dependent TGN clearance, whilst depletion of Rab7L1
had no effect on Golgi morphology [45]. Rab7L1 and LRRK2 co-expression
further increased the TGN clustering caused by single Rab7L1 or LRRK2
expression, again suggesting that both proteins act on the same pathway [45].

Finally, Rab7L1 has been shown to modulate retrograde transport of certain
receptors from endolysosomes to the Golgi apparatus. Rab7L1 knockdown caused
a significant reduction in lysosomal and Golgi accumulation of mannose
6-phosphate receptors (M6PR) [150, 152], phenocoping the MP6R missorting
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phenotype caused by knockdown of the retromer complex unit VPS35 or by
pathogenic LRRK2 expression [150]. Knockdown of Rab7L1 also provoked a
reduction in the levels of VPS35 and VPS29 [150], suggesting that Rab7L1 is

required for retromer complex formation.

4. CENTROSOME

The centrosome is a hon-membranous organelle consisting of two centrioles
surrounded by pericentriolar material (PCM). Each centriole is composed of nine
MT triplets forming a cylinder-like structure, with defined intra- (cartwheel
structure) and inter- (centrioles are perpendicular to each other) symmetry and
length. One of the centrioles, the older one, is called the mother centriole, and
presents sub-distal and distal protein appendages which are thought to play a role in
MT anchoring. The PCM is a highly organized matrix of proteins, including cell
cycle regulators and signaling molecules, and is especially enriched in pericentrin,
involved in the initial establishment of MT [243], and y-tubulin ring complexes

(yTuRCs), large protein complexes which serve as MT nucleation sites [244].

Maternal centriole

Distal appendages

Subdistal
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Fig. 9. Centrosome structure. From [245]
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The centrosome acts as the major MTOC in most cells, playing an
important role in cell polarity, shape and migration, and also forming the poles of
the bipolar spindle during mitosis. Additionally, the centrosome acts as a signaling
center. Since the mother centriole forms the basal body of the primary cilium, the
centrosome is intimately related to ciliogenesis, further supporting its role in cell
signaling events [246].

4.1 The centrosome along the cell cycle

During interphase, the centrosome displays the above-described
organization, with a pair of centrioles engaged orthogonally to each other. During
S-phase, the centrosome duplicates, forming two (immature) centrosomes which
are tightly bound together by a proteinaceous linker [247]. Specifically, each
centriole of the original centrosome serves as a template for the formation of the
new centrioles. In this way, the new centrosome formed at the original mother
centriole is called the mother centrosome, and the other new centrosome formed at
the original daughter centriole is called the daughter centrosome. During G2,
duplicated centrosomes undergo a process of maturation whereby they accumulate
PCM, increase in size, and whereby the original daughter centriole acquires the
sub-distal and distal appendages. During G2, duplicated centrosomes are
microscopically discernible, and keep being held together by the same
proteinaceous linker (also called “centrosome cohesion™) [247]. At the G2-to-M
transition, the proteinaceous linker dissociates, and both centrosomes separate (a
process called “centrosome splitting” or “centrosome separation”) to eventually
form, in M phase, the poles of the mitotic bipolar spindle [244]. After cell division,

each cell receives one of the two fully mature centrosomes.
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Fig. 10. Centrosome cycle. From [248]

All these processes are tightly regulated by complex regulatory pathways.
In particular, centrosome cohesion is mediated by a proteinaceous linker composed
of several proteins, including rootletin, C-Napl, Cep68, Cep135, LRRC45 and
Cdk5Rap2 [247, 249]. Under normal conditions, at the G2-M transition, Nek2A
phosphorylates both C-Napl and rootletin, promoting their dissociation from the
centrosome and leading to centrosome splitting [250, 251]. Depletion of C-Napl or
rootletin [252, 253], or overexpression of Nek2 [254], leads to centrosome splitting
in early G2 phase, a process called “premature centrosome splitting”, in which
immature centrosomes are separated before the G2-M transition. The kinesin-5
motor protein Eg5 cooperates with Nek2 in the centrosomal separation process
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initiating the motor-driven process [255]. Again, the spatio-temporal control of Eg5
on this process is tightly controlled by several kinases including Plk1 [256]. Similar
to Egb, dynein also acts as a motor protein involved in centrosome separation
[257].

Proteinaceous
linker Pericentriolar material

Cep68

LRRC45

Rootletin —— Displacement
C-Nap1

CDK1——PP1y—
? Nek2A
Aurn -, o1 @, Mst2: ®

Fig. 11. Centrosome separation mechanisms. From [258]

4.2 Centrosomal functions

The centrosome is the major MTOC in most animal cells. Different
components of the PCM, mainly yTuRCs are responsible for its MT nucleation
capacity [259], whilst sub-distal and distal appendages of the mother centriole,
including ninein, are responsible for MT anchoring [260]. MTs usually show a
radial distribution from the centrosome towards the cell periphery.

The centrosome is also important for cell polarity, defined by the
asymmetric accumulation of molecules, proteins or organelles within the cell and
by the polarized distribution of cytoskeletal components. In many cell types,
centrosome positioning contributes to the establishment of cell polarity [261, 262].
Generally, the centrosome occupies a central position within the cell, and the

pericentrosomal positioning of the nucleus, Golgi apparatus and recycling
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endosomes depends on MT organization mediated by the centrosome, including in
differentiating neurons, where centrosome positioning precedes axon formation
[263]. Such cell polarization is a pre-requisite for many cellular processes,
including cell migration. In most migrating cells, the centrosome and Golgi
apparatus re-orient towards the leading edge of the cells, which establishes the
directionality of migration, including in neurons [264]. Interestingly, differentiating
neurons expressing pathogenic LRRK2 have been reported to display reduced
neurite number and arborization [126, 129], and pathogenic LRRK2-expressing
cells such as mouse fibroblasts, microglia and rat myeloid cells have been reported
to display alterations in migration capacity [265-267], suggesting a link between
LRRK?2 and altered cell polarity.

In dividing cells, centrosomes play an important role for mitotic spindle
formation which ensures proper cell division and chromosome segregation [268].
As such, centrosomal abnormalities have been observed in several human diseases,
most notably cancer [269, 270]. Centrosomal alterations, mainly events associated
to centrosome over-amplification, are known to cause chromosome instability,
which is observed in many human cancers [269]. Interestingly, LRRK2-PD
patients have been reported to have a higher propensity to develop certain types of
cancers [271-273]. Whilst the mechanism(s) underlying this association remains
unknown, these findings suggest that pathogenic LRRK2 may also play a
detrimental role in dividing cells, possibly at the level of centrosomal alterations.

Finally, the centrosome is also crucial for ciliogenesis. The mother centriole
constitutes the basal body of the primary cilium [274], an antenna-like organelle
with critical roles in cell signaling [275], and defects in cilia formation and/or
function are the cause of a series of diseases called ciliopathies [276]. Nucleating
from the centriole-derived basal body, the MT-based ciliary axoneme protrudes
from the surface surrounded by the ciliary membrane, which is a continuum of the

plasma membrane, but with a specific lipid and protein composition [277]. The
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primary cilium is a non-motile, single-copy organelle present in many cell types
with important functions in sensory perception and different signaling pathways
[275]. Interestingly, neuronal cilia accumulate G protein-coupled receptors,
including D1, D2 and D5-type dopamine receptors [278, 279], implicating cilia in
neuronal dopamine signaling. In addition, a link between LRRK2 and cilia-related
signaling pathways including Wnt signaling has been proposed [280-282], even
though further studies are needed to correlate those events to possible
pathomechanisms underlying PD.

Given the above-mentioned phenotypes observed in LRRK2 models and
LRRK2-PD patients possibly related to centrosome dysfunction, and the link
between LRRK2 and Rab8a, and between Rab8a and the centrosome, the present
work attempts to discern a possible connection between pathogenic LRRK2, its
substrate Rab8a and centrosomal alterations. In addition, due to the interaction
between LRRK2 and Rab7L1, a risk variant for PD, the study aims to elucidate the
contribution of Rab7L1 to LRRK2 pathogenicity.
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Objectives

Evaluate the effects of pathogenic LRRK2 on centrosome positioning and its
implications on neurite length, differentiation capacity and cell polarization in
differentiated SH-SYS5Y cells.

Determine the consequences of pathogenic LRRK2-mediated cell polarization
alterations on directed migration in differentiated SH-SY5Y cells

Study the centrosome behavior upon pathogenic LRRK2 expression in dividing
SH-SY5Y and HEK293T cells.

Asses the implication of LRRK2-kinase activity on centrosome behavior.
Analyze and compare the centrosome behavior in two distinct peripheral cell
types from LRRK2 PD patients and healthy controls.

Investigate the role of the centrosome-related Rab8a protein on the pathogenic
LRRK2-mediated centrosomal deficits.

Evaluate the phosphorylation of Rab8a by widltype and pathogenic LRRK2
upon different nucleotide binding state.

Asses the nucleotide binding/retention and effector-interaction capacity of
phosphomimetic Rab8a mutants.

Evaluate the effects of phosphomimetic Rab8a on centrosome cohesion.
Analyze the centrosome behavior in the context of sporadic PD by increasing
levels of the risk factor Rab7L1.

Determine Golgi integrity dependency for the centrosomal alterations caused
by either pathogenic LRRK2 or wildtype LRRK2 and Rab7L1 co-expression.
Study the implication of LRRK2 kinase activity on the centrosomal behavior
upon wildtype LRRK2 and Rab7L1 co-expression.

Investigate the role of Rab8a and its phosphorylated form on the centrosomal

defects caused by wildtype LRRK2 and Rab7L1 co-expression.
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Materials and methods

Cell culture and transfections

SH-SYS5Y cells stably expressing GFP, flag-tagged wildtype LRRK2, or
flag-tagged G2019S-mutant LRRK?2 were cultured as described [283, 284]. Briefly,
cells were grown in full medium (Dulbecco’s modified Eagle’s medium containing
high glucose and 15 % fetal bovine serum, non-essential amino acids, 50 pg/ml
gentamycin (Life Technologies) and 200 pg/ml hygromycin B (Invivogen), and
subcultured at a ratio of 1:6 twice a week. Transfection of cells was carried out at
80% confluence with 0.4 ng DNA and 1.5 pl Lipofectamine 2000 (Invitrogen) per
well of a 24-well plate in 200 pl OptiMEM. Five h later, cells were changed into
full medium, and passaged the following day at a ratio of 1:5 onto coverslips,
followed by fixation and staining 72 h after transfection. For differentiation, 10,000
cells were plated onto coverslips in 24-well plates and grown in full medium for
24 h to allow for proper attachment. Cells were then changed to medium containing
3 % fetal bovine serum and 10 uM retinoic acid (Sigma), and differentiated during
5 days, with medium changed every 48 h.

HEK293T cells were cultured as described [140, 145] and transfected at
80 % confluence with 2 pg of LRRK2 constructs (and 200 ng of Rab constructs
where indicated) and 6 pl of LipoD293 (SignaGen Laboratories) per well of a
6 well plate for 5 h in full medium. Cells were split to 20 % confluence the
following day, and processed for immunocytochemistry or Western blot analysis
24 h later.

HELA cells were cultured as previously described [145]. Cells were plated
in 6-wells plates at 40 % confluence, and transfected the following day with 400 ng
of GFP-tagged Rab8a constructs and 5 pl of Lipofectamine 2000 according to
manufacturer’s instructions in full medium overnight. The following day, cells
were split at a 1:4 ratio, plated onto coverslips, and processed 24 h later.

Primary human skin fibroblasts established from skin biopsies taken from

five age- and sex-matched healthy control and five PD patients with the G2019S
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mutation [145], with informed consent and ethical approval, were grown in IMDM
and 10 % fetal bovine serum, with media changed every two days. Cells were
subcultured at a ratio of 1:4, and seeded at equal densities on coverslips. All
analyses were carried out on passages 3-8, and no passage-dependent differences
were observed.

For lymphoblast generation, three healthy control and three PD patients due
to the G2019S LRRK?2 mutation were recruited at the Movement Disorders Unit of
Lille University Medical Center (Lille, France, CPP Nord-Ouest 2008/09), with the
two groups matched according to age and gender. Blood samples were collected in
BD Vacutainer CPT Cell Preparation Tubes containing sodium heparin (Le
Pont-de-Claix, France). The peripheral blood mononuclear cells (PBMCs) were
collected and processed according to supplier’'s recommendations. Lymphocytes
were immortalized by infection with Epstein-Barr virus (EBV) as described [285].
Briefly, cell lines were established from freshly isolated lymphocytes or from
cryopreserved lymphocytes using standard EBV transformation protocols that
include cell separation by gradient centrifugation and lymphocyte growth
enhancement by the mitogen phytohemagglutinin. Cell lines were maintained in
RPMI 1640 medium supplemented with 20 % fetal bovine serum, L-glutamine,
20 units/ml penicillin and 20 pg/ml streptomycin in T75 flasks in 5 % CO» at 37°C.
Cells were maintained at a density of 10° cells/ml, with cell density monitored
every other day using trypan blue staining.

Where indicated, cells were treated with nocodazole (200 nM, 2 h,
SigmaAldrich), brefeldin A (5 pg/ml, 2 h, SigmaAldrich), or the indicated
concentrations of the LRRK2 kinase inhibitors for 1 hour, MLi-2 (MRC PPU,
Dundee, UK), LRRK2-IN1 (obtained through the MIJFF) or GSK2578215A

(Tocris) before fixation.
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DNA constructs and site-directed mutagenesis

GFP-tagged human LRRK2 constructs were obtained from Addgene.
Where required, mutations were introduced by site-directed mutagenesis
(QuikChange, Stratagene). The GFP-G2019S-K1906M kinase-dead LRRK2
construct was generated by site-directed mutagenesis introducing K1906M on top
of the G2019S construct, and the identity of constructs verified by sequencing of
the entire coding region. DNA was prepared from bacterial cultures grown at 28°C
using a midiprep kit (Promega) according to manufacturer’s instructions.

Human GFP-tagged Rab8a, Rab8a-Q67L and Rab8a-T22N, as well as
human GFP-tagged Rabin8 were obtained from Addgene. mRFP-tagged or
triple-flag (3xFlag)-tagged Rab8a constructs were generated using Gibson
Assembly Master Mix (New England Biolabs). Rab8a-T72A, Rab8a-T72D and
Rab8a-T72E mutant constructs were generated by site-directed mutagenesis
(QuikChange, Stratagene).

The siRNA-resistant forms of mRFP-Rab8a and mRFP-Rab8a-T72A were
generated by introducing 3 silent mutations into the target sequence of the seed
region of the Rab8a siRNA (Silencer Select Rab8a (Ambion, ThermoFisher, ID
s8679, nr 4390824). Specifically, the original sequence of the mRFP-Rab8a
plasmids (5'-GCAAGAGAATTAAACTGCA-3") was mutated to
5'-GCAAGAGAATTAAGTTACA-3"). Identity of all constructs was verified by
sequencing of the entire coding region. HttQ74-GFP was a generous gift from
D. Rubinsztein (Cambridge University, UK).

mRFP-Rab7 and human dsRed-Rab9 were from Addgene, and human
EGFP-Rab7L1 was kindly provided by Dr. J. Galan (Yale University School of
Medicine, New Haven, USA). Human dsRed-Rab9 obtained from Addgene
(containing two Rab9 sequences) was properly re-derived into pdsRed-Express-C1
(Clontech, #632430) by Gibson Assembly Master Mix (New England Biolabs).
Human mRFP-Rab7L1 was generated by PCR amplification of the Rab7L1 coding

55



Jesus Madero Pérez

sequence using EGFP-Rab7L1 as template, followed by subcloning into an mRFP
vector backbone using Xhol-Hindlll restriction enzyme sites. All triple-flag
(3xFlag)-tagged Rab constructs, as well as GFP-tagged Rab7 and Rab9 constructs
were generated using Gibson Assembly Master Mix (New England Biolabs). The
Rab7 Q67L and T22N mutants, Rab9 Q66L and S21N mutants and Rab7L1 Q67L
and T21N mutants were generated by site-directed mutagenesis (QuickChange,
Stratagene), and the identity of all constructs was verified by sequencing of the

entire coding region.

Immunofluorescence and laser confocal imaging

HEK293T cells were fixed using 2 % paraformaldehyde (PFA) in PBS for
10 min at room temperature, followed by permeabilization in MeOH for 2 min at
-20°C. Cells were subsequently incubated in PBS containing 50 mM NH4Cl for
10 min [286], and then permeabilized with 0.2 % Triton-X100/PBS for 20 min. For
determination of the size of pericentrin-positive structures and for phospho-Rab8a
staining, the MeOH and NH4Cl steps were omitted.

HELA cells expressing GFP-tagged Rab8a constructs were fixed using 4 %
PFA in PBS for 15 min at room temperature, permeabilized with 0.5 %
Triton-X100/PBS for 5 min, rinsed in PBS, and mounted with mounting medium
containing DAPI.

SH-SYS5Y cells were fixed using 2 % paraformaldehyde (PFA) in PBS
containing 4 % sucrose for 20 min at room temperature, followed by
permeabilization with 0.2 % Triton-X100/PBS for 20 min.

Primary fibroblasts were fixed with 2 % paraformaldehyde (PFA) in PBS
for 10 min at room temperature, followed by permeabilization with 0.2 %
Triton-X100/PBS for 20 min.

For lymphoblast immunocytochemistry, 13 mm diameter coverslips were

placed into 24-well plates and coated with Cell-Tak Cell and Tissue Adhesive
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solution (Corning) following manufacturer’s protocols. After 20 min at room
temperature, the solution was removed, coverslips were rinsed twice with distilled
water and air-dried. Lymphoblast cells (200.000 per well) were added to dry coated
coverslips, and cells attached by slight centrifugation at 690 g for 10 min at room
temperature (without brake). Lymphoblast cells were fixed using 2 % PFA in PBS
for 20 min at room temperature, followed by permeabilization with 0.2 %
Triton-X100/PBS for 20 min at room temperature.

After fixation and permeabilization, coverslips were blocked for 1 h with
0.5 % (w/v) BSA in 0.2 % Triton-X100/PBS (blocking solution), followed by
incubation with primary antibodies in blocking solution overnight at 4°C. Primary
antibodies included rabbit polyclonal anti-pericentrin (Abcam, ab4448, 1:1000),
mouse monoclonal anti-pericentrin (Abcam, ab28144, 1:1000), mouse monoclonal
anti-y-tubulin (Abcam, ab11316, 1:1000), mouse monoclonal anti-c-Myc (Sigma,
clone 9E10, M4439 1:500), mouse monoclonal anti-flag (Sigma, clone M2, 1:500),
rabbit polyclonal anti-Rab8a (Millipore, ABC423, 1:1000), rabbit monoclonal
anti-Rab8a (Abcam, ab188574, 1:1000), rabbit polyclonal anti-T72-phospho-Rab8a
(1:500, generous gift of D. Alessi, University of Dundee, UK), mouse
anti-Golgin97 (Molecular Probes, A-21270, 1:100), rabbit polyclonal anti-B-COP
(Invitrogen, PA1-061, 1:750), and mouse monoclonal p230/Golgin-245 (Becton
Dickinson, 611280, 1:400). The sheep polyclonal anti-Rab8a and anti-T72
phospho-Rab8a antibodies have been previously described (MRC PPU, S969D and
S874D, respectively) [75]. For the sheep anti-Rab8a antibody, the NH4Cl step was
omitted, and for the sheep anti-T72-phospho-Rab8a antibody, both the MeOH and
NH4Cl steps were omitted. Sheep antibodies were used at a 1:50 dilution, and the
anti-T72-phospho-Rab8a antibody was used in the presence of a 10-fold molar
excess of dephospho-peptide, or of phospho-peptide where indicated. Importantly,
all double- and triple-immunocytochemistry involving sheep antibodies were

performed sequentially, with the sheep antibodies employed first.
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Secondary antibodies included Alexa 405-conjugated goat anti-mouse or
goat anti-rabbit, Alexa 488-conjugated goat anti-mouse or goat anti-rabbit, Alexa
594-conjugated goat anti-mouse or goat anti-rabbit, Alexa 633-conjugated goat
anti-mouse or goat anti-rabbit (Invitrogen, 1:1000), Alexa 488-conjugated donkey
anti-sheep (Invitrogen, 1:1000) or Alexa 594-conjugated donkey anti-sheep
(Abcam, 1:1000). As indicated, cells were either mounted using mounting medium
containing DAPI (Vector Laboratories), or incubated with TO-PRO-3 Iodide
(642/661) (Invitrogen, 1:1000) for 3 min, followed by washes in PBS before
mounting in ProLong Gold Antifade mounting medium (Invitrogen).

Images were acquired on a Leica TCS-SP5 confocal microscope using a
63X 1.4 NA oil UV objective (HCX PLAPO CS). Images were collected using
single excitation for each wavelength separately and dependent on secondary
antibodies (405 nm UV diode and a 415-455 nm emission band pass; 488 nm
Argon Laser line and a 510-540 nm emission band pass; 543 HeNe Laser line and a
600-630 nm emission band pass; 633 HeNe Laser line and a 640-670 nm emission
band pass). GFP-tagged proteins were excited with 488 nm Argon Laser line and a
500-530 nm emission band pass, and RFP-tagged proteins with 543 nm HeNe
Laser line and a 560-590 nm emission band pass, respectively. DAPI was excited
with the 405 nm UV diode and a 430-480 nm emission band pass, and TO-PRO
with 633 nm HeNe Laser line and a 650-675 nm emission band pass, respectively.

10-15 image sections of selected areas were acquired with a step size of
0.5 pm, and z-stack images analyzed and processed using Leica Applied Systems
(LAS AF6000) image acquisition software. The same laser intensity settings and
exposure times were used for image acquisition of individual experiments to be
quantified.

For quantification of centrosome size, a circle was drawn around individual

centrosomes and area quantified using image acquisition software as described
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above, where mature centrosomes were around 1 pm?, and immature centrosomes
around 0.5 pm?.

Centrosomes were scored as being separated when the distance between
their centers was > 1.5 um (for HEK293T and SH-SYSY cells) as analyzed by
ImagelJ software. For fibroblasts, the mean distance between separated centrosomes
in control cells was 2.25 + 0.2 um (mean + s.e.m., n=10 cells), and centrosomes
scored as being separated when the distance was > 2.5 um. Using equivalent
criteria for lymphoblasts, centrosomes were scored as being separated when the
distance was > 1.3 um. In all cases, mitotic cells were excluded from this analysis.

Quantification of the phospho-Rab8a signal in SH-SYS5Y cells was done
over non-processed and non-saturated images acquired during the same day with
the same laser intensities. Quantification was performed with Leica Applied
Systems (LAS AF6000) image acquisition software. Circular ROIs of 2.2 um width
and 2.2 um height were set on top of the centrosomal signal, and mean intensity
from the phospho-Rab8a signal obtained from at least 50 cells per condition and
experiment. Background signal was subtracted in all cases by placing the ROl in a
different random place within the same cell. Similarly, to quantify phospho-Rab8a
signals in lymphoblasts, a circle of 3 um diameter was drawn around individual
centrosomes as assessed by pericentrin staining, and the phospho-Rab8a
fluorescence intensity from around 30-50 individual cells quantified from maximal
intensity projections using Leica Applied Systems (LAS AF6000) image
acquisition software.

Total and phospho-Rab8a signals in the presence of Rab7L1 were scored as
present or absent over non-processed and non-saturated images acquired during the
same day with the same laser intensities, and around 100 transfected cells
quantified per condition per experiment. Most experiments were quantified by an

additional observer blind to conditions, with similar results obtained in all cases.
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Re-localization of LRRK2 to the Rab7L1 compartment in HEK293T and
SH-SYSY cells was quantified visually as being recruited/not recruited, as no
intermediate phenotypes could be observed. At least 50 transfected cells per
condition were analyzed in at least three independent experiments.

Most experiments were quantified by two independent observers, and some
experiments were quantified by a third observer blind to condition, with similar

results obtained in all cases.

Knockdown of Rab8a or Rab7L1 by RNA interference

HEK293T cells were seeded in 6-well plates at 30-40 % confluence one day
prior to transfection such that they were at a confluence of 70-80 % the following
day. They were transfected with 2 pg of GFP-LRRK2 DNA and 25 nM siRNA
using 4 ul of jetPRIME Transfection Reagent (Polyplus-Transfection SA, n°
114-15) in 200 ul jetPRIME buffer. The mix was incubated for 15 min at room
temperature and added to 2 ml of full medium per well of a 6-well plate overnight.
For the experiments where two different RNAIi reagents were used simultaneously,
cells were transfected with 40 nM siRNA (20 nM siRNA 1 + 20 nM siRNA 2)
using 4 pl of jetPRIME Transfection Reagent (Polyplus-Transfection SA, n°
114-15) in 200 pl jetPRIME buffer.

For knockdown experiments in the presence of both GFP-LRRK2 and
mRFP-Rab8a or mRFP-Rab8a-T72A (sensitive or resistant to SiRNA,
respectively), cells were transfected with 50 nM of the indicated siRNA using 4 nl
of jetPRIME Transfection Reagent as described above. Four hours later, media was
replaced and cells transfected with 2 pg of the indicated LRRK2 constructs and
200 ng of the indicated Rab8a constructs and 6 pl of LipoD293 (SignaGen
Laboratories) per well of a 6-well plate overnight in full medium. In all cases, cells
were passaged 24 h later and processed for Western blot analyis or

immunocytochemistry 48 h after transfection.
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RNAI reagents included Silencer Select Negative Control no. 1 siRNA
(Ambion, ThermoFisher, cat. nr 4390843; 50 nM) Silencer Select Rab8a (Ambion,
ThermoFisher, ID S8679), Silencer Select Rab8a (Ambion, ThermoFisher, 1D
S8680), Silencer Select Rab7L1 (Ambion, ThermoFisher, ID S17082) and Silencer
Select Rab7L1 (Ambion, ThermoFisher, ID S17083).

For determination of Rab8a or Rab7L1 levels, cells were washed in PBS
and resuspended in cell lysis buffer (1 % SDS in PBS containing 1 mM PMSF,
I mM Na3VO4, 5 mM NaF). Extracts were sonicated, boiled and centrifuged at
13,500 rpm for 10 min at 4 °C. Protein concentration of supernatants was estimated
using the BCA assay (Pierce), and 30 pg of extracts resolved by SDS-PAGE and
analyzed by Western blotting.

Wound healing and cell migration assays

For wound-healing assays, 40,000 SH-SYSY cells were seeded on each side
of 35 mm insert-containing dishes (IBIDI) and grown to confluence in full
medium. The wound (500 um diameter) was generated by removing the insert,
cells were gently washed three times in full medium, and phase contrast images
acquired every 10 min for 15 h on a Leica TCS-SP5 confocal microscope using a
10X objective (C-PLAN 10.0x0.22 POL) and 1.3X zoom. Overall wound healing
migration speed was calculated as average speed of the cell front using ImageJ
software analysis. For single cell tracking, individual cells in the first row facing
the wound were tracked (Image] manual tracking plugin) until reaching the middle
of the wound [287], and individual cell migration speed, directionality (D) and
forward migration index in Y (FMI Y) calculated from at least 30 cells per
condition and experiment using the Chemotaxis and Migration Tool (IBIDI).

For determination of cell polarity, cells were processed for
immunocytochemistry 4 h after generating the wound using anti-pericentrin and

anti-golgin97 antibodies as described above. The first row of cells facing the
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wound was analyzed, and cells were scored as polarized when located in a 90°
sector emerging from the center of the nucleus and facing the wound edge [288].
Basal levels of expected random orientation of 25 % were confirmed by analyzing

centrosome orientation immediately after generating the wound.

Cell extracts and Western blotting

HEK293T and SH-SY5Y cells were collected 48 h after transfection,
washed in PBS and resuspended in cell lysis buffer (1 % SDS in PBS containing
1 mM PMSF, 1 mM Na3VOs, 5 mM NaF). Extracts were sonicated, boiled and
centrifuged at 13,500 rpm for 10 min at 4°C. Protein concentration of supernatants
was estimated using the BCA assay (Pierce), and 40 ng of extracts resolved by
SDS-PAGE and analyzed by Western blot.

The following primary antibodies were used to develop the Western blot:
rabbit polyclonal anti-GFP antibody (ab6556, 1:3000, Abcam), phospho-S935
LRRK2 antibody (ab133450, Abcam, 1:500), mouse monoclonal anti-myc
antibody (clone 9E10, 1:1000, Sigma), sheep polyclonal anti-Rab8a (MRC PPU,
S969D, 1:200), sheep polyclonal anti-phospho-Rab8a (MRC PPU, S874D, 1:200),
rabbit monoclonal anti-Rab8a antibody (ab188574, Abcam, 1:1000), rabbit
polyclonal phospho-Rab8a antibody (1:500, generously provided by D. Alessi,
University of Dundee, UK), sheep polyclonal anti-Rab7L1 (MRC PPU, S984D,
1:250), mouse monoclonal anti-flag antibody (clone M2, 1:2000, Sigma), mouse
monoclonal anti-GAPDH (ab9484, 1:2000, Abcam) and mouse monoclonal
anti-tubulin antibody (clone DM1A, 1:10,000, Sigma) as loading controls.

For lymphoblast cell extracts, 10° cells were centrifuged at 300 g for 10 min
at 4 °C. The pellet was resuspended in 100 pl of lysis buffer (20 mM Tris-HCI pH
7.4, 150 mM NaCl, 1 mM EDTA, 10 % glycerol, 1 % Triton-X100) containing
protease and phosphatase inhibitor cocktails (SigmaAldrich), and incubated for

30 min on a rotary wheel at 4 °C. Cell extracts were centrifuged at 13,500 rpm for
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5min at 4 °C, and supernatants quick-frozen in liquid N> and stored at -80 °C.
Protein concentration of supernatants was estimated using the BCA assay (Pierce),
and 20 pg of extracts resolved by SDS-PAGE and analyzed by Western blot, using
a rabbit polyclonal phospho-S935-LRRK?2 antibody (ab133450, Abcam, 1:500), a
mouse monoclonal anti-LRRK2 antibody (UC Davies/NIH NeuroMab clone 75-
253, 1:1000), a sheep polyclonal anti-Rab8a (MRC PPU, S969D, 1:200) and a
mouse monoclonal anti-tubulin antibody (clone DMI1A, 1:10,000, Sigma) as
loading control.

Some Westerns were developed with ECL reagents (Roche), and a series of
timed exposures to ensure that densitometric analyses were performed at exposures
within the linear range. Quantification was performed using QuantityOne software
(BioRad). Western blotting of phospho-S935 and total LRRK2 in extracts from
lymphoblasts was performed with ECL Prime Western Blotting Detection Reagent
(GEHealthcare), and analysis in Amersham Imager 600 (GEHealthcare).

The majority of Western blotting was performed according to the protocol
described by LI-COR for Near-Infrared Western Blot Detection. In all cases,
incubation with primary antibodies was performed overnight at 4 °C, and secondary
antibodies were incubated for 1 h at RT. Blots were imaged using an Odyssey CLx

system, and quantification was done using the instrument’s Image Studio software.

Co-Immunoprecipitation

For co-immunoprecipitation of Rab proteins with LRRK2, HEK293T cells
were cultured as described and co-transfected at 80 % confluence with 2 pg of
LRRK?2 constructs and 200 ng of Rab constructs as indicated, and 6 pl of
LipoD293 (SignaGen Laboratories) per well of a 6-well plate for 5 h in full
medium.

For co-immunoprecipitation of Rabin8 with Rab8a, HEK293T cells were

cultured as described and co-transfected at 80 % confluence with 600 ng of
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GFP-Rabin8 and 200 ng of flag-tagged Rab8a constructs using 6 pl of LipoD293
(SignaGen Laboratories) per well of a 6-well plate overnight in full medium.

In both cases, the following day, cells were split into 100 mm tissue culture
plates, and were collected 48 hours after transfection. Cells were washed in PBS,
followed by resuspension in 1 ml of lysis buffer (50 mM Tris-HCI, pH 7.6,
150 mM NaCl, 2 mM MgCl,, 1 % Triton-X100, 1 mM DTT, protease inhibitor
cocktail (Roche) and phosphatase inhibitor cocktail 3 (Sigma)), and incubated on a
rotary wheel for 1 h at 4°C. Lysates were subsequently spun at 13.000 rpm for
10 min at 4 °C, and protein concentration of supernatants estimated by BCA assay
(Sigma), with 1 mg of total protein subjected to immunoprecipitation with a rabbit
polyclonal anti-GFP antibody (Abcam, ab6556, 1 pg per sample). Lysates were
incubated with antibody for 2 h at 4°C, followed by addition of protein
G Sepharose Fast Flow (Amersham) and incubation overnight at 4 °C. The next
day, beads were washed three times with lysis buffer, and bound proteins eluted
with Laemmli sample buffer and heating at 95°C for 4 min prior to separation by
SDS-PAGE and Western blotting as indicated above, using a mouse monoclonal
anti-GFP antibody (Roche, 1:1000) or a mouse monoclonal anti-flag antibody
(clone M2, 1:1000, Sigma), respectively.

For co-immunoprecipitation of GDI1/2 with Rab8a, HEK293FT cells
transfected with 3xflag-Rab8a plasmids were lysed 24 hours after transfection in IP
buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.3 % Triton X-100,
10 % Glycerol, and protease inhibitor cocktail (Roche)) for 30 min on ice. Lysates
were centrifuged at 4 °C for 10 min at 20.000 g and supernatants were further
cleared by incubation with Easy view Protein G agarose beads (Sigma) for 30 min
at 4°C. After agarose bead removal by centrifugation, lysates were incubated with
anti-flag M2 agarose beads (Sigma) for 1 h at 4°C with mild agitation. Beads were
washed three times with IP wash buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1
mM EDTA, 0.1 % Triton X-100, 10 % Glycerol) and eluted in buffer containing
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20 mM Tris-HCI, 100 mM NaCl, 5 mM MgCl and 150 ng/ul of 3xflag peptide by
shaking for 15 minutes at 4°C. Each co-immunoprecipitation was repeated in 3
independent experiments, and samples analyzed by Western blotting using an
anti-GDI1/2 antibody (Life Technologies, 710300, 1:2000) or an anti-flag antibody
(Sigma, F3165, 1:500).

Cell transfection and protein purification for in vitro kinase assays

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum, penicillin
(100 units/ml) and streptomycin (100 pg/ml) (Life Technologies) at 37 °C and 5 %
COs. 3xFlag-LRRK2 (wildtype and G2019S mutant) and 3xFlag-Rab8a (wildtype
and T72A mutant) were transiently transfected using linear polyethylenimine (PEI,
Polyscience) with a 1:2 DNA:PEI ratio. The transfection mixes were prepared by
dissolving 40 pg of DNA in 1 ml of OPTI-MEM with 80 ul of PEI (40 uM final).
Mixes were incubated at room temperature for 20 min and subsequently added to
HEK293T cells previously plated on a 15 cm? Petri dish.

Seventy-two hours after transfection, cells were resuspended in 1 ml of lysis
buffer (10 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 2.5 mM Na4P>07,
1 mM beta-glycerophosphate, 1 mM Na3zVOs, supplemented with protease inhibitor
mixture (Sigma-Aldrich) and 1% (v/v) Tween-20). Samples were left on ice for 30
min, and cell lysates collected after centrifugation at 18000xg for 35 min at 4°C.
Supernatants were collected and incubated overnight with 40 pl of Anti-Flag M2
Affinity Gel beads (Sigma-Aldrich) at 4°C with mild agitation. Beads were pelleted
and washed with 1 ml of five different wash buffers (WB): WB1 (20 mM Tris-HC1
pH 7.5, 500 mM NacCl, 1% (v/v) Tween-20) twice, WB2 (20 mM Tris-HCI pH 7.5,
350 mM NaCl, 1% (v/v) Tween-20) twice, WB3 (20 mM Tris-HCI pH 7.5,
150 mM NaCl, 1% (v/v) Tween-20) twice, WB4 (20 mM Tris-HCI pH 7.5,
150 mM NaCl, 0.1% (v/v) Tween-20) twice and WB5 (20 mM Tris-HCI pH 7.5,
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150 mM NacCl, 0.02% (v/v) Tween-20) once. All 3xFlag-tagged proteins were
eluted in elution buffer (25 mM Tris-HCI pH 7.5, 5 mM beta-glycerophosphate,
2mM DTT, 0.1 mM Na3VO4, 10 mM MgCl, supplemented with 0.007 %
Tween-20, 150 ng/ul 3xFlag peptide (Sigma-Aldrich) for subsequent in vitro
kinase assays.

For experiments in which Rab8a was loaded with specific guanine
nucleotides, affinity resin bound-protein was washed as above, rinsed in loading
buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.02 % (v/v) Tween-20)
and incubated with an excess (200 pM) GDP or GTPyS for 30 min at 30°C with
slight agitation. Nucleotide exchange was stopped and excess nucleotides removed
by rinsing beads three times in kinase buffer (25 mM Tris-HCI pH 7.5, 10 mM
MgCl,, 2 mM dithiothreitol (DTT), 0.02% (v/v) Tween-20, 5 mM
beta-glycerophosphate, 0.1 mM NazVO4) [289] followed by elution with kinase
buffer supplemented with 150 ng/ul 3xFlag peptide.

For in vitro kinase assays, purified wildtype or T72A-mutant 3xFlag-Rab8a
proteins eluted in kinase buffer, with and without nucleotide loading, were
incubated with wildtype or G2019S mutant 3xFlag-LRRK2 at a ratio of 50:1
(Rab8a:LRRK?2). Reactions were kept at 30°C for 1 h in the presence of ATP-y*°P
(1 pCi/reaction) and 2.5 uM cold ATP and then stopped by adding Laemmli buffer
(100 mM Tris-HCI pH 6.8, 4 % (w/v) SDS, 200 mM DTT, 20 % (v/v) glycerol and
Bromophenol Blue). Incorporated **P was detected by autoradiography with a
Phospho-Imager system (Cyclone, Perkin-Elmer). The same membranes were
stained with Coomassie Blue or probed with an anti-Flag antibody for total protein

loading, and quantification performed using ImagelJ software.

Rab8a GTP binding and GTP retention assays
HEK293T cells were transfected with 3xFlag-Rab8a wildtype or mutant

plasmids as indicated and 24 h later cells were lysed in buffer containing 20 mM
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Tris-HCI1 pH 7.5, 150 mM NaCl, I mM EDTA, 1 % Triton X-100, 10 % glycerol
and protease inhibitor cocktail (Roche) for 30 min on ice. Lysates were centrifuged
(10 min, 20.000g), supernatants were precleared with Easy view Protein G agarose
(Sigma-Aldrich) for 30 min at 4°C, followed by incubation with anti-Flag M2
agarose beads (Sigma-Aldrich) for 1h at 4°C with mild agitation. Proteins bound to
beads were washed 4 times with 25 mM Tris-HCI pH 7.5, 400 mM NaCl, and 1 %
Triton X-100.

For GTP or GDP binding assays, equal amounts of wildtype or mutant
3xFlag-Rab8a fusion proteins bound to anti-Flag M2 agarose beads
(Sigma-Aldrich) were washed twice with Buffer A (20 mM Tris—HCI] pH 7.5,
100 mM NaCl, 5 mM MgCl,, 1 mM NaH2POs4, 2 mM DTT) and incubated
overnight on ice in Buffer A containing 0.1 uM *H-GTP or *H-GDP. Beads were
then washed twice in Buffer A to remove unbound nucleotides, added to Bio-safe
IT (RPI) scintillation cocktail, and binding quantified using scintillation counting
for H? (Tri-Carb 2810TR scintillation counter, Perkin Elmer).

To assay GTP or GDP retention, agarose-bound Rab8a proteins were
incubated in Buffer A containing 0.1 uM *H-GTP or *H-GDP overnight on ice and
washed twice with Buffer A to remove unbound nucleotide. Subsequently, proteins
were incubated in Buffer A containing a 100-fold excess of unlabeled GTP or GDP
for 0, 15, 30 or 60 min, and shaking at 37°C. After each time point, Rab8a proteins
were washed twice with Buffer A, and retained *H-GTP or *H-GDP bound to
proteins was quantified using scintillation counting. The amount of *H-GTP or *H-
GDP bound at 15, 30 and 60 min for each sample was calculated as a fraction of
initial binding.

Mass spectrometry
Purified wildtype and mutant Rab8a proteins were separated on 4-20 %

SDS-PAGE, stained with Coomassie brilliant blue staining (Thermo Scientific) and
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a band corresponding to a ~50 kDa protein was excised. Protein identification was

performed using MASCOT.

Statistical analysis

All data are expressed as means + s.e.m. Unless otherwise noted, data were
analyzed by one-way ANOVA with Tukey’s post-hoc test, and p < 0.05 was
considered significant. Statistical details to all experiments can be found in the

figure legends.  **** p < 0.001; ***p < 0.005; **p < 0.01; *p < 0.05.
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Results

1. Parkinson disease-associated mutations in LRRK2 cause

centrosomal defects via Rab8a phosphorylation
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Pathogenic LRRK2 causes deficits in centrosomal positioning critical for cell
polarization and directed migration

To evaluate effects of pathogenic LRRK2 on cell polarity, we employed
human neuroblastoma SH-SYSY cells stably expressing flag-tagged wildtype or
G2019S mutant LRRK?2 [283, 284]. Cells were differentiated with retinoic acid,
and average neurite length quantified. Pathogenic G2019S LRRK2-expressing cells
showed a significant decrease in the percentage of differentiated cells as compared
to control or wildtype LRRK2-expressing cells (Fig. 12 a-c). Since proper
positioning of the centrosome is important for cell polarization and directed
migration [262, 290], we analyzed centrosome positioning from non-contiguous
differentiated cells by staining for pericentrin, a component of the pericentriolar
matrix [291]. The centrosome was facing the longest neurite in the majority of
control and wildtype LRRK2-expressing cells, whilst a significant amount of
G2019S-expressing cells had their centrosome positioned on the side, or opposite
the longest neurite (Fig. 12 d and e).

As cell polarization is a prerequisite for cell migration [262], we wondered
whether pathogenic LRRK2-expressing cells display deficits in cell migration
associated with altered centrosome positioning. Scratch wounding was performed
on control GFP, wildtype or G2019S mutant LRRK2-expressing SH-SYS5Y cells,
and cells counted as oriented when the centrosome was located within a 90° angle
facing the wound [287, 288, 292] (Fig. 13a). After 4 h of wounding, around 40 %
of control GFP and wildtype LRRK2-expressing cells had already reoriented the
centrosome, whilst the percentage of reoriented centrosomes was significantly less
in G2019S LRRK2-expressing cells (Fig. 13b). To test for potential migration
defects, cells were recorded by live cell microscopy after performing a scratch
wound (Fig. 13c and d). G2019S-LRRK2-expressing cells displayed a decrease in
cell migration in the wound healing assay as compared to wildtype LRRK2-

expressing cells. Whereas wildtype LRRK2-expressing cells exhibited persistent
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Fig. 12. Pathogenic LRRK2 causes deficits in differentiation and altered centrosome positioning in
differentiated SH-SY5Y cells. a) Quantification of neurite length in SH-SY5Y cells differentiated with
retinoic acid for 5 days. Around 150 cells were analyzed per condition and experiment. Bars represent mean +
s.e.m., (n=3 independent experiments); *, p < 0.05. b) Quantification of neurite length only including
differentiated cells. Around 150 differentiated cells were analyzed per condition and experiment. Bars
represent mean * s.e.m., (n=3 independent experiments). ¢) Quantification of percentage of differentiated cells.
Bars represent mean + s.e.m., (n=3 independent experiments); *, p < 0.05. d) Quantification of differentiated
cells where centrosome is positioned on the side or opposite the longest neurite in the distinct cells as indicated.
Around 30 non-contiguous differentiated cells were analyzed per condition and experiment. Bars represent
mean * s.e.m., (n=3 independent experiments); *, p < 0.05. e) Example of non-contiguous SH-SY5Y cells
stably expressing GFP, or flag-tagged wildtype or G2019S-mutant LRRK2 as indicated, and stained for
pericentrin and DAPI. Scale bar, 10 um.
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polarization and directed migration. a) Example of reorientation of the centrosome 4 h after
wounding in SH-SY5Y cells stably expressing flag-tagged wildtype or G2019S mutant LRRK2. The
white lines indicate scratch orientation, and cells were stained with anti-pericentrin, anti-Golgin97, and
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facing the scratch wound. Scale bar, 10 um. b) Quantification of centrosome reorientation in cells stably
expressing GFP, flag-tagged wildtype or G2019S-mutant LRRK2 immediately after (t = 0 h), or 4 h after
generating the wound (t = 4 h). Random orientation is expected to be 25%. N > 100 cells were quantified
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p <0.01. ¢) Wound-healing assays in either flag-tagged wildtype or G2019S-mutant LRRK2-expressing
SH-SYSY cells. Phase-contrast images at the indicated times are shown. Scale bar, 150 pm. d)
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flag-tagged wildtype or G2019S mutant LRRK?2. Individual cells in the first row facing the wound were
tracked until reaching the middle of the wound. Directionality index (D) and forward migration index in
Y axis (FMI Y) were calculated for at least 30 cells per condition in three independent experiments, and
are expressed as mean + s.e.m. on top of each graph. *, p < 0.05. f) Single cell wound healing migration
speed was calculated for at least 30 cells per condition in 3 independent experiments.
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directional migration until the closure of the gap, G2019S-LRRK2-expressing cells
displayed less directional migration, without a reduction in cell motility (Fig. 13e
and f). Together, these data indicate that mutant LRRK2 causes deficits in proper
centrosome positioning with effects on polarity required for cells to properly

respond to directional migration signals.

Distinct pathogenic LRRK2 mutants cause centrosomal cohesion deficits in a
kinase activity-dependent manner

In dividing cells, centrosomes duplicate in S phase, but are held together by
a flexible linker which gradually elongates during S and G2, allowing the
duplicated centrosomes to mature by accumulating pericentriolar material. At the
G2/M transition, the flexible linker holding the centrosomes together is lost, and
mature centrosomes can subsequently constitute the poles of the mitotic spindle
[293]. To determine for possible centrosomal alterations in dividing cells, we
examined cells with duplicated centrosomes from non-differentiated SH-SYSY
cells. When quantifying cells where duplicated centrosomes could be clearly
visualized as separate from each other, the mean distance between duplicated split
centrosomes in GFP expressing cells was 1.49 + 0.07 um (mean + s.e.m, n=13
cells), and centrosomes were therefore scored as split when > 1.5 um apart. As
compared to GFP or wildtype LRRK?2, pathogenic G2019S LRRK?2 was found to
significantly increase the percentage of cells with split centrosomes, indicative of a
centrosomal cohesion deficit (Fig. 14a and b). To assess whether such centrosomal
alterations induced by mutant LRRK2 were dependent on LRRK?2 kinase activity,
we evaluated the effects of two structurally distinct and specific LRRK2 kinase
inhibitors, and quantified dephosphorylation of S935 on LRRK2 as an established
readout for kinase inhibition [294, 295]. Short-term addition of these inhibitors
significantly reverted the observed cohesion deficits in G2019S-LRRK?2 expressing
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Fig. 14. Pathogenic LRRK2 causes deficits in centrosome cohesion in SH-SY5Y cells.
a) Example of non-differentiated SH-SY5Y cells stably expressing GFP, or flag-tagged wildtype or
G2019S-mutant LRRK2 as indicated, and stained for pericentrin and DAPI. Scale bar, 10 pum.
b) Quantification of the split centrosome phenotype in cells expressing GFP, or flag-tagged
wildtype or G2019S-mutant LRRK2 as indicated. Around 20 cells with duplicated centrosomes
were analyzed per condition. Bars represent mean = s.e.m. (n=4 independent experiments);
* p<0.05. ¢) Quantification of the split centrosome phenotype in cells expressing flag-tagged
wildtype or G2019S-mutant LRRK2 as indicated, in either the absence or presence of kinase
inhibitors (500 nM LRRK2-IN-1 or GSK2578215A for 1 h) as indicated. Around 20 cells with
duplicated centrosomes were analyzed per condition. Bars represent mean + s.e.m.
(n=3 independent experiments); **, p <0.01; *, p < 0.05. d) Cells were either left untreated or
incubated with 500 nM GSK2578215A for 1 h, and extracts analyzed for phosphorylated (p-S935)
or total (flag) LRRK2. e) Quantification of S935 dephosphorylation in cells expressing flag-tagged
wildtype or G2019S-mutant LRRK2 as indicated, in either the absence or presence of 500 nM
GSK2578215A for 1 h. Bars represent mean + s.e.m. (n=3); *, p < 0.05.
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cells (Fig. 14 c¢) and inhibited kinase activity as assessed by S935
dephosphorylation (Fig. 14d and e), suggesting that these cohesion deficits are

kinase activity-mediated.

We next wondered whether the centrosomal cohesion deficits comprised a
phenotype shared amongst distinct pathogenic LRRK2 mutants. For this purpose,
HEK293T cells were transiently transfected with various mutant LRRK2
constructs. Similar to SH-SYSY cells, the mean distance between duplicated split
centrosomes in non-transfected HEK293T cells was 1.38 = 0.05 um (mean + s.e.m,
n=12 cells), and centrosomes were scored as split when > 1.5 um apart. As
compared to non-transfected cells or to cells expressing wildtype LRRK2, a larger
percentage of duplicated centrosomes displayed a split phenotype in cells
expressing either G2019S-, R1441C- or Y1699C-mutant LRRK2, respectively,
which was not observed with a kinase-dead G2019S-K1906M mutant (Fig. 15a and
b), even though all LRRK2 variants were expressed to similar degrees (Fig. 15c¢).
As previously described [296], under the overexpression conditions in HEK293T
cells employed here, pathogenic mutant LRRK2 also displayed more visible
accumulation at and/or around centrosomes as compared to wildtype or kinase-
inactive G2019S-K1906M mutant LRRK?2, which were cytosolic in the majority of
cells (Fig. 15a and d), and additional localization of R1441C and Y1699C mutant
LRRK2 to filamentous structures could be observed in some cells as well (Fig.
15e) [176]. Alterations in centrosomal cohesion were not due to aggregation-
related events of LRRK2 protein overexpression, as triggering the formation of
pericentrosomal protein aggregates (aggresomes) either by proteasomal inhibition
in LRRK2-expressing cells, or by overexpression of a mutant version of huntingtin
protein, did not cause centrosome splitting (Fig. 15f). Consistent with premature
centrosome splitting in pathogenic LRRK2-expressing cells, the duplicated
centrosomes were smaller than normal, mature centrosomes as determined in

control or wildtype LRRK2-transfected cells (Fig. 15g and h). Thus, the observed
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Fig. 15. Distinct pathogenic LRRK2 mutants cause deficits in centrosome cohesion in
transfected HEK293T cells. a) Examples of transfected cells displaying either one centrosome
(interphase), or upon duplication and concomitant maturation (G2), two attached centrosomes (first
two panels in wildtype LRRK2-expressing cells). Mutant LRRK2-expressing cells display a split
centrosome phenotype. Scale bar, 5 um. b) The split centrosome phenotype was quantified by
determining the percentage of cells displaying two pericentrin-positive structures with a distance
between their centers > 1.5 um, as compared to two attached (< 1.5 um) structures. Around 30 cells
with duplicated centrosomes were analyzed per condition per experiment. Bars represent mean +
s.e.m. (n=3 independent experiments); *** p < 0.005; * p < 0.05. ¢) Cells were transfected with
constructs as indicated, and 40 pg of cellular lysates subjected to Western blotting with an anti-GFP
antibody. Tubulin was used as loading control. d) Quantification of percentage of cells displaying
colocalization of GFP-tagged LRRK2 with centrosomes. Around 30 cells were quantified
per experimental condition. Bars represent mean + s.e.m. (n=3 independent experiments);
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**% p <0.005; **, p <0.01. e) Examples of filament-like localization of GFP-tagged R1441C and
Y1699C mutant LRRK2. Scale bar, 10 um. f) Centrosome splitting was quantified from cells
transfected with pCMV (ctrl) or wildtype LRRK2 and treated 42 h after transfection with 5 uM
MG-132 for 6 h, or from cells transfected with pCMV (ctrl) or HttQ74-GFP 24 h after transfection.
N=3 independent experiments. g) For determination of centrosomal size, cells were fixed and
processed as described in Methods. Note that colocalization of mutant LRRK2 with split
centrosomes can be more or less extensive (arrows). Scale bar, 5 um. h) Quantification of
centrosome size from experiments of the type depicted in A. An average of 30 cells with two
centrosomes were analyzed for each condition. Bars represent mean + s.e.m. (n=3 independent
experiments); *, p < 0.05.

centrosomal cohesion deficits seem to be a cellular feature shared amongst all three
pathogenic LRRK2 mutants.

To assess whether premature centrosome splitting induced by mutant
LRRK2 was dependent on LRRK2 kinase activity, we evaluated the effects of two
distinct and selective LRRK2 kinase inhibitors [294, 295]. Addition of either
inhibitor to wildtype LRRK2-expressing cells caused rapid recruitment of LRRK2
to the centrosome, but such centrosomal localization of kinase-inhibited LRRK?2
did not cause centrosome splitting (Fig. 16a-c). However, whilst not causing a
change in the centrosomal localization of pathogenic LRRK2 (Fig. 16d), treatment
with either inhibitor reversed centrosome splitting in mutant LRRK2-expressing
cells (Fig. 16e). Inhibitor-mediated reversal of centrosomal cohesion deficits were
observed with all three pathogenic LRRK2 mutants (Fig. 16e,f), indicating that
premature centrosome splitting is a shared feature of distinct pathogenic LRRK2

mutants and mediated by the kinase activity in both HEK293T and SH-SYS5Y cells.
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Fig. 16. Pathogenic LRRK2 disturbs centrosome cohesion in a kinase-dependent manner. a) GFP-
tagged wildtype LRRK2-transfected HEK293T cells were either untreated (ctrl), or treated with LRRK2-
IN-1 (500 nM) or GSK2578215A (500 nM) for 60 min, followed by staining with pericentrin antibody.
Scale bar, 10 pm. b) Quantification of the percentage of LRRK2-expressing cells displaying visible
colocalization with pericentrin in the absence or presence of kinase inhibitors as indicated. Around 100
cells were analyzed per condition. Bars represent mean + s.e.m. (n=3 independent experiments); **, p <
0.01. ¢) Quantification of the percentage of wildtype LRRK2-expressing cells displaying a split
centrosome phenotype in the absence or presence of kinase inhibitors as indicated. Around 30 cells with
duplicated centrosomes were analyzed per condition. Bars represent mean + s.e.m. (n=3 independent
experiments). d) Examples of GFP-tagged Y1699C mutant LRRK2 in the absence (ctrl) or presence of
LRRK2-IN-1 or GSK2578215A treatment as indicated above, followed by staining with pericentrin
antibody. Scale bar, 10 um. e) The split centrosome phenotype was quantified as indicated above. An
average of 30 cells with two centrosomes were analyzed for each condition. Bars represent mean = s.e.m.
(n=3 independent experiments); ** p < 0.01. f) The split centrosome phenotype was quantified as
indicated above and an average of 30 cells with two centrosomes analyzed for each condition. Bars
represent mean + s.e.m. (n=3 independent experiments); ***, p < 0.005.
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Centrosomal cohesion deficits are detectable in two distinct peripheral cell
types from LRRK?2 PD patients as compared to healthy controls

LRRK?2 is known to be expressed in non-neuronal cells such as fibroblasts
or lymphoblasts [297], and these patient-derived cells may comprise promising
cellular models for future pharmacodynamic assays in clinical studies employing
LRRK2 kinase inhibitors. Therefore, we next used either skin fibroblasts or
lymphoblasts from age- and sex-matched G2019S mutant LRRK2 PD patients and
controls, respectively. Primary fibroblasts from five G2019S mutant LRRK2 PD
patients displayed increased centrosome splitting as compared to five control
patients, which was reverted by application of either GSK2578215A or LRRK2-
IN-1 kinase inhibitors, respectively (Fig.17a and b). Similarly, lymphoblasts from
three G2019S mutant LRRK2 PD patients displayed deficits in centrosomal
cohesion as compared to three healthy control cells. Such deficits were reverted by
application of 500 nM GSK2578215A kinase inhibitor (Fig.17¢ and d). In addition,
application of either 10 nM or 100 nM of MLi-2, a recently developed novel and
highly selective LRRK2 kinase inhibitor [298] also reverted the centrosomal
cohesion deficits (Fig. 17c and d), and inhibited LRRK2 kinase activity as assessed
by S935 dephosphorylation (Fig. 17e and f). Together, these data indicate that
endogenous mutant LRRK2 protein causes centrosomal alterations in a kinase

activity-dependent manner also in two distinct patient-derived cell types.

Pathogenic LRRK2-induced centrosomal cohesion deficits correlate with
aberrant centrosomal accumulation of phosphorylated Rab8a

We next aimed to determine the mechanism(s) by which pathogenic
LRRK2 may cause the observed centrosomal alterations. Recent studies have
identified a subset of Rab GTPases as LRRK2 kinase substrates, with Rab8a being
one of the most prominent substrates [75], and known to be involved

in centrosome-related events. Indeed, we confirmed that Rab8a was subject to
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Fig. 17. Centrosome splitting in human dermal fibroblasts and lymphoblasts from G2019S mutant
LRRK2 PD patients compared to healthy controls. a) Example of control (ctrl) and G2019S mutant LRRK2
PD patient fibroblast stained with pericentrin antibody and DAPI. Scale bar, 10 um. b) Centrosome phenotype
was quantified from 300 cells per line, and from 5 control and 5 G2019S mutant LRRK2 fibroblast lines.
Control or G2019S mutant LRRK2 fibroblasts were treated with LRRK2-IN-1 (500 nM) or GSK2578215A
(500 nM) for 60 min. Bars represent mean + s.e.m. (between five independent lines). *** p < 0.005; **, p <
0.01; *, p <0.05. ¢) Example of control (ctrl) and G2019S mutant LRRK?2 PD patient lymphoblast stained with
pericentrin antibody and DAPI. Scale bar, 10 pm. d) Centrosome phenotype was quantified from 200-300 cells
per line, and from three control and three G2019S mutant LRRK2 lymphoblast lines. Control or G2019S
mutant LRRK2 lymphoblasts were treated with MLi2 (10 nM or 100 nM) or GSK2578215A (500 nM) for 2 h.
Bars represent mean + s.e.m. (between three independent lines). ***, p < 0.005. e) Cells were either left
untreated or incubated with 10 nM MLi2 as indicated, and extracts analyzed for phosphorylated (p-S935) or
total LRRK2. f) Quantification of S935 dephosphorylation in either control or G2019S-mutant LRRK2
lymphoblasts as indicated, in either the absence or presence of 10 nM MLi2. Bars represent mean + s.e.m. (n=3
lines each); *** p < 0.005.
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phosphorylation by LRRK2 in vitro, that phosphorylation was increased with
pathogenic as compared to wildtype LRRK2, and that phosphorylation was largely
abolished when mutating the previously identified phosphorylation site (T72) in the
switch II domain (Fig. 18a and b). Moreover, we found that phosphorylation was
not altered by either GDP or GTP binding to Rab8a (Fig. 18a-d), indicating that it

was not dependent on the nucleotide-bound status of Rab8a.

Rab proteins interact with a variety of regulatory proteins. For example, the
localization of Rab proteins is regulated by binding to GDP dissociation inhibitor
(GDI1/2), which is able to deliver as well as extract Rab proteins from membranes
[299], and their activity is modulated by binding to GDP/GTP exchange factors
(GEFs) [195]. To test for differential interactions with regulatory proteins, we next
generated phospho-deficient (Rab8a-T72A) and phospho-mimetic
(Rab8a-T72D/Rab8a-T72E), as well as GTP-preferring (Rab8a-Q67L) and GDP-
preferring (Rab8a-T22N) Rab8a variants, which were all expressed to similar
degrees (Fig. 18e). All mutants with the exception of Rab8a-T22N were competent
to bind GTP and GDP, and the rates of GTP/GDP dissociation were not affected by
the mutations, indicating that mimicking phosphorylation does not change the
nucleotide state of Rab8a (Fig. 18f-1). As previously described [75], whilst GDI1/2
coimmunoprecipitated with wildtype Rab8a as determined by mass spectroscopy,
this interaction was lost with the phospho-mimetic Rab8a mutants (Fig. 19a-c),
which also displayed a decreased interaction with the GEF Rabin8 (Rab3IP) (Fig.
19d and e), suggesting that mimicking Rab8a phosphorylation interferes with its
interaction with multiple regulatory proteins. When expressed on their own
phospho-mimetic Rab8a mutants did not cause centrosomal cohesion deficits and
were found to be largely cytosolic (Fig. 191,g). Thus, these mutants cannot properly
mimick a phosphorylated version of Rab8a in a cellular context. Rab8a has been

shown to be localized to a pericentrosomal recycling compartment which is in
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Fig. 18. LRRK2 phosphorylates Rab8a at T72, and phosphomimetic mutants do not display
altered nucleotide binding or retention. a) In vitro kinase assays using purified wildtype or
G2019S mutant flag-tagged LRRK?2 and purified wildtype or T72A mutant flag-tagged Rab8a (1:50
ratio). 3P incorporation was revealed by autoradiography (left panel), and total protein loading by
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Coomassie Brilliant Blue staining (middle panel) or anti-flag immunoblotting (right panel) of the
same PVDF membrane. b) Quantification of **P incorporated into Rab8a as compared to total
Rab8a as determined by Coomassie Brilliant Blue staining. Bars represent mean + s.e.m. (n=3
independent experiments); *, p < 0.05; *** p < 0.001 (two-way ANOVA with Bonferroni post-hoc
test). ¢) In vitro kinase assays using purified wildtype or G2019S mutant flag-tagged LRRK2 and
purified wildtype flag-tagged Rab8a in the absence of nucleotide, or loaded with GTPyS or GDP,
respectively. P incorporation was revealed by autoradiography (left panel), and total protein
loading by Coomassie Brilliant Blue staining (right panel) of the same PVDF membrane.
d) Quantification of **P incorporated into Rab8a as compared to total Rab8a from 10 independent
experiments. Bars represent mean + s.e.m; *** p < 0.001 (two-way ANOVA with Bonferroni
post-hoc test). e) Cells were transfected with the indicated flag-tagged Rab8a constructs, and
extracts (20 pg) analyzed by Western blotting with an anti-flag antibody, and tubulin as loading
control. f) GTP binding for Rab8a proteins or B-glucoronidase (Gus) was measured by loading with
radiolabelled *H-GTP, and normalized to total protein levels. Bars represent mean + s.e.m. (n=3
experiments); ** p < 0.01. g) GDP binding for Rab8a proteins or B-glucoronidase (Gus) was
measured by loading with radiolabelled *H-GDP, and normalized to total protein levels. Bars
represent mean =+ s.e.m. (n=3 experiments); **, p < 0.01. h) GTP retention assay from different
Rab8a variants as indicated. Purified proteins were incubated with *H-GTP, a one hundred-fold
molar excess of cold GTP was added, and dissociation of nucleotide was measured as a fraction of
initial binding at time 0. Data points represent mean =+ s.d. (n=3 experiments). Statistical
significance was estimated by two-way ANOVA for time versus mutation with Tukey’s post-hoc
test for comparison to wildtype protein at each time point. i) GDP retention assay from different
Rab8a variants as indicated. Purified proteins were incubated with 3H-GDP, a one hundred-fold
molar excess of cold GDP was added, and dissociation of nucleotide was measured as a fraction of
initial binding at time 0. Data points represent mean + s.d. (n=3 experiments). Statistical
significance was estimated by two-way ANOVA for time versus mutation with Tukey’s post-hoc
test for comparison to wildtype protein at each time point.
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staining. The band around 50 kDa co-purifying with wildtype Rab8a was excised from the gel and identified by
LC-MS/MS as Rab GDP dissociation inhibitor alpha (GDI1) and beta (GDI2). b) HEK293T cells were either
non-transfected (mock), or transfected with flag-tagged [B-glucoronidase (Gus) or Rab8a constructs as
indicated, proteins immunoprecipitated with an anti-flag antibody, and immunoprecipitates blotted for
endogenous GDI1/2 (upper panel) or flag-tagged proteins (lower panel). ¢) Quantification of the amount of
GDI1/2 relative to Rab8a in immunoprecipitated complexes from the type of experiments as depicted in B.
Bars represent mean + s.e.m. (n=3 experiments); **** p < 0.0001 (versus wildtype Rab8a). d) Cells were
transfected with GFP-Rabin8 and either empty vector (ctrl) or different Rab8a variants as indicated. Whole-cell
lysates (1 mg) were subjected to immunoprecipitation with a polyclonal anti-GFP antibody followed by
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of the type of experiments depicted in d, normalized to the amount of input, and the amount of
coimmunoprecipitation (co-IP) of wildtype Rab8a. Bars represent mean + s.e.m. (n=3 experiments); **, p <
0.01; * p < 0.05. f) Quantification of the split centrosome phenotype in either non-transfected HEK293T cells
(ctrl) or cells expressing the indicated Rab8a variants. Bars represent mean + s.e.m. (n=3 experiments).
g) Example of HELA cells expressing the indicated GFP-tagged Rab8a constructs, and stained with DAPI.
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direct contact with the centrosome to regulate a variety of centrosome-related
events [234, 236, 300]. We thus wondered whether pathogenic LRRK2 may alter
the subcellular localization of endogenous Rab8a. Whilst endogenous Rab8a was
rarely localized to a pericentrosomal/centrosomal compartment in control cells, all
pathogenic LRRK2 mutants caused a prominent increase in the amount of cells
displaying pericentrosomal/centrosomal Rab8a accumulation (Fig. 20a and b)

without changes in the total levels of endogenous Rab8a protein (Fig. 20c).

Rab8a can also localize to the Golgi complex which is in tight contact with
the centrosome [290, 301], and such centrosome-Golgi nexus is known to be
important for cell polarity [156]. To determine whether the pericentrosomal/
centrosomal accumulation of Rab8a is reflective of enhanced Golgi association,
non-transfected or LRRK2-transfected cells were either treated with nocodazole,
which causes Golgi fragmentation and dispersal, or with brefeldin A, which causes
redistribution of the Golgi complex into the ER [302]. Golgi dispersal or complete
Golgi redistribution did not alter the accumulation of Rab8a in pathogenic
LRRK2-expressing cells (Fig. 21), indicating that Rab8a genuinely associates with

a centrosomal/pericentrosomal compartment.

The centrosomal/pericentrosomal Rab8a accumulation was reverted upon
application of the LRRK2 kinase inhibitor GSK2578215A (Fig. 20a and b). Whilst
S935 phosphorylation is a reliable readout to determine whether pharmacological
kinase inhibitors block the LRRK2 kinase activity, it is not predictive of kinase
activity of pathogenic mutants per se [88, 96, 183, 184, 303-305]. Indeed, whilst
varying S935 phosphorylation levels were detected in wildtype and mutant
LRRK?2, application of GSK2578215A effectively inhibited the activity of both
wildtype and mutant LRRK2 variants as measured by S935 dephosphorylation
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Fig. 20. Pathogenic LRRK2 causes kinase-dependent pericentrosomal/centrosomal
accumulation of endogenous Rab8a. a) and b) Examples of non-transfected HEK293T cells (ctrl)
or cells transfected with either wildtype or pathogenic LRRK2, or with kinase-dead pathogenic
LRRK?2 as indicated, and stained with y-tubulin antibody, Rab8a antibody (rabbit polyclonal Rab8a
antibody for panel a, sheep polyclonal antibody for panel b), and TOPRO. Scale bar, 5 um. )
Quantification of the percentage of cells displaying pericentrosomal Rab8a staining in either
non-transfected cells (ctrl), or pathogenic LRRK2-transfected cells as indicated, either in the
absence or presence of GSK2578215A (GSK) (500 nM, 1 h). Bars represent mean * s.e.m., (n = 3
independent experiments); ****, p < 0.001; *, p < 0.05. d) Cells were transfected with the indicated
constructs, and extracts blotted for GFP-tagged LRRK2, endogenous Rab8a, and tubulin as loading
control. e) Cells were either left untreated or incubated with 500 nM GSK2578215A for 1 h as
indicated, and extracts analyzed for phosphorylated (p-S935) or total (GFP) LRRK2. f)
Quantification of S935 dephosphorylation in cells expressing wildtype or mutant LRRK2 as
indicated, in either the absence or presence of 500 nM GSK2578215A for 1 h. Bars represent mean
+s.e.m. (n=3); *** p <0.005; **, p <0.01
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(Fig. 20d, e). Furthermore, Rab8a accumulation was not observed when expressing
the kinase-dead pathogenic LRRK2 mutant G2019S-K1906M (Fig. 20b). We thus
wondered whether the accumulating Rab8a species may be a phosphorylated
version of the protein. For this purpose, non-transfected or pathogenic
LRRK2-transfected cells were stained with an antibody raised for the specific
detection of phospho-T72-Rab8a [75]. Mutant LRRK2 expression caused a
centrosomal/pericentrosomal accumulation of phosphorylated Rab8a, which was
not observed when preincubating the phospho-antibody with phospho-peptide, and
was reversed upon pretreatment of cells expressing either pathogenic G2019S,
R1441C or Y1699C LRRK2 with MLi-2 (Fig. 22a-c). Therefore, the accumulating
Rab8a species in LRRK2-expressing HEK293T cells seems to represent a

phosphorylated version of the protein.

Amongst all cell types analyzed here, lymphoblasts seem to contain the
highest levels of endogenous Rab8a (Fig. 23a). We therefore attempted to
determine whether alterations in endogenous phospho-Rab8a accumulation could
be detected in lymphoblasts derived from G2019S LRRK2-PD patients as
compared to healthy controls. No significant differences in the total levels of Rab8a
were detected between lymphoblasts from control versus G2019S LRRK2-PD
patients (Fig. 23b and c). Staining with the phospho-Rab8a antibody revealed a
pericentrosomal/centrosomal accumulation of phospho-Rab8a in control and
G2019S LRRK2-PD samples, which was absent when preincubating the antibody
with phosphopeptide (Fig. 23d). Quantification of the intensity of the fluorescence
signal revealed a slight, but not significant increase in phospho-Rab8a staining in
G2019S LRRK2-PD samples as compared to controls (Fig. 23e), suggesting that
higher affinity phospho-antibodies will be required to detect possible changes in

the localization of endogenous phosphorylated Rab8a.
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T72-Rab8a antibody preabsorbed either with dephospho-peptide (p-Rab8a) or with phospho-peptide
(p-Rab8a + pp), or with an anti-phospho-T72-Rab8a antibody preabsorbed with dephospho-peptide
upon incubation of cells with 100 nM MLi-2 for 60 min prior to immunocytochemistry as indicated.
Scale bar, 5 um. ¢) Quantification of the percentage of non-transfected or transfected cells
displaying phospho-Rab8a staining colocalizing with centrosomes within a 3 um diameter circle in
either the absence or presence of antibody preabsorption with peptides or pretreatment of cells with
MLi2 as described above. Around 50 cells were quantified per condition per experiment. Bars
represent mean + s.e.m., (n=3 independent experiments); **** p < 0.001. d) Quantification of the
percentage of non-transfected or transfected cells displaying phospho-Rab8a staining colocalizing
with centrosomes as described above. Around 50 cells were quantified per condition per
experiment. Bars represent mean + s.e.m., (n=3 independent experiments); **, p < 0.01.
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Fig. 23. Rab8a protein levels and pericentrosomal/centrosomal accumulation of
phosphorylated Rab8a in lymphoblasts from control and G2019S mutant LRRK2 PD
patients. a) Extracts (20 pg protein each) from the indicated cells were resolved by SDS-PAGE and
blotted with antibodies against Rab8a or tubulin as loading control. b) Extracts (20 pg protein each)
from control and G2019S mutant LRRK2-PD patient lymphoblasts were resolved by SDS-PAGE
and blotted with antibodies against Rab8a or tubulin as loading control. ¢) Quantification of
experiment depicted in b, normalizing Rab8a protein levels to tubulin. d) Examples of control or
G2019S mutant LRRK2-PD patient lymphoblasts stained with phospho-Rab8a antibody
preabsorbed with dephosphopeptide (p-Rab8a), or preabsorbed with phosphopeptide (p-Rab8a + pp)
as indicated, and stained with centrosomal marker (pericentrin) and DAPI. Scale bar, 10 pm.
¢) Quantification of fluorescence intensity of phospho-Rab8a staining in healthy control or LRRK?2
mutant PD lymphoblasts. Fluorescence intensity was measured in a circle of 3 um diameter around
individual centrosomes as defined by pericentrin staining, and fluorescence intensity from 30-50
individual cells quantified per cell line (three control, three LRRK2 G2019S mutant cell lines).
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The phospho-Rab8a antibody was also not able to detect differences in the
centrosomal accumulation of endogenous phospho-Rab8a in wildtype versus
G2019S LRRK2-mutant SH-SYSY cells (Fig. 24a and b). Therefore, as a means to
increase phosphorylated Rab8a species, we expressed wildtype Rab8a in either
wildtype or G2019S LRRK2-mutant SH-SYSY cells. Under these conditions, a
drastic increase in Rab8a phospho-signal was observed (Fig. 24c and d), which was
abolished when pretreating cells with a LRRK2 kinase inhibitor, and which was not
observed when expressing the non-phosphorylatable Rab8a-T72A mutant (Fig.
24b-d), indicating that it was specifically detecting a LRRK2-phosphorylated
version of Rab8a. Even though the expressed RFP-tagged Rab8a protein was
widely distributed, the phospho-Rab8a signal was confined to a localization
overlapping with that of a centrosomal marker, indicating that the phosphorylated
Rab8a species preferentially accumulates in a centrosomal compartment (Fig. 24¢
and d). Moreover, phosphorylated Rab8a accumulated in a centrosomal
compartment irrespective of whether the cells had duplicated centrosomes or not
(Fig. 24c and d), suggesting that such localization reflects a general feature not
limited to a specific phase of the cell cycle.

We next analyzed whether an increase in centrosomal phospho-Rab8a may
cause the observed alterations in centrosomal cohesion. Expression of wildtype
Rab8a in wildtype or G2019S mutant LRRK2-expressing SH-SY5Y cells caused a
prominent deficit in centrosomal cohesion (Fig. 24e and f). Such cohesion deficits
were not observed when expressing the non-phosphorylatable Rab8a-T72A mutant
(Fig. 24e and f), even though both Rab8a variants were expressed to similar
degrees (Fig. 24g). Premature centrosome splitting induced by G2019S-mutant
LRRK2 was not further modulated by the non-phosphorylatable mutant (Fig. 24f),

indicating that this mutant does not act as a dominant-negative in this context.
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Fig. 24. Expression of wildtype but not phosphorylation-deficient Rab8a causes centrosomal
accumulation of phospho-Rab8a and centrosome cohesion deficits in wildtype
LRRK2-expressing SH-SYSY cells. a) Example of SH-SYSY cells stably expressing flag-tagged
wildtype LRRK?2, and transfected with mRFP-tagged wildtype or T72A-mutant Rab8a as indicated,
stained with an anti-phospho-T72-Rab8a antibody preabsorbed with dephosphopeptide, for pericentrin
and DAPI. Where indicated, cells were treated with 100 nM MLi2 for 2 h before immunocytochemistry.
Note that phospho-Rab8 can be detected both in cells with one centrosome (first panel) as well as in cells
with duplicated centrosomes (second panel). Scale bar, 10 um. b) Same as in a, but SH-SYSY cells stably
expressing flag-tagged G2019S mutant LRRK2. Scale bar, 10 pm. ¢) Quantification of mean
fluorescence intensity of phospho-Rab8a signal as described in Methods in cells either stably expressing
wildtype (wt) or G2019S mutant LRRK2, transfected with RFP-tagged Rab8a or T72-mutant Rab8a, and
treated with 100 nM MLi2 for 2 h before immunocytochemistry as indicated. Bars represent mean +
s.e.m., (n=3 independent experiments); **** p < 0.001; *** p <0.005. d) Example of non-differentiated
SH-SYSY cells stably expressing GFP, flag-tagged wildtype or G2019S-mutant LRRK?2 as indicated, and
transfected with Rab8a or phosphorylation-deficient Rab8a (Rab8a-T72A) as indicated, and stained for
pericentrin and TOPRO. Scare bar, 10 um. e) Quantification of the split centrosome phenotype in
SH-SYS5Y cells from the type of experiments depicted in a. Bars represent mean + s.e.m. (n=3
experiments); *, p < 0.05. f) SH-SYSY cells stably expressing GFP, flag-tagged wildtype or G2019S-
mutant LRRK2 as indicated were transfected with mRFP-tagged wildtype or phosphorylation-deficient
Rab8a (Rab8a-T72A) as indicated, and extracts blotted for Rab8a levels and GAPDH as loading control.
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Similar results were obtained in HEK293T cells (Fig. 25). Co-expression of
wildtype LRRK2 with wildtype Rab8a resulted in LRRK2-mediated Rab8a
phosphorylation, which was further enhanced when co-expressing the distinct
pathogenic, but not kinase-dead K1906M or G2019S-K1906M LRRK2 mutants
(Fig. 25a). Co-expression of wildtype LRRK2 with wildtype Rab8a caused a
centrosomal cohesion deficit which was not observed when expressing the
non-phosphorylatable Rab8a-T72A mutant (Fig. 25b and c) or when treating cells
with kinase inhibitor (Fig. 25d). Altogether, these data indicate that increasing the
centrosomal amount of LRRK2-phosphorylated Rab8a correlates with the observed

centrosomal cohesion deficits.

Pathogenic LRRK2-induced centrosomal cohesion and polarity deficits are
mediated by Rab8a

To determine whether the centrosomal deficits caused by pathogenic
LRRK2 kinase were Rab8a-mediated, HEK293T cells were transiently transfected
with small interfering RNAs (siRNA) directed against a control sequence or against
Rab8a. Cells transfected with the RabS8a-specific siRNA showed a significant
decrease in Rab8a protein content when compared to control siRNA (Fig. 26a and
b). Whilst knocking down Rab8a protein levels did not cause alterations in
centrosomal cohesion in non-transfected cells or in cells transfected with wildtype
LRRK?2, it caused a significant reversal in the centrosomal cohesion deficits
induced by pathogenic G2019S, R1441C or Y1699C LRRK2 expression (Fig. 26¢
and d).

As an additional means to assure that the observed reversal of the LRRK2-
mediated centrosomal cohesion deficits were due to knockdown of Rab8a, we

generated siRNA-resistant versions of Rab8a as well as Rab8a-T72A (Fig. 26e).
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Fig. 25. Detection of phospho-Rab8a in pathogenic LRRK2-expressing cells as well as in cells
co-transfected with wildtype LRRK?2 and wildtype Rab8a, but not phospho-deficient Rab8a.
a) Cells were transfected with constructs as indicated, and cellular lysates subjected to Western blotting with an
anti-phospho-Rab8a antibody. Anti-GFP and anti-flag antibodies were used to measure total LRRK2 and
Rab8a levels. b) Example of HEK293T cells co-transfected with GFP-tagged wildtype LRRK2 and either
mRFP-Rab8a or mRFP-Rab8a-T72A as indicated, and stained with pericentrin antibody and TO-PRO. Scale
bar, 5 pum. ¢) Quantification of the split centrosome phenotype in HEK293T cells co-expressing wildtype or
pathogenic mutant LRRK?2 and wildtype or phospho-deficient Rab8a mutant as indicated. Bars represent mean
+ s.e.m. (n=3 independent experiments); *** p < 0.005; * p < 0.05. d) Quantification of the split centrosome
phenotype in non-transfected HEK293T cells (ctrl), or in cells co-expressing wildtype or pathogenic mutant
LRRK2 along with Rab8a, in either the presence or absence of 500 nM GSK2578215A for 1h as indicated.
Bars represent mean + s.e.m. (n=3 independent experiments); *** p < 0.005.
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Fig. 26. Knockdown of Rab8a significantly reverses the centrosomal deficits mediated by
pathogenic LRRK2. a) Representative Western blot of extracts from control cells (ctrl), or cells
transfected with wildtype (wt) or Y1699C-mutant LRRK?2, along with either ctrl-siRNA or Rab8a-
siRNA as indicated, and blotted against Rab8a or tubulin as loading control. b) Quantification of the
type of experiments depicted in a, with levels of Rab8a normalized to tubulin and to Rab8a levels in
the presence of ctrl-siRNA. Bars represent mean + s.e.m. (n=3-5 independent experiments); * p <
0.05. ¢) Example of cells co-transfected with GFP-tagged pathogenic LRRK2 and either ctrl-siRNA
or Rab8a-siRNA as indicated, and stained with pericentrin antibody and DAPI. Scale bar, 10 um. d)
Quantification of the split centrosome phenotype in control cells transfected with either ctrl-siRNA
or Rab8a-siRNA, or in cells co-transfected with wildtype or mutant LRRK?2 as indicated. Bars
represent mean + s.e.m. (n=3-5 independent experiments); **** p < 0.001; * p < 0.05. e) Western
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blot of cell extracts transfected with either ctrl-siRNA or Rab8a-siRNA as indicated, and four hours
later cotransfected with mutant LRRK2 and mRFP-tagged Rab8a, Rab8a-T72A, or siRNA-resistant
versions thereof (res), and blotted against Rab8a and GAPDH as loading control. f) Quantification
of the split centrosome phenotype in the presence of ctrl-siRNA or Rab8a-siRNA, and in the
presence of pathogenic mutant LRRK2 and mRFP-tagged Rab8a, Rab8a-T72A or siRNA-resistant
versions thereof (res) as indicated. Bars represent mean + s.e.m. (n=3 independent experiments);
**% p < 0.005; ** p <0.01. g) Quantification of centrosome reorientation in cells stably expressing
flag-tagged wildtype or G2019S-mutant LRRK?2 together with RFP-tagged wildtype or phospho-
deficient T72A Rab8a 4 h after generating the wound (t = 4 h). Random orientation is expected to
be 25%. n > 50 cells were quantified for each condition in each experiment. Bars represent mean +
s.e.m. (n=3 independent experiments); **, p <0.01; *, p <0.05.

Whilst siRNA of Rab8a reduced the mutant LRRK2-mediated centrosomal
cohesion deficits in transiently transfected HEK293T cells, those deficits were
restored in the presence of siRNA-resistant Rab8a, but not of siRNA-resistant
Rab8a-T72A mutant (Fig. 26f). Therefore, Rab8a, and specifically a
phosphorylatable form of Rab8a, is important for pathogenic LRRK2 to cause the
observed centrosomal deficits.

Finally, when analyzing cell polarization upon scratch wounding,
expression of wildtype Rab8a, but not phosphorylation-deficient Rab8a, caused a
pronounced decrease in the percentage of cells with reoriented centrosomes in
wildtype LRRK2-expressing cells after 4 h of wounding, whilst not further altering
the deficits observed in G2019S LRRK2-expressing cells (Fig. 26g). Thus, the
effects of pathogenic LRRK2 on centrosome positioning in the context of cell

polarity also seem to involve a Rab8a-mediated phosphorylation event.
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2. Rab7L1-mediated relocalization of LRRK2 to the Golgi complex

causes centrosomal deficits via Rab8a
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Rab7L1 recruits LRRK2 to the Golgi in a manner independent on the LRRK?2
kinase activity

We first determined the localization of mRFP-tagged Rab7L1 constructs in
HEK293T cells. Rab7L1 was localized to a perinuclear area largely overlapping
with a trans-Golgi marker, whilst a mutant shown to lack GTP binding
(Rab7L1-T21N) was more cytosolic (Fig. 27a). Similarly, a mutant designed to
impair GTP hydrolysis (Rab7L1-Q67L) but shown to display higher GTP/GDP
dissociation rates was more cytosolic (Fig. 27a), even though expressed to similar
degrees (Fig. 27b). Thus, and as previously described [45], both Rab7L1-Q67L and
Rab7L1-S21N mutants seem to act as loss-of-function variants.

When expressed on its own, wildtype GFP-tagged LRRK2 displayed a
largely cytosolic localization (Fig. 28a). In contrast, co-expression of wildtype
LRRK2 with wildtype but not loss-of-function mutant Rab7L1 caused recruitment
of LRRK2 to the Rab7L1 compartment in all co-transfected cells (Fig. 28a). Three
distinct pathogenic LRRK2 mutants (G2019S, R1441C, Y1699C) were
preferentially localized to the cytosol, but also to a pericentrosomal/centrosomal
area, or in addition to filamentous structures reported to colocalize with
microtubules (Fig. 28b) [88, 176, 306]. Coexpression with Rab7L1 caused the
relocalization of all pathogenic LRRK2 mutants in all cells analyzed (Fig. 28b).
Similarly, cytosolic kinase-inactive K1906M mutant LRRK2, as well as
pharmacologically kinase-inhibited LRRK2, which tends to colocalize with
microtubules [88, 184, 294], were recruited upon co-expression with Rab7L1 in all
cells examined (Fig. 28c). When assessed by co-immunoprecipitation assays from
detergent-solubilized extracts, 3xFlag-tagged Rab7L1 was found to similarly
interact with wildtype, pathogenic mutant or kinase-inhibited LRRK2 (Fig. 28d,e)
[45]. In contrast, 3xFlag-tagged Rab7 or Rab9 did not interact with wildtype
LRRK?2 (Fig. 29¢,f). Thus, in a cellular context, Rab7L1 causes the relocalization
of wildtype, pathogenic, kinase-dead as well as kinase-inhibited LRRK?2, indicating
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Fig. 27. mRFP-tagged wildtype Rab7L1, but not inactive Rab7L1 variants, are localized to the
Golgi apparatus. a) Example of HEK293T cells transfected with mRFP-tagged wildtype or mutant
Rab7L1 constructs (red) as indicated, and stained with a trans-Golgi marker antibody (Golgin245,
Alexa 488-conjugated secondary antibody, green) and DAPI (blue). Scale bar, 10 um. b) Cells were
transfected with the indicated GFP-tagged Rab7L1 constructs, and extracts blotted with an anti-GFP
antibody or anti-GAPDH as loading control to confirm similar expression levels of the distinct
Rab7L1 variants. Values were normalized to GAPDH, and then normalized to wildtype Rab7L1.
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Fig. 28. Rab7L1 causes recruitment of LRRK2 in a manner independent on Kinase activity. a)
Example of HEK293T cells transfected with either GFP-tagged wildtype LRRK2 (green), or
cotransfected with wildtype LRRK2 and wildtype or mutant mRFP-tagged Rab7L1
indicated, and stained with DAPI (blue). Scale bar, 10 um. b) Example of cells cotransfected with
the indicated pathogenic GFP-LRRK2 mutants (green) and mRFP-Rab7L1 (red) as indicated, and
stained with DAPI (blue). Scale bar, 10 pm. ¢) Example of cells cotransfected with mRFP-Rab7L1
(red) and either wildtype or K1906M kinase-dead mutant GFP-LRRK2 (green), or cotransfected

(red) as
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with wildtype GFP-LRRK2 (green) and treated with 500 nM LRRK2-IN-1 (INH1) or 500 nM
GSK2578215A (GSK) for 60 min before fixation, and stained with DAPI (blue). Scale bar, 10 pum.
d) Cells were cotransfected with the indicated GFP-tagged LRRK2 constructs and flag-tagged
Rab7L1, and treated with 200 nM ML.i2 for 60 min where indicated. Binding between LRRK2 and
Rab7L1 was assessed by co-immunoprecipitation of GFP-tagged LRRK2 variants with flag-tagged
Rab7L1 using a polyclonal GFP antibody. Left panel shows inputs, and right panel shows samples
after immunoprecipitation, probed for GFP (using a monoclonal GFP antibody) as well as for flag.
e) Quantification of experiments as depicted in (d) were performed by comparing the amount of
coimmunoprecipitated Rab7L1 to the amount of LRRK2 in the immunoprecipitation (IP). Data are
mean * s.e.m. (n=5 independent experiments).

that the kinase activity is not required for such Rab7L1-mediated recruitment of

LRRK2.

The Rab7L1-mediated recruitment of wildtype LRRK2 causes centrosomal
cohesion deficits

Our previous studies have revealed a centrosomal cohesion deficit in
pathogenic LRRK2-expressing cells [306]. Since the centrosome is in close
apposition to the Golgi apparatus [156, 290], we next wondered whether the
Rab7L1-mediated recruitment of wildtype LRRK2 to the Golgi complex may also
cause centrosomal alterations. In HEK293T cells, no centrosomal cohesion deficits
were observed when active or inactive Rab7L1 mutants were expressed on their
own (Fig. 30a,b). However, when co-expressed with wildtype LRRK?2, active but
not inactive Rab7L1 mutants caused relocalization of LRRK?2, concomitant with an
increase in the percentage of split centrosomes (Fig. 30a,b). No further cohesion
deficits were observed when expressing active Rab7L1 with pathogenic LRRK?2
(Fig. 30b,c), possibly because the overexpression of this pathogenic LRRK2
mutant already caused a maximal centrosomal cohesion deficit in this cell type.

To determine whether the effects were specific to Rab7L1, we co-expressed
LRRK?2 with either Rab7 or Rab9, two Rab proteins involved in endolysosomal
and/or retromer-mediated trafficking pathways [307-309] and reported to be
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Fig. 29. No effect of Rab7 or Rab9 on LRRK2 localization or on LRRK2-mediated
centrosomal cohesion deficits. a) Quantification of the split centrosome phenotype in cells
expressing mRFP-tagged Rab7 or mutants thereof, in the absence or presence of wildtype or
pathogenic Y1699C-mutant GFP-tagged LRRK2 as indicated. At least 50 transfected cells were
analyzed per condition per experiment. Bars represent mean £ s.e.m. (n=3 experiments); *** p <
0.005. b) Quantification of the split centrosome phenotype in cells expressing ds-Red-tagged Rab9
or mutants thereof, in the absence or presence of wildtype or pathogenic Y1699C-mutant LRRK?2 as
indicated. Bars represent mean + s.e.m. (n=3 experiments); *** p < 0.005. At least 50 transfected
cells were analyzed per condition per experiment. ¢) Cells were transfected with the indicated GFP-
tagged Rab7 or Rab9 constructs, and extracts blotted with an anti-GFP antibody or anti-GAPDH as
loading control to confirm similar expression levels of the distinct Rab variants. Values were
normalized to GAPDH, and then normalized to wildtype Rab7 or Rab9, respectively. d) Example of
HEK293T cells expressing GFP-tagged wildtype LRRK2 (green) and either mRFP-Rab7 (red) or
dsRed-Rab9 (red), and stained with DAPI (blue). Images are maximal intensity projections of 4
consecutive z-stack images. Scale bar, 5 um. e) Cells were cotransfected with wildtype GFP-tagged
LRRK2 (wt) and the indicated flag-tagged Rab constructs, and binding between LRRK2 and Rabs
assessed by co-immunoprecipitation of GFP-tagged LRRK2 with flag-tagged Rab proteins using a
polyclonal GFP antibody. Left panel shows inputs, and right panel shows samples after
immunoprecipitation, probed for GFP (using a monoclonal GFP antibody) as well as for flag.
f) Quantification of experiments as depicted in (e) were performed by comparing the amount of
coimmunoprecipitated Rab proteins to the amount of wildtype LRRK?2 in the immunoprecipitation
(IP). Data are mean + s.e.m. (n=3 independent experiments).
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Fig. 30. The Rab7L1-mediated recruitment of wildtype LRRK2 causes centrosomal cohesion
deficits in a manner dependent on LRRK?2 kinase activity and similar to those of pathogenic
LRRK2. a) Example of HEK293T cells transfected with either GFP-tagged wildtype LRRK2
(green), mRFP-tagged Rab7L1 (red), or a combination of wildtype LRRK2 and Rab7L1 or mutants
thereof as indicated, and stained with pericentrin antibody (Alexa 405-conjugated secondary
antibody, blue) and TO-PRO-3 (far red fluorescence similar to Alexa 647, pseudo-colored in cyan).
Scale bar, 5 um. b) Quantification of the split centrosome phenotype in cells expressing Rab7L1 or
mutants thereof, or co-expressing wildtype or Y1699C-mutant LRRK2 and Rab7L1 or mutants
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thereof, as indicated. At least 50 transfected cells were analyzed per condition per experiment. Bars
represent mean * s.e.m. (n=3 experiments); **** p < 0.001; **, p < 0.01. ¢) Quantification of the
split centrosome phenotype in cells expressing Rab7L1 or mutants thereof, or co-expressing
wildtype or Y1699C-mutant LRRK2 and Rab7L1 or mutants thereof, and treated with LRRK2-IN-1
(500 nM) or GSK2578215A (500 nM) for 60 min as indicated. At least 50 transfected cells were
analyzed per condition per experiment. Bars represent mean £ s.e.m. (n=3 experiments); **, p <
0.01; *, p < 0.05. d) Quantification of the split centrosome phenotype in cells expressing wildtype
or K1906M kinase-dead mutant LRRK2 and Rab7L1 as indicated. At least 50 transfected cells were
analyzed per condition per experiment. Bars represent mean * s.e.m. (n=3 experiments); *, p < 0.05.

modulated and/or interact with LRRK2 [144, 151]. Neither active nor inactive
Rab7 nor Rab9 variants caused centrosomal cohesion deficits on their own, albeit
expressed to comparable degrees (Fig. 29a-c). Rab7 or Rab9 also did not cause
centrosomal deficits when co-expressed with wildtype LRRK2, and did not alter
the centrosomal deficits induced by pathogenic LRRK?2 (Fig. 29a.,b). Expression of
either Rab7 or Rab9 failed to cause recruitment of wildtype LRRK2 to the
respective Rab7/Rab9 compartments (Fig. 29d). This was paralleled by a lack of
detectable interaction between LRRK2 and Rab7 or Rab9, in contrast to the
interaction observed with Rab7L1 (Fig. 29e.f). Thus, and at least amongst the Rab
proteins analyzed here, the subcellular relocalization of wildtype LRRK2 seems
rather specific to Rab7L1 and is associated with centrosomal cohesion deficits

identical to those previously described for all pathogenic LRRK2 mutants [306].

The Rab7L1-induced centrosomal cohesion deficits of wildtype LRRK2 are
kinase activity-mediated

We next determined whether the Rab7L1-induced centrosomal deficits in
the presence of wildtype LRRK2 are due to the kinase activity of LRRK2. Short-
term application of two specific and structurally distinct LRRK2 kinase inhibitors
[294, 295] significantly reverted the centrosomal cohesion deficits induced in the
presence of Rab7L1 and wildtype LRRK2, and a similar reversal was observed

when co-expressing Rab7L1 with pathogenic LRRK2 (Fig. 30c). Conversely, even
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though both are recruited to the Rab7L1 compartment (Fig. 28), centrosomal
cohesion deficits were induced when coexpressing Rab7L1 with wildtype LRRK?2,
but not with kinase-inactive K1906M mutant LRRK?2, respectively (Fig. 30d).

To probe for possible cell type-specific differences, we examined the effects
of Rab7L1 expression in human SH-SYS5Y neuroblastoma cells stably transduced
with GFP, or with flag-tagged wildtype or G2019S mutant LRRK2, respectively
[283, 284]. As previously described [306], there was no difference in centrosome
cohesion between control GFP and flag-tagged wildtype LRRK2-expressing cells,
whilst the flag-tagged G2019S LRRK2-expressing cells displayed a bigger
percentage of cells with split centrosomes (Fig. 31a,b). In this cell system,
expression of Rab7L1 on its own, in control cells and thus in the context of
endogenous LRRK?2 levels, caused a centrosomal cohesion phenotype (Fig. 31b).
Such Rab7L1-mediated enhancement of the centrosomal deficits was more
pronounced in wildtype LRRK2-expressing cells as compared to control cells, and
further enhanced in cells stably expressing G2019S mutant as compared to
wildtype LRRK2, respectively (Fig. 31b). In both wildtype and G2019S mutant
LRRK2-expressing cells, Rab7L1 expression caused recruitment of the majority of
LRRK2 to the Rab7L1 compartment (91 £ 4.5 % recruitment in wildtype, 80 + 4.7
% recruitment in G2019S; n=3 independent experiments), suggesting that the
observed differences in centrosomal cohesion in the presence of Rab7L1 are due to
the enhanced kinase activity of G2019S mutant versus wildtype LRRK2. Indeed,
and in all cases examined, the centrosomal alterations were reverted upon short-
term application of MLi2, a recently developed novel and highly selective LRRK2
kinase inhibitor [298], revealing that they were mediated by the LRRK2 kinase
activity (Fig. 31b). Therefore, expression of Rab7L1 in both HEK293T and
SH-SYS5Y cells causes the relocalization of wildtype and pathogenic LRRK2 to a
Rab7L1 compartment largely overlapping with the trans-Golgi, and triggers

centrosomal cohesion deficits which are dependent on the LRRK2 kinase activity.
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Fig. 31. Rab7L1 potentiates the LRRK2-mediated centrosomal cohesion deficits in SH-SY5Y
cells. a) Example of SH-SY5Y cells stably expressing GFP (green), or flag-tagged wildtype or
G2019S-mutant LRRK2 (Alexa 488-conjugated secondary antibody, green), and transiently
transfected with mRFP-Rab7L1 (red), followed by staining for pericentrin (Alexa 405-conjugated
secondary antibody, blue) and TO-PRO-3 (far red fluorescence similar to Alexa 647, pseudo-
colored in cyan). Depicted are the most prominent centrosomal phenotypes, namely one centrosome
in GFP-expressing cells, one centrosome or two split centrosomes in wildtype LRRK2-expressing
cells, and two split centrosomes in G2019S mutant LRRK2-expressing cells, respectively. Scale bar,
10 pm. b) Quantification of the split centrosome phenotype in SH-SY5Y cells expressing GFP,
flag-tagged wildtype or G2019S-mutant LRRK2, and transfected with either empty vector (pCMV)
or Rab7L1, and treated with MLi-2 (100 nM) for 60 min as indicated. At least 100 transfected cells
were analyzed per condition per experiment. Bars represent mean + s.e.m. (n=3 experiments);
** p<0.01;* p<0.05.

111



Jesus Madero Pérez

The cohesion deficits induced by Rab7L1-mediated LRRK2 recruitment
correlate with aberrant centrosomal accumulation of phosphorylated Rab8a
We previously showed that the centrosomal cohesion deficits induced by
pathogenic LRRK2 are mediated by the aberrant pericentrosomal/centrosomal
accumulation of phosphorylated Rab8a [306]. We therefore next wondered whether
the Rab7L1-mediated centrosomal alterations in the presence of wildtype LRRK2
may also be caused by the same mechanism. Co-expression of Rab7L1 with
wildtype LRRK2 in HEK293T cells caused a prominent increase in the amount of
cells displaying accumulation of pericentrosomal/centrosomal Rab8a (Fig. 32a,b).
Such accumulation was reverted upon application of the LRRK?2 kinase inhibitor
MLi2 (Fig. 32a,b), indicating that it may correspond to the phosphorylated form of
Rab8a. When staining transfected cells with an antibody raised for the specific
detection of phospho-T72-Rab8a [75], cells co-expressing Rab7L1 and wildtype
LRRK?2 displayed prominent centrosomal/pericentrosomal accumulation of
phospho-Rab8a which was reversed when treating cells with MLi-2, and which
was not observed when preincubating the phospho-antibody with phospho-peptide
(Fig. 33a,b). Similarly, co-expression of Rab7L1 and wildtype LRRK2 caused
detectable phosphorylation of endogenous Rab8a as measured by Western blotting,
without changes in total Rab8a protein levels (Fig. 33c). Such phospho-Rab8a
signal was abolished when treating cells with kinase inhibitor, and was not
observed when expressing wildtype LRRK2 alone (Fig. 33¢). Whilst accumulation
of phospho-Rab8a by immunocytochemistry in SH-SYS5Y cells stably expressing
pathogenic LRRK2 could only be detected when overexpressing Rab8a [306],
expression of Rab7L1 caused a detectable accumulation of endogenous phospho-
Rab8a in SH-SYSY cells expressing wildtype LRRK2, and a further accumulation
in cells expressing G2019S-mutant LRRK2 (20.7 = 5 % of wildtype versus 50 +
3.7 % of G2019S-mutant LRRK?2 cells; n=3 experiments, p < 0.05; Fig. 34). Thus,

increasing the levels of Rab7L1 causes accumulation of endogenous phospho-Rab8
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Fig. 32. Rab7L1 causes kinase-dependent pericentrosomal/centrosomal accumulation of
endogenous Rab8a in the presence of wildtype LRRK2. a) Example of HEK293T cells
transfected with either GFP-tagged wildtype LRRK2 (wt) (green), mRFP-tagged Rab7L1 (red), or a
combination thereof, treated with 100 nM ML.i2 for 60 min where indicated, and stained with Rab8a
(Alexa 647-conjugated secondary antibody, pseudo-colored in blue) and with pericentrin antibody
(Alexa 405-conjugated secondary antibody, pseudo-colored in grey). Scale bar, 10 um. b)
Quantification of the percentage of transfected cells displaying pericentrosomal Rab8a staining of
the type of experiments depicted in (A). At least 50 transfected cells were analyzed per condition
per experiment. Bars represent mean + s.e.m. (n=3 experiments); **** p < 0.0001.
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Fig. 33. Coexpression of Rab7L1 and wildtype LRRK2 cause kinase-dependent
pericentrosomal/centrosomal accumulation of endogenous phospho-Rab8a. a) Example of HEK293T cells
transfected with GFP-tagged wildtype LRRK2 (wt) (green), mRFP-tagged Rab7L1 (red), or a combination
thereof, and stained with pericentrin (Alexa 405-conjugated secondary antibody, pseudo-colored in grey), and
an anti-phospho-T72-Rab8a antibody (Alexa 647-conjugated secondary antibody, pseudo-colored in blue), the
antibody preabsorbed with phospho-peptide (p-peptide), or cells treated with 100 nM ML.i-2 for 60 min prior to
immunocytochemistry, as indicated. Scale bar, 10 pm. b) Quantification of the percentage of non-transfected
or transfected cells displaying phospho-Rab8a staining from experiments of the type depicted in (a). At least 50
cells were analyzed per condition per experiment. Bars represent mean * s.e.m. (n=3 experiments);
**** p < 0.0001. ¢) HEK293T cells were transfected with the different constructs and treated with 100 nM
MLi-2 for 60 min where indicated, and extracts blotted for phospho-Rab8a, total Rab8a, GFP (for LRRK2
detection), flag (for Rab7L1 detection), and GAPDH or tubulin as loading controls.
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Fig. 34. Accumulation of phospho-Rab8a in SH-SYSY cells expressing Rab7L1. Cells stably
expressing flag-tagged wildtype or G2019S LRRK2 were transfected with mRFP-Rab7L1 (red),
treated or not treated with 100 nM MLi-2 for 60 min prior to immunocytochemistry as indicated,
and stained for phospho-Rab8a (Alexa 488-conjugated secondary antibody, green), pericentrin
(Alexa 405-conjugated secondary antibody, blue), and TO-PRO-3 (far red fluorescence similar to
Alexa 647, pseudo-colored in cyan). Scale bar, 10 pm.
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and deficits in centrosomal functioning in the presence of wildtype as well as

pathogenic LRRK2.

The Rab7L1-induced centrosomal deficits of wildtype LRRK2 require Golgi
integrity and are Rab8a-mediated

To determine whether the Rab7L1-mediated recruitment of wildtype
LRRK2 was required for the accumulation of pericentrosomal/centrosomal
phosphorylated Rab8a, cells were treated with brefeldin A, which causes
redistribution of the Golgi complex into the ER [302, 310]. Brefeldin A treatment
disrupted the perinuclear localization of Rab7L1 and wildtype LRRK2, which was
associated with the loss of phospho-Rab8a accumulation (Fig. 35a,b). This was
paralleled by the reversal of the centrosomal cohesion deficits induced by Rab7L1
and wildtype LRRK2 (Fig. 35¢,d). Therefore, the Rab7L1-mediated recruitment of
wildtype LRRK?2 to the Golgi complex is required for the downstream effects on
centrosomal cohesion. This is in contrast to the centrosomal cohesion deficits
induced by pathogenic Y1699C-mutant LRRK2, which is localized to a
pericentrosomal/centrosomal area and causes centrosomal cohesion deficits also in
the presence of brefeldin A (Fig. 35d) [306]. In agreement with these findings,
RNAI of Rab7L1 with two different small interfering RNAs (siRNAs) did not alter
the localization nor the centrosomal cohesion deficits mediated by Y1699C-mutant
LRRK2 (Fig. 36a-d), suggesting that this mutant causes centrosomal defects in a
manner largely independent on Rab7L1 or on Golgi integrity.

To determine whether the centrosomal cohesion deficits caused by Rab7L1
and wildtype LRRK2 were Rab8a-dependent, HEK293T cells were transiently
transfected with siRNA directed against a control sequence or with two different
siRNAs against Rab8a, and knockdown of protein levels confirmed by Western
blotting (Fig. 37a,b). Knocking down Rab8a did not alter centrosomal cohesion in

non-transfected cells, but caused a significant reversal of the cohesion deficits
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Fig. 35. Integrity of the Golgi complex is required for the Rab7L1-mediated phospho-Rab8a
accumulation and centrosomal cohesion deficits of wildtype LRRK2. a) HEK293T cells were
cotransfected with GFP-tagged LRRK2 (green) and mRFP-tagged Rab7L1 (red), and either treated
or non-treated with brefeldin A (BFA; 5 pug/ml) for 3 h as indicated before staining with phospho-
Rab8a antibody (Alexa 647-conjugated secondary antibody, pseudo-colored in blue) and DAPI
(pseudo-colored in grey). Scale bar, 10 um. b) Quantification of the percentage of non-transfected
or transfected cells displaying phospho-Rab8a staining, in the presence or absence of brefeldin A as
indicated, from experiments of the type depicted in (a). At least 50 cells were analyzed per
condition per experiment. Bars represent mean * s.e.m. (n=3 experiments); ****, p < 0.0001; ***, p
< 0.005. c) Cells were cotransfected with GFP-tagged LRRK2 (green) and mRFP-tagged Rab7L1
(red), and either treated or non-treated with brefeldin A (BFA; 5 pg/ml) for 3 h as indicated before
staining with pericentrin antibody (Alexa 647-conjugated secondary antibody, pseudo-colored in
blue) and DAPI (pseudo-colored in grey). Scale bar, 10 um. d) Quantification of the split
centrosome phenotype in non-transfected or transfected cells as indicated, in the presence or
absence of brefeldin A, from experiments of the type depicted in (c). At least 50 cells were analyzed
per condition per experiment. Bars represent mean * s.e.m. (n=3 experiments); **** p < 0.0001.
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Fig. 36. Knockdown of Rab7L1 does not alter the centrosomal cohesion deficits mediated by
pathogenic LRRK2. a) Representative Western blot of extracts from control cells (-), or cells
transfected with wildtype (wt) or Y1699C-mutant LRRK2, along with either ctrl-siRNA or Rab7L1-
siRNA as indicated, and blotted against Rab7L1 or tubulin as loading control. b) Quantification of
the type of experiments depicted in (a), with levels of Rab7L1 normalized to tubulin and to Rab7L1
levels in the presence of ctrl-siRNA. Bars represent + s.e.m. (n=3 experiments); *, p < 0.05.
c) Example of HEK293T cells co-transfected with GFP-tagged Y1699C mutant LRRK2 (green) and
either ctrl-siRNA or Rab7L1-siRNA as indicated, and stained with pericentrin antibody (Alexa 647-
conjugated secondary antibody, pseudo-colored in red) and DAPI (blue). Scale bar, 10 pm.
d) Quantification of the split centrosome phenotype in control cells transfected with either ctrl-
SiIRNA or Rab7L1-siRNA, or in cells co-transfected with siRNA and with wildtype or mutant
LRRK2. Around 100 transfected cells were analyzed per condition per experiment. Bars represent
mean * s.e.m. (n=3 experiments); ***, p < 0.005.
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Fig. 37. Knockdown of Rab8a significantly reverses the centrosomal cohesion deficits
mediated by Rab7L1 and wildtype LRRK2. a) Representative Western blot of extracts from
control pCMV-transfected cells, or cells transfected with wildtype (wt) LRRK2 and Rab7L1, along
with either ctrl-siRNA or Rab8a-siRNA as indicated, and blotted against Rab8a or tubulin as
loading control. b) Quantification of the type of experiments depicted in (a), with levels of Rab8a
normalized to tubulin and to Rab8a levels in the presence of ctrl-siRNA. Bars represent £ s.e.m.
(n=3 experiments); *, p < 0.05. ¢) Example of HEK293T cells co-transfected with GFP-tagged
wildtype LRRK2 (green) and mRFP-tagged Rab7L1 (red), and either with ctrl-siRNA or Rab8a-
SiRNA as indicated, and stained with pericentrin antibody (Alexa 405-conjugated secondary
antibody, blue) and TO-PRO-3 (far red fluorescence similar to Alexa 647, pseudo-colored in cyan).
Scale bar, 10 pum. d) Quantification of the split centrosome phenotype in control cells transfected
with either ctrl-siRNA or Rab8a-siRNA, or in cells co-transfected with the respective siRNAs and
with wildtype LRRK2 and Rab7L1. Around 100 transfected cells were analyzed per condition per
experiment. Bars represent + s.e.m. (n=3 experiments); ***, p < 0.005; **, p < 0.01.
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induced by the co-expression of Rab7L1 and LRRK2, without interfering with the
recruitment of LRRK2 to the Golgi complex (Fig. 37c,d). Therefore, and as
described for pathogenic LRRK2 mutants [306], phosphorylated Rab8a seems to
mediate, at least in part, the centrosomal cohesion deficits induced by Rab7L1 and

wildtype LRRK2.
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Discussion

The present work provides evidence that mutant LRRK2 causes
centrosomal alterations in both dividing as well as non-dividing cells. Centrosomal
deficits were observed with distinct pathogenic LRRK2 mutants and in distinct cell
lines, as well as in two different patient-derived cell types. The effects were
reverted by various specific and structurally distinct LRRK2 kinase inhibitors,
suggesting that LRRK2 causes centrosomal alterations in a Kkinase
activity-dependent manner. Pathogenic LRRK2 expression caused centrosomal
defects accompanied by an accumulation of endogenous phosphorylated Rab8a in a
pericentrosomal/centrosomal area. Centrosomal deficits were significantly reverted
upon RNAI of Rab8a, suggesting that they are, at least in part, mediated by Rab8a.
In addition, we show that increasing the levels of Rab7L1 causes recruitment of
wildtype LRRK2 to the Golgi complex, triggering accumulation of endogenous
phosphorylated Rab8a around the centrosome, and concomitant cohesion deficits
similar to the ones observed with pathogenic LRRK2 expression. The centrosomal
defects caused by wildtype LRRK2 in the presence of increased Rab7L1 levels are
also reverted by RNAIi of Rab8a. Altogether, the present data indicate that such
centrosomal defects may be a common phenotype for a broader spectrum of PD,
namely familial LRRK2-related PD and sporadic Rab7L1-related PD.

Effects of pathogenic LRRK2 on Rab8a function and centrosomal alterations

Our data confirm previous data [75] indicating that Rab8a is phosphorylated
on T72 by LRRK2 in vitro, and furthermore indicate that phosphorylation is largely
independent on the nucleotide-bound status of Rab8a. Our experiments indicate
that compared to wildtype or phosphorylation-deficient Rab8a, phospho-mimetic
Rab8a mutants do not display altered nucleotide binding/dissociation. This is in
contrast to published data [187] suggesting that the phospho-mimetic T72D mutant
shows enhanced GTP binding, whilst the T72A phospho-deficient mutant shows
decreased GTP binding, suggesting that hyperactivation of LRRK2 may increase
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the amount of active, GTP-bound Rab8a. Differences in experimental approaches
may account for those discrepancies. Whilst we used purified Rab8a protein and
radiolabeled *H-GTP and 3H-GDP to measure GTP and GDP binding capacity,
and GTP and GDP dissociation rates of the different Rab8a versions, respectively,
Jeong et al. used hydrolyzable GTP-agarose to isolate the different Rab8a versions
from whole cell soluble extracts [187]. The latter approach is highly susceptible to
the activity of many distinct and potent GTPases in total cellular extracts, and thus
unsuitable for sensitive and reproducible detection of possible alterations in the
nucleotide binding/hydrolysis of the different Rab8a versions.

In agreement with previous data [75], we found that phosphomimetic Rab8a
displays abolished interaction with GDI1/2, and decreased interaction with Rabin8.
These findings were taken to indicate that phosphorylated Rab8a may accumulate
in its membraneous environment in an inactive form, unable to be activated by
Rabin8, and also unable to be extracted from the membrane by GDI1/2 [75].
Indeed, when co-expressing pathogenic LRRK2 and Rab8a, most phosphorylated
Rab8a was found in a Triton-soluble, but not cytosolic fraction, upon subcellular
fractionation [76]. These data indicate that it is the membrane-bound form of
Rab8a which is phosphorylated by LRRK?2, and that the phosphorylation causes a
decrease in its interaction with Rabin8, thereby causing a decrease in the amount of
active, GTP-bound Rab8a, and thus a loss-of-function phenotype in terms of
Rab8a-mediated membrane trafficking events.

The subcellular localization of phosphorylated Rab8a in intact cells has
remained entirely unknown. Using phospho-state-specific antibodies, we were the
first to show that it localizes to a centrosomal/pericentrosomal area. This may
reflect membrane-bound phosphorylated Rab8a localized to the early recycling
compartment, which is localized in a perinuclear/pericentrosomal area and known
to be in physical contact with the centrosome [236]. Alternatively, phosphorylated

Rab8a may be directly associated with the centrosome. Future biochemical studies
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using purified centrosomes will be required to distinguish between those two
possibilities. In either case, phosphorylated Rab8a seems to be proximal to the
centrosome, a localization consistent with it directly contributing to the
centrosomal deficits described here.

Our data using immunocytochemistry in HEK293T cells show that
phosphorylated Rab8a accumulates in a pericentrosomal/centrosomal area in cells
expressing pathogenic LRRK2, but no phospho-Rab8a accumulation could be
detected in cells expressing wildtype LRRK2. This may be due to the small amount
of endogenous Rab8a being phosphorylated in the presence of wildtype as
compared to pathogenic LRRK2, which may not be detectable by this technology
and/or by the antibodies employed. In agreement with this, when co-expressing
wildtype LRRK2 with wildtype Rab8a, a phospho-Rab8a signal could be detected,
which was accompanied with centrosomal deficits in a manner dependent on the
LRRK2 kinase activity. These data indicate that increasing the amount of
phosphorylated Rab8a by distinct means causes centrosomal deficits, whilst the
presence of a basal amount of phosphorylated Rab8a has no effect on centrosomal
cohesion. It remains to be determined whether such "basal” amount of
phosphorylated Rab8a also accumulates in a centrosomal/pericentrosomal area
under conditions of endogenous wildtype LRRK2, or whether such accumulation is
only observed upon increasing phospho-Rab8a levels beyond a certain threshold,
maybe related to the affinity by which it binds to its target(s) in such
centrosomal/pericentrosomal area to cause the cohesion deficits.

We employed both sheep polyclonal as well as rabbit polyclonal antibodies
against phospho-Rab8a. Recently, highly potent rabbit monoclonal phospho-Rab8
and Rab10 antibodies have been developed [189]. However, in our hands, these
antibodies were not suitable for immunocytochemistry purposes. Therefore, studies
aimed at determining the accumulation of phospho-Rab8a in an endogenous

context from patient-derived samples will depend on the future development of
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additional phospho-antibodies suitable for such applications. In addition, the
phospho-Rab8a antibodies employed, as well as the monoclonal phospho-Rab8
antibodies generated, are not specific to Rab8a, but also crossreact with
phosphorylated Rab10 and Rab35 [189]. It will be interesting to determine whether
these Rab proteins, in their phosphorylated form, also contribute to the observed
centrosomal cohesion deficits, and thus whether the main LRRK2 kinase substrates
all impact upon the same mechanism. In either case, whilst we currently cannot
exclude the contribution of these other phosphorylated Rab proteins to the
centrosomal cohesion phenotype, Rab8a seems to be at least partially responsible,
since pericentrosomal/centrosomal accumulation was also detected using several
antibodies specific for total Rab8a, and since the resulting centrosomal cohesion
deficits were at least in part reversed upon knockdown of Rab8a.

As another means to increase phosphorylated Rab8a and determine its
effects on centrosomal cohesion, we used phosphomimetic Rab8a mutants.
However, these mutants were localized to the cytosol rather than to a membranous
compartment. Thus, they were not able to mimick the localization of
phospho-Rab8a in intact cells. Consequently, they may not be able to mimick the
action of phosphorylated Rab8a neither. This is evidenced by the fact that unique
protein interactors of the phosphorylated form of Rab8a have only been found
when using the phosphorylated protein, but not when using the phosphomimetic
versions [186]. Such inability of phosphomimetic mutants to mimic the
phosphorylated state of the protein may explain why overexpression of
phosphomimetic Rab8a mutants does not cause centrosomal deficits, and also does
not cause neurotoxicity in primary neurons nor degeneration of dopaminergic
neurons in vivo [187]. Whilst phosphomimetic mutants are designed to mimick the
phosphorylated state of a protein, both the negative charge and the size of the ionic
shell produced by aspartate (D) or glutamate (E) substitutions are different from

those of a phosphorylated residue at physiological pH. In addition, if the
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phosphorylation site serves as a recognition signal for a binding partner,
phosphomimetic mutants cannot bind as not fitting into the binding pocket [311,
312]. Therefore, and as observed here, phosphomimetic mutations often fail to
reproduce the changes to a protein caused by its phosphorylation, and any data
obtained with phosphomimetic Rab mutants have to be interpreted with great
caution.

Whilst the biochemical studies mentioned above indicate that LRRK2
mediated phosphorylation of Rab8a may lead to a loss-of-function phenotype, our
data indicate that at least in terms of the centrosomal readout described here, it
rather acts in a toxic gain-of-function manner. On the one hand, knockdown of
Rab8a in control cells did not cause centrosomal cohesion deficits. Conversely,
pathogenic LRRK2 expression caused centrosomal defects accompanied by an
accumulation of endogenous phosphorylated Rab8a in a
pericentrosomal/centrosomal compartment, and increasing the amount of
phosphorylated Rab8a by coexpression of wildtype LRRK2 with wildtype but not
phospho-deficient Rab8a caused centrosomal cohesion deficits and centrosomal
polarity defects in a kinase activity-mediated manner as well. On the other hand,
RNAI of Rab8a in pathogenic LRRK2-expressing cells caused a significant
reversal of centrosomal cohesion deficits. Whilst future studies will be required to
address whether the centrosomal cohesion deficits remaining upon Rab8a
knockdown are mediated by remnant Rab8a, by other functionally redundant Rab
protein LRRK2 kinase substrates such as Rab8b or Rab10 [75], or indeed by other,
non-Rab-related LRRK2 substrates, these results indicate that a significant part of
the phenotype is dependent on the presence of phosphorylated Rab8a. Altogether,
our data are consistent with a model whereby pathogenic LRRK2 kinase activity
causes an abnormal accumulation of phosphorylated Rab8a in a
pericentrosomal/centrosomal compartment with various downstream effects on

centrosome functioning, in a toxic gain-of-function manner.
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The mechanism(s) by which phosphorylated Rab8a causes the observed
centrosomal deficits remain unknown. Interestingly, a recent proteomics study
described a small subset of proteins, most prominently RILPL1/2, only interacting
with Rab8a when in its phosphorylated form [186]. These poorly characterized
proteins have been shown to localize to the primary cilium and centrosome, and
seem to regulate ciliary protein concentration by unknown mechanisms [313]. It
will be interesting to determine the possible colocalization of phosphorylated
Rab8a with those proteins by immunocytochemistry, and determine whether a
knockdown or knockout of these proteins causes reversal of the pathogenic
LRRK?2-mediated centrosomal deficits. In addition, further studies will be needed
to determine how the pericentrosomal/centrosomal accumulation of phosphorylated
Rab8a may lead to centrosomal deficits. Conceptually, this may occur by "mass
action", for example with accumulating phospho-Rab8a displacing proteins
forming a linker between duplicated centrosomes, or somehow impacting upon the
access and/or balance of kinase/phosphatase pathways which regulate the
dissociation of such linker proteins [244, 247]. Alternatively, phosphorylated
Rab8a may somehow impair centrosomal maturation processes by impacting upon
centriolar satellites, known to be crucial for such processes [314]. Finally,
phosphorylated Rab8a may also impact upon centrosomal function in non-dividing
cells via alterations in the subcellular positioning of the centrosome with respect to

the Golgi complex, a nexus which is known to be important for cell polarity [156].

Increased Rab7L1 levels mimic the effect of pathogenic LRRK2 on Rab8a

phosphorylation and centrosome cohesion

Since increased PD risk seems to correlate with increased Rab7L1
expression [45], we tested for centrosomal alterations in the context of wildtype
LRRK2 and overexpressed Rab7L1. Increased Rab7L1 levels caused recruitment

of LRRK2 to the Golgi apparatus. Such recruitment was independent on the
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LRRK2 kinase activity, as kinase-dead mutant LRRK2 or pharmacologically
kinase-inhibited LRRK2 displayed similar Rab7L1-mediated Golgi recruitment.
The  Rab7L1-mediated recruitment of  wildtype LRRK2  caused
centrosomal/pericentrosomal accumulation of phospho-Rab8a and centrosomal
cohesion deficits similar to the ones caused by pathogenic LRRK2. These defects
were mediated by the LRRK2 kinase activity, as reverted upon pharmacological
kinase inhibition and not observed with kinase-dead mutant LRRK2. RNAi of
Rab8a also rescued the centrosomal deficits caused by wildtype-LRRK2 in the
presence of overexpressed Rab7L1, again indicating that phosphorylated Rab8a
causes centrosomal deficits in a toxic gain-of-function manner. In addition, the
centrosomal deficits caused by the Rab7L1-mediated recruitment of wildtype
LRRK?2 depended on Golgi integrity, as not observed when expressing Rab7L1 and
wildtype LRRK2 in cells treated with brefeldin A. Thus, both the
Rab7L1-mediated Golgi recruitment as well as the kinase activity of wildtype
LRRK2 are required for the observed centrosomal defects. These data are in
agreement with recent studies indicating that Rab7L1 not only acts to recruit
LRRK2 to the Golgi complex, but also triggers its kinase activation [76, 93].

We also analyzed the effects of Rab7L1 expression on centrosomal
cohesion deficits in the context of endogenous levels of wildtype LRRK2. Whilst
Rab7L1 expression was without effect in HEK293T cells, it caused a significant
deficit in centrosomal cohesion when expressed in control SH-SY5Y cells. Whilst
further work will be required to dissect the reasons for these cell type-specific
differences, they may be related to the already high expression levels of
endogenous Rab7L1 in kidney [239] as compared to more rate-limiting amounts in
other tissues, also reflected by higher levels of endogenous Rab7L1 in HEK293T
as compared to SH-SY5Y cells, respectively. Alternatively, they may be due to
differential expression of other unknown Rab proteins which may modulate the
Rab7L1-mediated effects. Altogether, our present data indicate that the Golgi
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recruitment of wildtype LRRK2 by Rab7L1 causes centrosomal alterations by
increasing the molecular proximity of LRRK2 to its kinase substrate Rab8a,
allowing for the aberrant accumulation of phosphorylated Rab8a and resulting in
centrosomal cohesion deficits similar to those caused by pathogenic LRRK2,
indicating that such centrosomal cohesion defects may be a common phenotype for
a broader spectrum of PD.

Pathogenic LRRK2 mutants display an altered subcellular localization, with
a partial centrosomal/pericentrosomal colocalization which is most pronounced for
the pathogenic R1441C and Y1699C LRRK2 mutants, but also observed for the
G2019S LRRK2 mutant as compared to wildtype LRRK2. The precise mechanism
of such altered subcellular localization of pathogenic LRRK2 remains unclear, but
it is not dependent on Golgi integrity, as still observed in the presence of
brefeldin A. In agreement with these data, sSiRNA of Rab7L1 did not alter the
pericentrosomal localization or cohesion deficits mediated by pathogenic LRRK2.
Thus, whilst the Rab7L1-mediated Golgi recruitment seems to be crucial for the
downstream effects on centrosomal cohesion mediated by wildtype LRRK2,
pathogenic mutant LRRK2 seems to already display an altered subcellular
localization allowing for subsequent effects on centrosomal cohesion via Rab8a
phosphorylation. Interestingly, recent studies using fixation conditions to deplete
cytosolic proteins indicate that pathogenic LRRK2 can be detected in a perinuclear
region where it partially colocalizes with Rab8a [93]. Such subcellular proximity of
pathogenic LRRK2 with its kinase substrate Rab8a may thus be sufficient to cause
centrosomal deficits in a manner largely independent on Rab7L1.

Previous studies have reported that pathogenic LRRK2 disrupts Golgi
morphology [45, 93, 150], which may be due to LRRK2-mediated Rab7L1
phosphorylation [238]. Our data suggest that the centrosomal cohesion deficits
mediated by pathogenic LRRK2 are not a downstream effect of altered Golgi

morphology, even though an intact Golgi is required for the Rab7L1-mediated
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recruitment and concomitant downstream centrosomal defects mediated by
wildtype LRRK2. Similarly, even though LRRK2 phosphorylates Rab7L1 [76,
238], the observed centrosomal cohesion deficits with pathogenic LRRK2 are not
due to aberrant Rab7L1 phosphorylation, as also observed upon siRNA of Rab7L1.
Rather, they correlate with the abnormal  phosphorylation  and
centrosomal/pericentrosomal accumulation of Rab8a. Not necessarily in contrast to
our data, Purlyte et al. have shown that Rab7L1 knockout reduces activation of
LRRK2 kinase activity, as they observed a reduction in phospho-Rabl0 and
phospho-S935 LRRK2 signals, implying that Rab7L1 is needed for
wildtype-LRRK2 kinase activity [93]. It may be possible that whilst Rab7L1 is
needed for wildtype-LRRK2 activation, pathogenic LRRK2 shows a Rab7L1
independent kinase activity. Also, it may be possible that our sSiRNA knockdown is

incomplete, and remnant Rab7L1 is still able to activate pathogenic LRRK2.

Normal Conditions Increased Rab7L1 Pathogenic LRRK2

Recycling
Endosome

%Cemmsome

Recycling

O O Endosome

%Centmsome

N

@

Recycling
Endosome

%Cenimsome

Nucleus Nucleus Nucleus

© Wildtype LRRK2 @ Mutant LRRK2 ‘ Rab7L1 . Rab8a @Phospho-RabSa

Fig. 38. Schematics of how altered Rab7L1 levels or pathogenic LRRK2 mutants cause accumulation of
phospho-Rab8a and centrosomal cohesion deficits. Under normal conditions, wildtype LRRK2 is largely
cytosolic, but can also be recruited to the Golgi by binding to endogenous Rab7L1 (“Normal Conditions™).
Under conditions of increased Rab7L1 levels (“Increased Rab7L1”), more wildtype LRRK2 becomes recruited
to the Golgi apparatus. This new localization allows LRRK2 to phosphorylate Golgi-localized Rab8a, which
accumulates at/around the centrosome, resulting in centrosomal cohesion deficits. Pathogenic LRRK2
(“Pathogenic LRRK2”), by currently unknown mechanisms, displays a more pericentrosomal/centrosomal
localization, which probably causes aberrant Rab8a phosphorylation from the recycling endosome that is in
direct contact with the centrosome, causing centrosomal cohesion deficits in a manner independent on Rab7L1
or on Golgi integrity.
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Centrosomal defects and implications for PD

The link between centrosomal alterations as described here and its
relevance to PD remains unclear. Deficits in adult neurogenesis have been
suggested to contribute to some of the age-dependent non-motor symptoms of PD
patients [315, 316], including depression, anxiety and hyposmia, as adult
neurogenesis in humans occurs in the hippocampal dentate gyrus and in the
subventricular zone/olfactory bulb [317, 318]. It will be interesting to determine
whether alterations in centrosomal cohesion parallel the deficits in cell growth of
neuronal progenitor cells (NPCs) derived from LRRK2 PD patients in vitro [316],
or the impairment of adult neurogenesis in mutant LRRK2-transgenic mice in vivo
[315]. Two studies have tried to determine whether post-mortem brains from PD
patients show altered adult neurogenesis with contradictory results. The initial
study identified significant reduced adult neurogenesis in post-mortem brains from
4 sporadic PD patients as compared to controls [319]. However, a later study using
10 sporadic PD patients did not report differences in adult neurogenesis markers
[320]. The reduced number of patients and the lack of patients’ genotypes may
explain the differences observed between the two studies. Therefore, studies using
LRRK2-PD patients are necessary to corroborate the data obtained in mice models
and patient-derived NPCs.

In addition, as centrosomal alterations are frequently associated with
cancer, the changes reported here may further contribute to the reported increased
cancer risk in LRRK2-PD patients [271-273]. Centrosomes are the major
microtubule-nucleating centers within a cell, and proper centrosome functioning
and orientation ensure appropriate microtubule-mediated vesicular trafficking.
Interestingly, pathogenic LRRK2 has been linked to alterations in microtubule
stability [165] and to intracellular vesicular trafficking steps including autophagy,
endolysosomal and retromer-mediated trafficking pathways [45, 126, 129, 140,
145, 150, 296, 321]. Therefore, the centrosomal alterations described here may
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contribute to the observed alterations in microtubule-mediated membrane
trafficking pathways which have been directly related to the pathobiology of PD
[322, 323].

Importantly, our data also suggest that centrosomal cohesion deficits may
comprise a valid cellular biomarker readout for testing the efficacy of LRRK2
kinase inhibitors in clinical trials, as centrosomal cohesion deficits are observed in
distinct peripheral cell types derived from G2019S LRRK2-PD patients as
compared to healthy controls. Since increased PD risk seems to correlate with
increased Rab7L1 expression [45], the finding that increased Rab7L1 also causes
centrosome cohesion deficits may have implications for targeting LRRK2 kinase
activity also in Rab7L1-related idiopathic PD. It will be important to determine
whether centrosomal alterations can also be observed in peripheral cells from
Rab7L1 risk factor patients, and from patients due to mutations in other genes, such
as VPS35, recently shown to activate the LRRK2 kinase activity [324]. In either
case, much further work is required to decipher whether such centrosomal
alterations play a role in PD pathogenesis or merely serve as a cellular readout in
patient-derived peripheral cells.

Centrosomal deficits were also observed in non-dividing cells.
Differentiated SH-SY5Y cells expressing pathogenic LRRK2 displayed a deficit in
cell polarity as evidenced by a significant increase in the amount of cells with
abnormal positioning of the centrosome with respect to the longest neurite and a
decrease in overall differentiation capability, consistent with previous reports that
pathogenic LRRK2 interferes with neurite outgrowth [126, 129, 315, 325]. Mutant
LRRK2 also caused deficits in cell polarity associated with an impairment in
directional cell migration. Whilst both positive and negative effects of mutant
LRRK2 on cell migration have been previously described [265-267], this may
relate to cell type-specific differences in the position of the centrosome with respect

to the leading edge of migratory cells [326]. In addition, impaired adult
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neurogenesis in mutant LRRK2-expressing cells seems to be accompanied by a
reduction in the number of newly generated neurons migrating to the olfactory bulb
[315]. As deficits in these processes may contribute to early clinical signs of PD
such as anosmia, it will be interesting to determine whether these migrational
deficits are due to a lack of proper centrosome positioning and cell polarization in
vivo. Since Rab8a has also been implicated in neurite formation and polarized
membrane transport [208, 327], and since polarity deficits were also observed
when co-expressing wildtype but not phospho-deficient Rab8a with wildtype
LRRK2, it is tempting to speculate that the effects on neurite outgrowth and
directional migration may also involve altered Rab8a-mediated processes.

Apart from our studies linking pathogenic LRRK2 to centrosomal deficits, a
recent study reported a link between pathogenic LRRK2 and ciliogenesis, a
centrosome-related event [186]. A deficit in ciliogenesis was observed in R1441G
mutant LRRK2 knockin MEFs, which was reverted by a LRRK2 kinase inhibitor,
even though no comparison was made to control cells in the absence or presence of
kinase inhibitor [186]. Similarly, expression of G2019S mutant LRRK2 in 3T3
fibroblasts was shown to display ciliogenesis defects as compared to cells treated
with kinase inhibitor, even though this was not compared to control cells [186], so
further studies are needed to establish a possible link between pathogenic LRRK2
and ciliogenesis. In addition, expression of phospho-mimetic Rab8a mutants did
not cause an effect on ciliogenesis, and these mutants were not localized to a ciliary
compartment, in agreement with our data that the phospho-mimetic mutants are not
properly mimicking the localization and functional status of phosphorylated Rab8a.
Interestingly, the phospho-deficient Rab8a mutant was also not localized to a
ciliary compartment under starvation conditions. This is in contrast to our
localization studies, suggesting that at least part of phospho-deficient Rab8a is
properly localized to an early recycling compartment under serum-fed conditions,

all whilst not able to trigger centrosomal deficits when co-expressed with wildtype
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LRRK2. Thus, careful subcellular fractionation studies are warranted to determine
whether phospho-deficient Rab8a is indeed localized to a membraneous
compartment similar to wildtype Rab8a, and thus able to properly act as a
phospho-deficient mutant.

Whilst pathogenic LRKR2-mediated deficits in ciliogenesis require
independent validation, it also remains unknown how ciliogenesis deficits may
relate to PD pathogenesis. On the one hand, this may lead to the observed defects
in adult neurogenesis in pathogenic LRRK2-expressing cells and animal model
systems [315, 316], which at least in some neuronal subtypes can be driven by
signals from non-motile primary cilia [328]. Alternatively, it may affect the pool of
dopamine receptors (D1, D2 and D5) described to accumulate in neuronal cilia
[278, 279], which may impact upon dopamine-mediated signalling in the striatum.
Future studies will be needed to determine possible differences in the amount of
ciliated cells in the substantia nigra and/or the striatum in pathogenic

LRRK2-expressing rodent model systems.

Rab protein phosphorylation by LRRK2 and PD
Our work reveals a mechanistic link between pathogenic LRRK2 and

altered Rab protein phosphorylation which may be relevant to PD pathogenesis. A
recent study aimed to address the consequence of Rab phosphorylation in neuronal
cells in vitro as well as in vivo [187]. Overexpression of phosphomimetic as well as
phosphodeficient Rab8a in cortical neurons in vitro was found to cause a slight
deficit in neurite length, without effects on neurotoxicity as assessed by TUNEL
staining [187]. Again, given that phosphomimetic mutants do not seem to properly
mimick the phosphorylated status of Rab8a, these data have to be interpreted with
caution. The same study also revealed that both phosphodeficient as well as
phosphomimetic Rab35 mutants caused pronounced neurite length deficits and

neurotoxicity in vitro, and both caused neurodegeneration of dopaminergic neurons
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in vivo upon adeno-associated virus (AAV) injected into the SNpc of adult mice
[187]. Whilst further experiments will be required to determine the effects of
Rab35 phosphorylation on mechanisms related to PD pathogenesis, these data
again highlight the limitations of using point-mutated Rab protein constructs.

The groundbreaking studies identifying a subset of Rab proteins as LRRK2
kinase substrates were performed using MEFs [75]. Therefore, it will be crucially
important to determine which Rab proteins are present and enriched in the distinct
brain regions, and which are subject to LRRK2-mediated phosphorylation.
Interestingly, phosphorylated Rab10 was detected in the cingulate cortex from
control as well as sporadic PD patients, even though levels were highly variable
and did not differ between healthy controls and sporadic PD patients [189]. It will
be important to determine possible differences in the phosphorylated status of Rab8
as well as Rabl10 in LRRK2-PD patients as compared to healthy controls. In
addition, phosphoproteomic studies aimed at detecting the subset of Rab proteins
phosphorylated by LRRK2 in distinct brain areas may yield insight into the precise
subset of Rabs being present and phosphorylated by LRRK2 in PD-relevant tissue.
Interestingly, if Rab proteins are confirmed to play a role in PD pathogenesis, a
new possible therapeutic approach may be opened, in which targeting the activity
of certain Rabs by modulating the effects of their GEFs or GAPs may complement
and/or replace LRRK2 kinase inhibitor treatments. Finally, it will also be important
to determine whether these Rab proteins all act upon the same intracellular
pathway, or whether their phosphorylation causes distinct cellular deficits which all

impinge upon cellular demise associated with PD.
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10.

11.

Conclusions

Pathogenic LRRK2 causes deficits in centrosome positioning in differentiated
SH-SYS5Y cells that correlates with decreased differentiation capacity and
shortening of neurite length.

Pathogenic LRRK2-expressing SH-SY5Y cells display deficits in directed and
persistent cell migration associated with cell polarity defects.

Pathogenic LRRK2 cause centrosomal cohesion deficits in dividing SH-SY5Y
and HEK293T cells.

The centrosomal cohesion deficits observed upon pathogenic LRRK2
expression are dependent on LRRK2 kinase activity.

Centrosomal cohesion deficits are observed in two distinct peripheral cell types
from LRRK2 PD patients as compared to healthy controls.

Pathogenic LRRK2 phosphorylate Rab8a and cause abnormal
pericentrosomal/centrosomal accumulation of phosphorylated Rab8a, that is
reverted upon LRRK2 kinase inhibition.

Centrosomal cohesion defects caused by pathogenic LRRK2 are partially
reverted upon Rab8a knockdown, indicating that they are, at least, partially
mediated by Rab8a.

Pathogenic LRRK2 phosphorylate Rab8a in vitro independently of the
nucleotide-bound status of Rab8a.

Phospho-mimetic Rab8a do not display altered nucleotide binding or retention
but show reduced GDI1/2 and Rabin8 interaction in vitro.

Phospho-mimetic Rab8a mutants are not properly localized in cells as
compared to endogenous phopho-Rab8a, and as a consequence they do not
cause centrosome splitting.

Mimicking sporadic PD by increasing levels of Rab7L1 cause re-localization of
wildtype LRRK2 to the Rab7L1 compartment in close proximity to the

centrosome.
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12.

13.

14.

15.

Mimicking sporadic PD by increasing levels of Rab7L1 together with wildtype
LRRK2 cause abnormal accumulation of phosphorylated Rab8a around the
centrosome, and it is reverted upon LRRK2 kinase inhibition.

Mimicking sporadic PD by increasing levels of Rab7L1 together with wildtype
LRRK2 cause centrosome cohesion defects comparable to those observed
under pathogenic LRRK2 expression, that are also reverted upon LRRK2
kinase inhibition.

Centrosomal cohesion defects caused by increased levels of Rab7L1 together
with wildtype LRRK2 are partially reverted upon Rab8a knockdown, indicating
that they are, at least, partially mediated by Rab8a.

Golgi integrity is required for the effects on centrosome behavior caused by
Rab7L1 and wiltype LRRK2 co-expression, but it is not needed for the

centrosomal alteration caused by pathogenic LRRK2.
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Conclusiones

LRRK2 patogénico causa deficits en el posicionamiento del centrosoma en
celulas SH-SY5Y diferenciadas relacionadas con una menor capacidad de
diferenciacion de dichas células y con un acortamiento de la longitud de las
neuritas.

Las células SH-SY5Y que expresan LRRK2 patogénico muestran déficits en
migracion dirigida y constante asociados con problemas de polaridad celular.
LRRK2 patogénico causa defectos en la cohesion del centrosoma en células
SH-SY5Y y HEK293T en division.

Los problemas de cohesidn del centrosoma que se observan al expresar LRRK2
patogénico son dependientes de la actividad quinasa de LRRK2

Dos tipos diferentes de células periféricas derivadas de pacientes de Parkinson
con mutaciones en LRRK2 muestran los problemas de cohesion centrosomal
comparados con controles sanos.

LRRK2 patogénico fosforila a Rab8a y causa una acumulacion de Rab8a
fosforilado alrededor del centrosoma que es revertida al tratar las células con
inhibidores de la actividad quinasa de LRRK2.

Los defectos en la cohesion centrosomal causados por LRRK2 patogénico son
parcialmente revertidos al disminuir los niveles de Rab8a, indicando que son,
como minimo, parcialmente mediados por Rab8a.

LRRK2 patogénico fosforila a Rab8a independientemente del tipo de
nucleotido unido a Rab8a in vitro.

Los constructos que mimetizan Rab8a fosforilado no muestran una capacidad
alterada de unién o retencién de nucledtidos, pero si muestran menos
interaccion con GDI1/2 y Rabin8 in vitro.

Los constructos que mimetizan Rab8a fosforilado no muestran la localizacion
celular que Rab8a fosforilado endogeno presenta, y por lo tanto no causan

separacion del centrosoma.
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11.

12.

13.

14.

15.

El aumento de los niveles de Rab7L1 para intentar imitar la enfermedad de
Parkinson esporadica provoca una relocalizacion de LRRK2 silvestre al
compartimento donde se halla Rab7L1, que se localiza muy proximo al
centrosoma.

El aumento conjunto de los niveles de Rab7L1 y LRRK2 silvestre causa una
acumulacion de Rab8a fosforilado alrededor del centrosoma que es revertida al
tratar las células con inhibidores de la actividad quinasa de LRRK2.

El aumento conjunto de los niveles de Rab7L1 y LRRK?2 silvestre provoca
defectos en la cohesion centrosomal similares a los observados al expresar
LRRK2 patogénico que también son revertidos al usar inhibidores de la
actividad quinasa de LRRK2.

Los defectos de cohesion del centrosoma causado por el aumento conjunto de
los niveles de Rab7L1 y LRRK2 silvestre son parcialmente revertidos al
disminuir los niveles de Rab8a, lo que indica que, de nuevo, son al menos
parcialmente mediados por Rab8a.

La integridad del aparato de Golgi es necesaria para que ocurran los efectos en
el centrosoma observados por la expresion conjunta de Rab7L1 y LRRK2
silvestre, pero no es necesario para los defectos centrosomales causados por
LRRK?2 patogénico.
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