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Abstract



Leucine-rich repeat kinase 2 (LRRK2) encodes a large and complex protein which is widely expressed in brain
and peripheral organs. Mutations in LRRK2 are a major cause of inherited and sporadic Parkinson’s disease
(PD), an age-dependent neurodegenerative disorder characterized by neuronal damage in multiple brain
regions and consequent motor defects. Studies performed in the Central Nervous System (CNS) support a
role of the protein in different functions, but despite extensive studies, the pathophysiological role of LRRK2
still remains enigmatic.

LRRK2 encompasses two enzymatic domains (a kinase and GTPase domain) and multiple protein-protein
interaction modules that can scaffold several protein complexes. Therefore, defining the LRRK2 interactome
and understanding how its composition is modulated can be useful to identify its function.

Since LRRK2 is notably involved in vesicular trafficking, the first aim for the proposed study was to investigate
the role of the N-terminal domain of LRRK2 as a scaffold and its functional impact on synaptic vesicle (SV)
dynamics in the N2a neuroblastoma cell line. High resolution fluorescence microscopy techniques coupled
to genetically encoded sensors of SV fusion and recycling, demonstrated that the N-terminal domain is crucial
for LRRK2 targeting to membrane structures and for its interaction with proteins involved in the control of
SV mobilization and recycling. Our data confirm LRRK2 as a component of the presynaptic protein network,
coordinating both storage and mobilization of SV through its N-terminal domain. Mutations in this domain
(PD-linked E193K variant studied in this work) or modulation of its phosphorylation (in particular at serine
935) affects LRRK2 function via perturbation of its physiological network of interactors, thus resulting in
impaired SV dynamics (Chapter I).

In addition to being expressed in the CNS, LRRK2 can be detected in a variety of peripheral organs, including
the endocrine pancreas, thus leading to the suggestion that the protein may be implicated in other functions.
Therefore, in the second part of the project we focused on the endocrine pancreas and explored the possible
involvement of LRRK2 in the control of insulin release and glucose homeostasis, using both cellular and
animal models. Through pharmacological, molecular, and functional approaches we demonstrated that
LRRK2 and its kinase activity control the glucose-stimulated insulin secretion, by modulating the trafficking
of insulin granules. Expression of PD-associated LRRK2 mutants, characterized by enhanced kinase-activity,
increased basal insulin release, and decreased the glucose-stimulated secretion, thus affecting the animal’s
metabolic profile. These findings identify a new role of LRRK2 in the control of glucose homeostasis and
support the idea that LRRK2 may contribute to PD development and/or progression also indirectly through
modulation of glucose homeostasis and cellular energetics. Not surprisingly, drugs used in type 2 diabetes
and intended to restore the glucose homeostasis are among the most promising treatments currently being
considered as a possible new therapy for PD (Chapter ).

In the complex, our data indicate LRRK2 as a master regulator of secretory vesicles trafficking in both
neuronal and endocrine cells of the pancreas and suggest the protein as important therapeutic target in
multiple diseases.
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1.1 Parkinson ’s Disease: a general introduction

Parkinson’s disease (PD) is a chronic, progressive, late-onset neurodegenerative disease affecting about 2-
3% of the population over 65 years of age and is the second most common neurodegenerative disorder of
the human brain, after Alzheimer's disease (Poewe et al., 2017). The disease is clinically characterized by
impaired motor function, often encompassing non-motor symptoms, and was first described two centuries
ago by the English physician James Parkinson, who published an accurate description of itin 1817 named “An
Essay on the Shaking Palsy”. The clinical spectrum of this disease was later described J. M. Charcot, who also
changed its name to Parkinson's Disease (Dexter and Jenner, 2013; Lees et al., 2009; Parkinson, 2002; Titova
et al., 2017). The selective degeneration of pigmented dopaminergic (DAergic) neurons in the substantia
nigra pars compacta (SNpc) in the midbrain is responsible for the cardinal motor symptoms of the disease
(Dauer and Przedborski, 2003) (Figure 1.1). When more than 50-60% of the neurons in this area are
degenerated, symptoms of the disease appear. Surviving SNpc neurons often develop spherical eosinophilic
cytoplasmic protein aggregates (composed of a-synuclein, parkin, ubiquitin, and neurofilaments), known as
Lewy bodies (LBs) (Wakabayashi et al., 2013). The mechanisms leading to neuronal loss and LBs development
are not fully elucidated, although great progress has been made in the understanding of PD causes.

The onset of PD occurs usually around 55-60 years of age, although in a small percentage (5-10% of all cases)
may appear before the age of 40 ("early onset") or even under the age of 21 ("young onset") (Ferguson et
al., 2016; Rizek et al., 2016). Currently, there is no cure for PD, although second-line therapies improve
patients' quality of life (Hayes, 2019). The lack of treatment options to change the disease's progression,
together with the ageing population, predict a significant increase in the incidence of the disease in the near
future, with an important economic burden for patients and payers ($51.9 billion in 2017, estimated to be
about $79.1 billion in 2037 in the U.S.)(Yang et al., 2020). PD’s aetiology is heterogeneous and multifactorial,
and it is due to a combination of environmental and genetic factors. Exposure to toxicant chemicals and head
injury may increase the risk of PD, genetic susceptibility factors may modify the effects of environmental
exposures (Kim and Alcalay, 2017). Although known genes are responsible for a minority of PD cases (5-10%),
understanding their pathological mechanisms may be useful for improving prognosis determination, patient
care and for identifying new possible targets of pharmacological intervention.
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1.1.1 The clinical and pathological features of Parkinson’s disease

PD is a slowly progressive neurodegenerative disorder which has been divided into " pre-symptomatic" and
"symptomatic" stages. The disease development process is "silent" and takes years until motor symptoms
become evident (Sy and Fernandez, 2020) (Figure 1.2). The cardinal features based on motor symptoms, as
described by Parkinson, still remain crucial for the clinical diagnosis of PD. Nevertheless, it has long been
recognized there are several non-motor symptoms (NMS), which include autonomic and neuropsychiatric
signs. Indeed, several autonomic function disorders may insidiously develop in the prodromal phase up to
several years before the onset of motor features and may involve sleep disturbance, hyposmia (impaired
sense of smell), and constipation. Such symptoms have been shown to go in association with a significantly
increased risk of developing PD in differently healthy individuals in population-based cohort trials (Ishihara
and Brayne, 2006; Ross et al., 2008; Savica et al., 2009; Shiba et al., 2000). Taken together, these results
clearly indicate the presence of a PD stage in which affected subjects may be asymptomatic (‘preclinical PD')
or where they may exhibit an array of non-motor symptoms and/or subtle motor cues that do not satisfy
existing diagnostic criteria (‘prodromal PD') (Mahlknecht et al., 2015; A. H. V. Schapira et al., 2017; Stern et
al., 2012). The duration of this prodromal phase is variable, as is the timeline of NMS onset. The rate of
dopaminergic function decline (driven by dopaminergic neuron dysfunction and death) in PD can be variable
(as shown by the blue shaded segment region in figure 1.2). The first clinical manifestation occurs in the
middle phase of the pathological disturbance, when 50% or more of the dopaminergic neurons have
degenerated into the substantia nigra (A. H. V. Schapira et al., 2017). This stage (ranging in duration from 4-
12 years) typically encompasses the occurrence of some of the motor symptoms of the parkinsonism
spectrum and may be associated with the emergence of additional NMS. The diagnosis may be preceded by
emerging subtle motor characteristics unnoticed by the patient. If untreated, the movement disorder
advances relatively quickly after diagnosis. The motor problems continue to develop during the course of the
disease, coupled also with cognitive and autonomic features that become common in the later stages. The
most frequent clinical features associated with PD are discussed in the following sections.
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Figure 1.2. Time course of the manifestation of the motor and non-motor features of Parkinson’s disease (Adapted

from Schapira AHV., 2017).

1.1.1.1 The motor symptoms of Parkinson ‘s disease

The diagnosis of PD remains the greatest challenge for scientists and clinicians. It is based on clinical criteria,
mainly related to the presence of bradykinesia in combination with one or more cardinal motor deficits
(Radhakrishnan and Goyal, 2018). An additional criteria is the responsiveness to L-3, 4-
dihydroxyphenylalanine (L-DOPA), a precursor of DA and the most effective pharmacological treatment for
PD (it treats the clinical motor symptoms)(Poewe et al., 2017). Furthermore, the response to L-DOPA allows
to differentiate PD from other diseases with similar clinical presentation (Jagadeesan et al., 2017).

The clinical syndrome known as Parkinsonism, is historically associated with the triad of motor dysfunction
bradykinesia, rest tremor, and rigidity which may be also coupled with postural instability, often appearing
with the progression of the disease (Kouli et al., 2018). Main features of each symptom are reported below.

Bradykinesia: refers to slowness of movements and impairment of voluntary motor control. This slowness
encompasses reduction of performing automatic movements, difficulty with planning, initiating, and
executing movements etc, and this translates into difficulty in performing everyday activities (Kouli et al.,

2018).

Rest tremor: is characterized by a slow 4- to 6-Hz tremor, when the muscle is fully relaxed. It is an easily

identified symptom and is present in 75% of patients. The tremor, with typically unilateral onset, often affects
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the distal part of a limb. It mainly manifests with involuntary rotatory motions of hands and fingers called
"pill-rolling" (Jankovic, 2008). Tremor is a symptom that disrupts patients' emotional stability, yet it is a minor
contributor to patient disability as compared to the other manifestations of the disease.

Rigidity: presents as increased muscle tone or resistance to passive movement and it is experienced as a
stiffness and inflexibility of the limbs, neck, or trunk. The rigidity is more pronounced when associated with
an underlying tremor limb; when tremor is superimposed on rigidity, the resistance is ratchety and is known
as the “cogwheel” phenomenon. The rigidity may be uncomfortable and is often associated with pain (Hess
and Hallett, 2017; Jankovic, 2008).

Postural instability: is more common in patients in advanced stages of the disease. It is characterised by a
shuffled gait, difficulty maintaining equilibrium and festination (a gait disturbance characterized by short,
rapid, and accelerating steps and the inability to stop), leading to frequent falls and injury (Sveinbjornsdottir,
2016).

Similar to other neurodegenerative disorders, the onset of symptoms is insidious and very often nonspecific.
The appearance of motor symptoms is often asymmetrical and may involve only one limb, in the following
years, spread to one side of the body and later to both sides of the body, until the patient becomes almost
deprived of autonomy (Miller-Patterson et al., 2018). Other secondary symptoms may be also present
(freezing of gait, micrographia, dystonia, difficulty swallowing etc.), which do not occur in most cases
(Sveinbjornsdottir, 2016). To date, no final diagnostic methods exist to identify patients with PD in vivo. In
fact, definitive diagnosis of this disease can only be made by post-mortem, by detection of dopamine (DA)
denervation in patients’ brain, linked to depigmentation of the substantia nigra and deposition of LBs in
surviving neurons.

1.1.1.2 Non-motor symptoms of Parkinson ‘s disease

It has been long recognized that the neuropathology underlying PD includes also non-dopaminergic systems
that are known to cause several NMS including sensory and autonomic dysfunction, cognitive decline,
neuropsychiatric symptoms, and sleep disturbances (Amara and Memon, 2018; Poewe, 2008).

Sensory features: numerous alterations in sensation have been described, which increase in both prevalence
and severity as the disease progresses. Alteration of the olfactory sense is probably one of the most widely
recognized, but several problems with vision and pain also occur (Zhu et al., 2016).

Autonomic dysfunction: can be experienced during any stage of PD, and some features, such as constipation,
can precede the onset of motor symptoms by years or even decades. Such symptoms include orthostatic
hypotension, gastrointestinal and sexual dysfunction. However, sphincter symptoms are some of the most
insidious. (Pfeiffer, 2020; A. H. V. Schapira et al., 2017).

Cognitive decline: progressive cognitive deficits may emerge in 75% of patients with PD, and can reach
significant severity in about 20% of cases, leading to dementia (Williams-Gray et al., 2006). The ability to
program, organize, and use problem-solving strategies, and adapt one's behaviour to different situations is
the most impaired function in PD patients. In addition, patients with PD may experience attention disorders,
difficulties in learning new information, and problems with both episodic and prospective memory (Roheger
et al., 2018). When PD is associated with dementia, the decline in cognitive function can range from mild to
very pronounced (A. H. V. Schapira et al., 2017).



Neuropsychiatric symptoms: they include symptoms such as depression, anxiety, apathy, and psychosis, and
are experienced in most patients with PD. If such manifestations are present, they are difficult to manage
and are associated with decreased quality of life (Aarsland et al., 2009).

Sleep disturbance: include the inability to fall asleep or sleep, with frequent nocturnal awakenings. In some
cases, patients experience a reverse sleep cycle, sleep during the day, take several naps, and are awake at
night. In some cases, patients experience a REM sleep disorder (RBD): they talk and gesticulate during REM
sleep, acting out the content of their dreams. Such a patients have an approximately 80-90% risk of
developing PD (Pfeiffer, 2016). Insomnia can be related to the pathological features of the disease, as well as
to the use of dopamine-agonist drugs and L-DOPA (Louter et al., 2013; Stefani and Hogl, 2020).

NMS may appear early in the disease and become evident with disease progression. They contribute
significantly to overall disability and impaired quality of life in PD patients (Pfeiffer, 2016). The recognition
that non-motor abnormalities may emerge during all phases of the disorder, including the premotor phase,
has prompted their evaluation as possible biomarkers. Therefore, it is important to focus on treating non-
motor features to improve PD patients' prognosis and quality of life (A. H. V. Schapira et al., 2017;
Sveinbjornsdottir, 2016).

1.1.1.3 Neuropathological features of Parkinson ‘s disease

The pathological hallmark features of PD are the massive loss of DAergic neurons in the SNpc associated with
the progressive accumulation of LBs. The loss of these neurons, which normally contain high levels of
neuromelanin, leads to the classic SNpc depigmentation, typical neuropathological feature of this disease
(Hayes, 2019). Dopamine-positive cell death in the SNpc is the principal cause of PD's classic motor
symptomes. It is estimated that 50-60% of DAergic cells in the nigrostriatal system are lost before the onset
of the cardinal motor characteristics of PD (DeMaagd and Philip, 2015). PD pathology extends not only to the
nigrostriatal system but also affects various extranigral regions. LBs formation and neurodegeneration also
takes place at the level of cholinergic (basal nucleus of Meynert, dorsal motor nucleus of vagus),
noradrenergic (locus coeruleus), serotonergic (raphe nucleus), as well as in the cerebral cortex (particularly
in the cingulate and entorhinal cortex), the olfactory bulb, and the autonomic nervous system (DeMaagd and
Philip, 2015). Widespread loss of cells throughout these multiple non-DAergic neurotransmitter systems is
thought to be responsible for the appearance of some of the non-motor symptoms of PD and do not respond
well to dopamine replacement therapies (Kalia et al., 2013). However, the precise pathological mechanisms
underlying PD and how LBs are related to the progression of the disease are still relatively unclear. Several
mechanisms have been suggested to be implicated in the pathogenesis of PD including abnormalities in
protein clearance, mitochondrial dysfunction, neuroinflammation, and oxidative stress (Rocha et al., 2018;
Zhang et al., 2021).



1.1.2 The aetiology of Parkinson’s disease

The aetiology of PD is multifactorial, complex, and in most patients is still unknown. It is determined by the
interplay of both environmental and genetic risk factors.

1.1.2.1 Environmental risks

Early evidence that exposure to environmental toxins may cause parkinsonism came in 1980s, with the
discovery of the MPTP (n-methyl-4-phenyl-1,2,3,6-tetrahydropyridine). The MPTP, which originates during
synthesis of a meperidine analog, was found to be the cause of a rapidly progressive parkinsonian syndrome
in intravenous drug users (Langston et al., 1983). In the brain, MPTP easily crosses the blood brain barrier
(BBB) and is metabolised by monoamine oxidase B (MAO B) into MPP+ (1-methyl-4-phenylpyridinium), a
potent mitochondrial complex | inhibitor. MPP+ displays a selective toxicity for DAergic neurons in SN,
thereby replicating PD symptoms (Richardson et al., 2005). The discovery of the neurotoxin MPTP and its
mechanism of action has led to the hypothesis that exogeneous toxins, causing the selective loss of DAergic
neurons, mimic the clinical and pathological symptoms of PD. Another neurotoxin found to mimic
parkinsonian symptoms is the 6-OHDA (6-hydroxydopamine), a hydroxylated analogue of the natural
neurotransmitter DA (Schober, 2004), which is able to selectively induce degeneration of DAergic neurons,
as a consequence of reduced mitochondrial complex | function and enhanced production of reactive oxygen
species (ROS) (Schober, 2004).

Increased risk of developing PD is linked to rural livings and agricultural professions, probably for their higher
incidence of exposure to pesticide or herbicide (Lai et al., 2002). Indeed, epidemiological studies suggest that
long exposure to pesticides, most notably paraquat (herbicide) and rotenone (insecticide), can induce the
typical PD phenotype (Betarbet et al., 2000; Sherer et al., 2003). Rotenone, analogous to 6-OHDA and MPTP,
mimics symptoms and neuropathology of PD, via inhibition of mitochondrial complex | and subsequent
degeneration of nigro-striatal DAergic neurons (Sherer et al., 2003). Paraquat is an herbicide that crosses the
BBB and causes degeneration of DAergic neurons. Unlike the described neurotoxins, paraquat exerts its
effects by oxidising the cytosolic form of thioredoxin (Trx), a class of small redox proteins, and activating the
JNK/MAPK mediated, caspase-3-dependent, cell death (Ramachandiran et al., 2007). Administration of these
neurotoxins and pesticides has been successfully used to generate experimental animal models of PD where
to investigate the mechanisms leading to PD and evaluate new potential therapies (Bové and Perier, 2012).

Finally, other environmental risk factors are lifestyle and trauma. In this regard, several case-reports and
epidemiological studies link traumatic head injuries with PD. It is possible that the high frequency and severity
of the head injuries can lead to a progressive Parkinson's-like disorder. It is frequently observed among
boxers, and called "pugilistic Parkinson's syndrome" (Gershanik, 2007; Lai et al., 2002).

1.1.2.2 The genetics of Parkinson’s disease

PD has long been considered a non-genetic disorder of ‘sporadic’ origin caused by synergistic environmental
factors. This concept changed when rare familial forms of parkinsonism and genetic mutations in specific
genes were identified. Since the discovery of disease-causing mutations in the Synuclein Alfa (SNCA) gene in
1997 (Polymeropoulos et al., 1997), several additional PD-associated genes have been identified through
linkage analysis, genome-wide association studies (GWAS), and family-based.

Over the past two decades, our understanding of the PD genetics has made significant progress. Genetic
forms accounts only for approximately 5-10% of patients with PD, and about 5% have Mendelian inheritance
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(Deng et al., 2018). To date, at least 23 chromosomal loci have been identified. They are termed "PARK", for
their link to PD, and numbered according to the order in which they were first identified. 19 disease-causing
genes for parkinsonism have been categorized by the HUGO Gene Nomenclature Committee (HGNC).
Mutations in these genes cause PD in relatively small numbers of patients, except for the Leucine-rich repeat
kinase 2 (LRRK2). All known combined monogenic forms of PD explain only about 30% of familial cases and
3-5% of sporadic cases (Nalls et al., 2019). Mutations in PARK genes include 10 autosomal dominant (AD) and
9 autosomal recessive (AR) genes; in addition, various genetic risk loci and variants for sporadic PD have been
identified by association studies, as summarized in Table 1.1 (Deng et al., 2018).

1.1.2.2.1 Autosomal dominant genes in PD

Mutations in three genes (SNCA, LRRK2, VPS35) are definitely established as causing AD forms of PD.
Evidence regarding a fourth gene, EIF4G1, is still inconclusive. The heterozygous mutations in the GBA gene
are an important risk factor for PD and widespread Lewy body disease (DLB) (Cherian and Divya, 2020).
Mutations in genes associated to AD forms of PD can have different impacts on protein function.
Neurotoxicity may derive from an "existing gain of function" in which PD protein activity is abnormally high
(this is believed to underlie the pathogenic mechanism of the LRRK2 mutants) or may occur for a "gain of a
new function". This last mechanism has been suggested for a synuclein, which, when mutated, is prone to
form oligomers and neurotoxic aggregates typical of PD.

1.1.2.2.2 Autosomal recessive genes in PD

Recessively inherited early-onset parkinsonism has been associated with mutations in PARK2 (RBR
E3ubiquitin protein ligase, commonly known as Parkin), PINK1 (PTEN induced putative kinase 1) and PARK7
(Parkinson protein7, commonly known as DJ-1). The mean age at onset is about 39 years, and the disease
usually develops without atypical clinical signs. The most commonly mutated AR gene of PD is Parkin, which
accounts for 8.6% of early-onset (< 50 years) PD cases, followed by PINK1 (3.7%) and DJ-1(0.4%) (Cherian and
Divya, 2020). Also, recessive mutations in ATP13A2 (ATPase type 13A2) have been associated with the
development of juvenile-onset, levodopa-responsive parkinsonism (Yang and Xu, 2014). Recently, other
recessive mutations in PLA2G6 (phospholipase A2, group V1), FBXO7 (F-box only protein 7), DNAJC6 and SYNJ1
were reported in patients with juvenile levodopa-responsive dystonia-parkinsonism (Nalls et al., 2019).
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Locus (OMIM) Location Full Gene Name Approved by HGNC HGNC Approved Gene Symbal Inheritance Disease onset Lewy bodies
[OMIM)
IPARK] (168601) 49221 synuclein alpha SNCA (163890) AD Early-onset, late- C
onset®
PARK2 (600116) 6926 parkin RBR E3 ubiquitin protein ligase PREN (602544) AR Early-onset NC
PARKS (B02404)  2pl3 Parkinson disease 3 PARK3 (Unclear) AD Late-onset NC
IPARK4 (B05543) 49221 synuelein alpha SNCA (163890) AD Early-onset C
IPARKS (613643) 4pl3 ubiquitin C-terminal hydrolase L1 UCHLI (191342) AD Early-onset, late- NC
onset
IPARK® (605909) 1p36 PTEN induced putative kinase 1 PINK1 (608309) AR Early-onset NC
IPARKY (606324) 1p36.23 parkinsonism associated deglycase PARK7 (602533) AR Early-onset NC
IPARKS (607060) 12q12 leucine rich repeat kinase 2 LRRKZ2 (609007 ) AD Late-onset C
IPARK® (606693) 1p36.13 ATPase 13A2 ATPI3AZ (610513) AR Early-onset MC
IPARK10 (6D6852) 1p32 Parkinson disease 10 PARK1O (Unclear) Unclear Late-onset NC
IPARK11 (607688) 2q37.1 GRB10 interacting GYF protein 2 GIGYF2 (612003) AD Late-onset MC
IPARK12 (300557) Xg21-925 Parkinson disease 12 PARK12 (Unclear) X-linked inheritance Late-onset NC
PARK13 (610297) 2pl3.l HirA serine peptidase 2 HTRAZ (608441) AD Late-onset, early- MC
onset®
IPARK14 (612593) 22q13.1 phospholipase A2 group VI PLAZGE (B03604) AR Early-onset NC
PARK1S (260300) 22q12.3 F-box protein 7 EBXO7 (605648) AR Early-onset NC
PARK16 (613164) 1g32 Parkinson disease 16 PARK16 (Unclear) Unelear Late-onset NC
PARK17 (614203) 16q11.2 VPS35, retromer complex component VPS35 (601501) AD Late-onset NC
PARK18 (614251) 3927.1 cukaryotic translation initiation factor EIF4G]1 (600495) AD Late-onset NC
4 gamma 1
PARK19 (615528) 1p31.3 Dinal heat shock protein family (Hsp40) DNAJC6 (608375) AR Early-onset NC
member Ch
IPARK20 (615530) 219221 synaptojanin 1 SYNJT (B0D4297) AR Early-onset NC
PARK21 (616361) 20pl3 transmembrane protein 230 TMEMZ230 (617019) AD Late-onset, early- C
onset™
IPARK22 (816710) 7pll.2 coiled-coil-helix-coiled-coil-helix domain CHCHD2 (616244) AD Late-onset, early- NC
containing 2 onset®
IPARK23 (616840) 15q22.2 vacuolar protein sorting 13 homolog C VPSI13C (GOBETI) AR Early-onset NC
11pl5.4 RIC3 acetylcholine receptor chaperone RIC3 (B10509) AD Late-onset, early- NC

onset™

Table 1.1. List of Parkinson disease-associated loci and genes. HGNC: HUGO Gene Nomenclature Committee, AD:
autosomal dominant, AR: autosomal recessive, *: few cases, C: confirmed; NC: not confirmed (Adapted from Deng H., et
al 2018).

The discovery of mutated genes in PD and functional studies on their protein products have yielded new
insights into the pathological events driving neurodegeneration. In particular, they have identified new,
interlinked, molecular pathways that appear to be disrupted in all forms of PD. A better understanding of
these events can pave the way for the design of targeted therapies, aimed at preventing and treating the
disease. Here | will review LRRK2, which is the topic of my thesis.

1.2 Leucine-rich repeat kinase Il

The genome-wide linkage analysis of a large Japanese family in 2002 identified a new locus for PD, termed
PARK8, on chromosome 12 (12p11.2-q13.1) (Funayama et al., 2002). In 2004, two different groups identified
missense mutation within a large gene segregating with PARK8-linked PD (Paisan-Ruiz et al., 2004; Zimprich
et al., 2004). The gene was named LRRK2 (Leucine-Rich Repeat Kinase 2) and the encoded protein LRRK2 or
dardarin (from the Basque term dardara, meaning tremor). Analysis of 133 families worldwide reported that
the frequency of LRRK2 mutations was found in 4% of hereditary PD and 1% of idiopathic PD patients (Healy
et al., 2008), comprising the most common genetic causes of both familial and sporadic PD.

1.2.1 LRRK2 multidomain structure

The gene encoding for LRRK2 maps to chromosome 12 at position q12, consists of 51 exons and is transcribed
into a 9kb mRNA. LRRK2 is a large protein consisting of 2527 amino acids, whose molecular weight is about
280 kDa and has the following structural domains (Guo et al., 2006; Mata et al., 2006) (Figure 1.3):
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An “armadillo repeats” domain (ARM).

An “ankyrin repeats” domain (ANK).

A leucine-rich repeats (LRR) domain.

A Roc domain with GTPase activity (ROC).

A carboxy terminal of Roc domain (COR).

A Kinase domain, homologous with MAP-kinase-kinase-kinase (MAPKKK).
» A C-terminal WD-40 repeat domain (WD40).

YV V V VY

LRRK2 is classified as member of the Roco family of proteins, it is characterized by the presence of a Ras-like
G domain, called Ras of complex proteins (Roc), which always occurs in tandem with the characteristic C-
terminal of Roc (COR) domain. The Roc-COR domain is then followed by a kinase domain belonging to the
mitogen- activated protein kinase kinase kinase (MAPKKK) subfamily at the C-terminal. In addition to the Roc-
COR-kinase catalytic core in the centre of the protein, Roco proteins are flanked by a large variety of
additional C- and N-terminal domains involved in protein-protein interactions. The N- terminal part of LRRK2
consists of armadillo (ARM), ankyrin (ANK), and leucine rich repeat (LRR) domains, while a WD40 domain is
present at the C-terminus of LRRK2 (Wauters et al., 2019).

The protein exists in both a monomeric and dimeric form, the former is mainly cytosolic and thought to be
inactive, the latter is enriched in membrane fractions and expected to be active (Civiero et al., 2012; Greggio
et al., 2008; Guaitoli et al., 2016; Berger et al., 2010).

The pathologic mutations are clustered inside the enzyme core of the GTPase (R1441C/H/G, Y1966C,
N141437H) and kinase (G2019S, 12020T, 12012T) domains. G2385R and R1628P risk variants reside in the ROC
and WDA40 repeat regions, respectively.
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¥1699C

R1628P Mutated sites

A419VNS51K \ J, M1646T G2385R

14 " IAF“H ] . HH’P WDA( ﬂzszr

>

> ® 6 > ®
S860S910S976 51292 S1444 T1967 T2031 T2483 : ;
5908 S935 T1343 $1403 T1491 T1968 S2032 PhOSphOI’y|atI0n sites
/-\ $955 T1368 T1404 T1503 2035
S973 T1410
@ T1452
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Figure 1.3. Schematic of LRRK2 functional domains, phosphorylation sites and the pathogenic mutations associated
with PD. ARM, armadillo; ANK, ankyrin repeat; LRR, leucine-rich repeat; ROC, Ras of complex proteins: GTPase; COR, C-
terminal of ROC; WD40, WD-40 domain. In the upper part, pathogenic mutations are indicated in red, and risk variants
are shown in blue. In the lower part, the phosphorylation sites are shown; the heterologous phosphorylation sites are
indicated in blue and the sites of autophosphorylation are in red. The most described and studied sites are indicated in
bold. To date, IKKs, PKA, and CK1a have been reported to phosphorylate LRRK2 at $910, $935, S955, and $S973 while PP1
dephosphorylate them. 14-3-3 protein has been reported to bind to phosphorylated $910, S935. (Adapted from

Marchand A., et al 2020).
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1.2.1.1 LRRK2 Domains

LRRK2 is a complex protein that carries a dual, GTPase and kinase, enzymatic activity.

The Roc domain encompasses a small fraction (residues 1335-1510) of the full-length LRRK2 protein (~7% of
the total) and possesses GTPase activity. The structure shares sequence homology with the Ras-related
GTPase superfamily. To work properly, the Ras-related GTPase requires the involvement of proteins called
'Guanine Nucleotide Exchange Factors' (GEFs) and 'GTPase-Activating Proteins' (GAPs). The coordinated
activity of the GEFs and GAPs proteins enables the molecular switch from the GDP-bound 'off' state to the
GTP-bound 'on' state, prompting the activation of the intrinsic GTPase function of the Roc domain (Bosgraaf
and Van Haastert, 2003; Nguyen and Moore, 2017; Tsika and Moore, 2013). In particular, the ROC domain of
LRRK2 binds a GDP molecule, while the protein is inactive. The binding to GTP is regulated by the interaction
with GEFs: the GEF protein binds the ROC domains of two distinct LRRK2 proteins, yielding a homodimer. This
enables the GDP-GTP exchange, which induces activation of the intrinsic GTPase function of the ROC domain,
triggering the protein autophosphorylation and the activation of the kinase function (Biosa et al., 2013;
Gilsbach et al., 2018). Crystallographic studies of the tandem Roc-COR domain of the Roco protein from
Chlorobium tepidum confirm that dimerization is mediated through COR domains (Deyaert et al., 2017;
Gotthardt et al., 2008). Thus, the dimerization represents a critical step for LRRK2 membrane localization and
for the regulation of its enzymatic activities. Interestingly, a large number of familial mutations cluster within
the Roc-COR tandem domain and impair GTPase activity. Pathogenic mutations (R1441 and 11371) disrupt
the ROC dimer resulting in decreased GTPase activity. The pathological mutations R1441C/G/H and Y1699C
in the GTPase domain, disrupt both the GTP binding and hydrolysis rate compared to wild-type LRRK2
(Daniéls et al., 2011; Deng et al.,, 2008; Li et al., 2007; Liao et al., 2014) which subsequently alters the
downstream enzymatic activity of the protein. Hence, GTPase activity is clearly important for LRRK2 function,
regulation of kinase activity, and development of PD.

The MAPKKK domain is positioned at the C-terminal of the COR domain and is organized in two lobes: a minor
lobe, at the N-terminal portion, and a major lobe, at the C-terminal portion. This particular conformation
leads to the formation of a gap between the two lobes, where are located the amino acid residues necessary
for the binding of the enzyme to ATP and its substrates (Mata et al., 2006). The kinase activity of LRRK2 is
regulated by the autophosphorylation of three residues located in the kinase activation loop and identified
by in vitro assays (Marchand et al., 2020). Other autophosphorylation sites have been identified within the
different domains of LRRK2, many of them are clustered around the central ROC domain. As mentioned
above, auto-activation of the ROC domain, in turn induces the kinase activity of LRRK2, suggesting a complex
and reciprocal regulation between the two enzymatic activities of the protein (Berwick et al., 2019; Greggio
et al., 2008; Marchand et al., 2020). The most common pathogenic variant, G2019S, falls within this domain
and exhibits enhanced kinase activity. This prompted to the hypothesis that all disease-related mutations are
gain-of-function and induce neuronal toxicity in a kinase-dependent manner, through hyperphosphorylation
of substrate proteins.

1.2.1.2 LRRK2 protein-protein interaction domains

LRRK2 encompasses several domains involved in protein-protein interactions, namely the ARM, ANK and LRR
repeats at the N-terminus as well as the WD40 repeats at the C-terminus.

The Trp-Asp-40 (WD40) domain consists of ~40 amino acids repeating motifs that terminate frequently with
a conserved glycine-histidine and the tryptophan-aspartate dipeptide motif. Each motif is arranged in 4
antiparallel B-sheets that form a donut shape. Seven of these motifs are disposed to form a positively charged
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arginine residue-rich structure that allows the WD40 domain to interact with negatively charged structures
such as phospholipids or nucleic acids (M. Schapira et al., 2017). The WD40 domains typically act as a scaffold,
often within large multiprotein complexes, has been implicated in the interaction with microtubules and
synaptic vesicles (Carrion et al., 2017; Piccoli et al., 2014; Zhang et al., 2019) and it is required to induce
LRRK2-mediated neurotoxicity (Jorgensen et al., 2009). The G2385R missense mutant within the C-terminal
WDA40, associated with increased risk of developing idiopathic PD (Tan, 2006; Xie et al., 2014), impacts on the
WD40 domain folding and binding properties and affects synaptic vesicle dynamics, thus supporting a key
role of this domain in the control of the synaptic function (Piccoli et al., 2014).

The leucine rich repeat (LRR) domain is upstream the ROC domain and comprises 13 repeats, each of which
consists of repeating 20-30 amino acid stretches. The following motif is present in the repeats: LxxLxLxxN/CxL,
where L indicates a leucine, valine, or isoleucine, N indicates an asparagine, threonine, or serine, and the x
refers to an acidic amino acid residue. This domain is structurally formed by a B-sheet followed by an a-helix
folded to make an arch. This concave arch segment is enriched with positively charged amino acids and
provides an interaction surface (Mills et al., 2014).

The ankyrin repeat (ANK) domain comprises seven repeats which form a slightly curved structure. Each
repeat consists of 33 amino acid residues organized into two a-helices, separated by loops. ANK is a highly
conserved domain, found in several bacterial and eukaryotic proteins, it mediates protein-protein
interactions and has been involved in several functions, ranging from transcriptional initiators to cytoskeletal
and cell cycle regulators (Mosavi et al., 2004).

The armadillo (ARM) domain, located at the N-terminal terminus of the protein, consists of 13 repeated units
of 42 amino acid stretches. It is organized in three a-helices each (named H1-H3), to which is interposed a
groove flanked by positively charged residues, mainly histidine. The H1 is the shortest helix and contains two
loops. The H2 and H3 helices consist of about three and four loops, respectively. The helices H2 and H3 both
share large hydrophobic interactions and are antiparallel in orientation, whereas H1 stands almost
perpendicular to the other helices. Together, these helices are arranged in a super-helical structure that
defines a protein-binding groove. All the repeats are merged in a single protein with a hydrophobic elongated
core (Striegl et al., 2010). The ARM domain was first identified in the segmental polarity protein armadillo
from Drosophila melanogaster, the mammalian homologue of B-catenin, which is essential for cadherin-
based cell adhesion and Wnt/Wingless growth factor signaling. In addition, it serves to link the cytoplasmic
cadherin domain to a-catenin and the actin cytoskeleton. The armadillo repeats are folded together to form
a superhelix, which provides a versatile scaffold for multiple protein interactions (Tewari et al., 2010). The N-
terminal ARM domain is involved in LRRK2 supra-molecular organization (Guaitoli et al., 2016) and mediates
the LRRK2 interaction with FADD, a key factor in the triggering of LRRK2-related toxicity (Antoniou et al.,
2018). More recently, by exploiting a combination of homology modelling, mutagenesis, pulldown, and
fluorescence-based assays, it has been found that a negatively charged loop in the ARM domain is involved
in the binding of LRRK2 with Rab32 GTPases (Rab32 and Rab38) (McGrath et al., 2021).

It remains poorly understood how the kinase, GTPase, and protein-protein interaction domains of LRRK2
govern cellular processes under physiological conditions and consequently how pathogenic mutations affect
the enzymatic activity and in general the functional output of LRRK2 on these processes.
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1.2.2 Cellular functions of LRRK2

So far, all available results strongly suggest a critical role of LRRK2 in the pathological processes underlying
inherited and sporadic PD. A wide range of studies have been performed in recent years using both cellular
and animal models, but a definitive pathophysiological role for LRRK2 remains to be clarified. Expression of
LRRK2 in astrocytes, microglia, neurons, endothelial cells, and peripheral immune cells (Kluss et al., 2018;
Marchand et al., 2020) suggests the protein involvement in signalling pathways that may be either cellular-
or context-specific. A convincing body of evidence establishes that LRRK2 is involved in the control of cellular
processes such as vesicular trafficking, organization of the cytoskeleton, control of the autophagic process,
endocytosis, modulation of mitochondrial functions, protein aggregation, translation, and inflammation
(Berwick et al., 2019; Kluss et al., 2018) (Figure 1.4). Such a wide range of functions further challenges the
understanding of LRRK2's role in the disease. In the next sections | will highlight the function of LRRK2 on
vesicular trafficking, since it was one of the aspects investigated during my thesis work.
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Figure 1.4. The cellular pathways that have been linked to LRRK2 functionality in physiology and/or disease over time
(Adapted from Wallings et al., 2015).

1.2.2.1 LRRK2 and vesicular trafficking

Impairment of vesicle trafficking appears to represent a common pathological mechanism in PD. Various
pieces of evidence support a role for LRRK2 as a regulator of membrane trafficking, from vesicle generation
to movement along the cytoskeleton and, eventually, to vesicle fusion with the cell membrane and recycling.
Of interest, expression of disease associated LRRK2 mutants disrupts the dopamine D1 receptor (DRD1)
trafficking in both animal and cellular models. In particular, the expression of G2019S LRRK2 impairs DRD1
internalization and causes its membrane enrichment, leading to alteration in signal transduction (Migheli et
al., 2013; Rassu et al., 2017).

LRRK2 has been implicated in synaptic vesicles endocytosis, via association with Rab5b, a regulator of vesicle
trafficking from the plasma membrane to the first endosomal compartments. siRNA knock-down of LRRK2 as
well as overexpression of LRRK2 markedly reduced synaptic vesicle endocytosis, and this altered phenotype
is rescued by the introduction of Rab5b (Shin et al., 2008). More recent studies demonstrated that Rab5b is
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a substrate of LRRK2 kinase activity in vitro and its GTPase activity is enhanced after phosphorylation (Yun et
al., 2015).

LRRK2 also interacts physically and functionally with many proteins that are critical facilitators of endocytic
vesicle trafficking, including Auxilin (DNAJC6) and EndophilinA (EndoA). Auxilin recruits Hsc70 to clathrin-
coated vesicles to initiate their uncoating. The S627 residue of auxilin is important for regulating its binding
to clathrin. Interestingly, LRRK2 phosphorylates auxilin at S627 residue, thereby inhibiting its binding to
clathrin and leading to impaired vesicles recycling (Erb and Moore, 2020).

Studies in Drosophila showed that LRRK2 phosphorylates EndoA, a protein involved in vesicle formation, at
Ser-75, thus reducing its affinity for membranes and thereby affecting EndoA-dependent membrane
tubulation (Wallings et al., 2015). In mammalian cells, LRRK2 phosphorylates the neuron specific EndoAl,
supporting the idea that the signaling cascade governing synapse function translates from fly to mammalian
neurons (Arranz et al., 2014).

Among LRRK2 substrates, it was found to interact also with Rab7L1 (also called Rab29), which is associated
with the trans-Golgi network and mediate the retrograde trafficking. Studies showed how Rab7L1 interacts
with LRRK2 to regulate retromer function and lysosomal pathways to modify intraneuronal protein sorting
and PD risk (MacLeod et al., 2013). In addition, genome-wide association studies (GWAS) highlight a genetic
interaction between Rab7L1 and LRRK2 (Beilina et al., 2014).

LRRK2 has been also proposed to modulate the exo- and endo-cytic pathways by regulating the soluble NSF
attachment protein receptor (SNARE) complex dissociation via phosphorylation of NSF (N-ethylmaleimide-
sensitive factor). Following vesicle fusion with the membrane and exocytosis, NSF is able to associate with
SNAREs via SNAP25 (synaptosomal-associated protein 25) and, through its ATPase activity, to induce
disaggregation of the SNARE complex (Ryu et al., 2016). LRRK2-mediated phosphorylation of NSF enhances
its ATPase activity and increases the rate of SNARE complex disassembly in vitro (Belluzzi et al., 2016). Snapin,
a SNAP-25 binding protein associated with the SNARE complex, is another LRRK2 kinase substrate. Thus,
inhibition of snapin and SNAP25 interaction blocks the association of the SNARE complex with
synaptotagmin. Snapin null mice show impaired calcium-mediated exocytosis and disrupted SNAP25-
Synaptotagminl binding. LRRK2 both interacts with and phosphorylates Snapin at Thrll7. The
phosphorylation rate is higher with the pathological LRRK2 G2019S mutation as well as with the
phosphomimetic Snapin-T117D and, in either case, causes decreased association of synaptotagminl with
SNARE proteins, suggesting the involvement of LRRK2 in neurotransmitter release (Hur et al., 2019).

LRRK2 binds to various synaptic proteins through its WD40 domain (Piccoli et al., 2014), among them the
synapsin |, an important SV-associated phosphoprotein. Synapsin | anchors SV to the actin cytoskeleton in a
reversible manner, thereby controlling the number of vesicles that are at the active zone and ready for fusion
(Cesca et al., 2010). The G2385R variant within the C-terminal WD40 domain (Tan, 2006; Xie et al., 2014)
binds less efficiently to synapsin | and increases the synaptic vesicle trafficking (Carrion et al., 2017). Recently,
it has been demonstrated that synapsin | is phosphorylated by LRRK2 and this phosphorylation plays a pivotal
role in regulating the glutamate release at pre-synaptic sites (Marte et al., 2019).

These results confirm that LRRK2 is involved in a complex range of cellular functions including vesicle
dynamics, trans-Golgi networks, and lysosomal homeostasis. Yet is very challenging to bring together various
results from different models and combine them into a comprehensive description of the underlying
molecular mechanism supported by LRRK2.
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1.2.2.1.1 Rab GTPase as LRRK2 target

Our understanding of LRRK2 functions has significantly evolved since the discovery of a subset of small
GTPases (Rabs) as physiological substrates of the enzyme. Rab proteins are distributed among specific
membrane-bound compartments, and act as key regulators of vesicular trafficking, coordinating multiple
aspects such as vesicle formation, maturation, transport, binding, and fusion. Rab GTPases represents by far
the largest subgroup of the Ras-like GTPase superfamily and, in the human genome, embrace more than 60
members (Figure 1.5). These proteins shift cyclically from a GTP-bound to a GDP-bound form, and they
transition between states either through GDP release (a slow and limiting step) or by hydrolysis of the bound
GTP (as well slow). With the intrinsic slowness of GDP release and GTP hydrolysis, therefore, the transition
from the active GDP-bound form to the inactive GDP-bound form is facilitated by secondary proteins called
guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs), which both enhance the
rates of these reactions and are rather specific regarding their corresponding Rab substrates. Rabs, in their
GTP-bound form, recruit effector proteins from the cytosol, which establish the functional membrane
domains, allowing SNARE proteins to interact and drive membrane fusion. GDP-bound Rab becomes a
substrate of the GDP dissociation inhibitor (GDI), which pulls Rab out of the membrane. GDI-bound Rab is
then able to be reintegrated into the membrane to begin the cycle again (Hutagalung and Novick, 2011;
Stenmark, 2009). The link between LRRK2 and Rab GTPases was first established genetically (MacLeod et al.,
2013), then many lines of evidence identified a number of RAB GTPase as LRRK2 substrates both in vitro and
in vivo. An investigation of LRRK2 substrates analysis based on large-scale phosphoproteomic screening has
generated substantial evidence for LRRK2-mediated phosphorylation of a subset of RAB GTPases:
Rab3A/B/C/D, Rab8A/B, Rab10, Rab12, Rab 29, Rab35, and Rab43 (Steger et al., 2017). The phosphorylation
takes place at a conserved Thr/Ser residue located within the switch-Il binding effector motif, which mediates
the binding to interactors responsible for vesicle transport (Jeong et al., 2018). Thereafter, additional groups
have similarly reported that Rab8, Rab10, and Rab29 interact as outstanding substrates of LRRK2 in cells
(Fujimoto et al., 2018; Liu et al., 2018; Madero-Pérez et al., 2018). Most importantly, PD-associated LRRK2
mutations characterized by increased kinase activity commonly result in increased Rab GTPases
phosphorylation (Fujimoto et al., 2018; Liu et al., 2018; Steger et al., 2017), prompting the hypothesis that
Rab hyperphosphorylation may be involved in PD pathogenesis.
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Figure 1.5. Schematic view of LRRK2-associated cellular pathways in association with Rab GTPases. Some of the key
vesicular trafficking events illustrated by curved arrows between labelled organelles. Some of the Rab GTPases are
enlisted in red showing their approximate positions. LRRK2 distribution is shown as a shadow across multiple organelle
compartments (Adapted from Roosen and Cookson, 2016).

1.2.3 LRRK?2 localization

LRRK2 is widely expressed in different tissues and organs including kidneys, liver, lung, heart, and in the brain
within neurons, astrocytes, and microglia. This ubiquitous pattern of expression hints a role of the protein in
multiple intracellular pathways. In the brain, LRRK2 is expressed in a variety of neuronal populations, in
regions of the human brain directly implicated in the neuropathology of PD. Accordingly, post-mortem
human brain tissue of PD patients demonstrates LRRK2 localization in the cerebral cortex, caudate-putamen
and, at low-grade levels, in substantia nigra pars compacta (Higashi et al., 2007). Furthermore, LRRK2 is
reported to be associated with LBs (Zhu et al., 2006) and Lewy neurites (LNs) (Giasson et al., 2006), however
not as a principal component of these inclusions.

In the cell, LRRK2 is prevalently located in the cytoplasm, but it can be recruited to membrane-containing or
membrane-associated fractions, including mitochondria (Singh et al., 2019), the endolysosomal system (Erb
and Moore, 2020), the endoplasmic reticulum (ER) (Vitte et al., 2010), and the trans-Golgi (Piccoli and Volta,
2021). The LRRK2 recruitment to membrane domains is controlled by interaction with 14-3-3 proteins and it
is relevant to promote LRRK2 dimerization and activation (Berger et al., 2010; Deng et al., 2008; Greggio et
al., 2008; Sen et al., 2009). Indeed, LRRK2 exists as monomer and dimer, monomeric LRRK2 is predominantly
cytosolic, with lower kinase activity, while dimeric forms are enriched on intracellular membranes and
possess enhanced kinase activity (Berwick et al., 2019).
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1.2.4 LRRK2 phosphorylation control both LRRK2 localization and activity

The phosphorylation of a protein is widely known to be a key mechanism governing protein function, and in
LRRK2 controls its localization and activation. Under physiological conditions, LRRK2 is highly phosphorylated
(Reynolds et al., 2014) and the balance between auto- and hetero-phosphorylation of the LRRK2 protein
appears to be crucial in fine-tuning several cellular functions. Two groups of phosphorylable residues can be
identified in LRRK2: autophosphorylation sites, which are phosphorylated by the LRRK2 kinase itself and
heterologous phosphorylation sites, whose phosphorylation is carried out by other kinases (De Wit et al.,
2018) (Figure 1.3). More specifically, about 60% of the identified protein phosphorylation sites are
autophosphorylation sites and 36% are heterophosphorylation sites, whereas the remaining 4% are both
targets of autophosphorylation and phosphorylation. In general, phosphorylation sites of LRRK2 mostly
include serines (59%), followed by 37% threonines and some tyrosines (4%) (Marchand et al., 2020).

LRRK2 autophosphorylation sites are found across the protein, with various modification sites located within
the catalytic core of the protein (most reside in the ROC domain, with only a few in the COR and kinase
domains). Of note, a few of the autophosphorylation sites are undetectable in vivo, but they mostly map in
vitro, by incubating ATP with purified LRRK2 (Wallings et al., 2015). Within the cellular context or in vivo,
autophosphorylation occurs at residues T1410, T1503 and Ser1292, and the latter has been suggested to be
the physiological readout for LRRK2 kinase activity in vivo (Kluss et al., 2018; De Wit et al., 2018; Pungaliya et
al., 2010).

Looking over the distribution of phosphorylated residues throughout the LRRK2 protein, a cluster of serines
lying between the ANK and the LRR domain, including Ser910, Ser935, Ser955, and Ser973, appears to be
constitutively phosphorylated; however, these sites are phosphorylated by other kinases rather than LRRK2
itself (Marchand et al., 2020; Wallings et al., 2015). Different kinases can target LRRK2 phosphorylation;
among them cAMP-dependent protein kinase A (PKA) (Muda et al., 2014), casein kinase 1a (CK1a) (Chia et
al., 2014), IkB kinases (IKKs) (Dzamko et al., 2012), and protein kinase C (PKC) (Zach et al., 2010) are the most
noted as upstream regulators of LRRK2 phosphorylation.

The rapid induction of LRRK2 dephosphorylation after LRRK2 kinase inhibition also suggests the involvement
of protein phosphatases. Indeed, the dephosphorylation of the heterologous phosphorylation sites of LRRK2
is mediated by the protein phosphatase 1 (PP1) (Lobbestael et al., 2013). Curiously, although these residues
are not phosphorylated by LRRK2, their level of phosphorylation is affected by pathogenic mutants of LRRK2
in the ROC/COR/kinase domains (N1437H, R1441C/G/H, Y1699C, 12020T, and risk factor G2385R and by
LRRK2 kinase inhibition, thus suggesting that the LRRK2 kinase activity indirectly controls LRRK2
phosphorylation in some way.

Protein-protein interaction studies from several groups have established a functional significance for Ser910,
Ser935, phosphosites present within the ANK-LRR interdomain, and have shown that they are essential for
interaction with proteins 14-3-3. Consistent with this evidence, disruption of LRRK2 phosphorylation, either
by phosphor dead Ser910Ala or Ser935Ala LRRK2 mutants, or by applying LRRK2 kinase inhibitors, impairs its
interaction with 14-3-3 proteins and subsequently affects the downstream signaling (Doggett et al., 2012;
Dzamko et al., 2017; Lobbestael et al., 2013; Mamais and Cookson, 2014; Nichols et al., 2010; Perera et al.,
2016). The interaction with 14-3-3 recruits LRRK2 to membrane domains, where the protein dimerizes and
becomes activated. In line with this possibility, the absence of LRRK2 binding to 14-3-3 causes the punctate
cytosolic accumulation of the protein, and failure to relocate LRRK2 at the plasma membrane (Doggett et al.,
2012; Nichols et al., 2010).
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As above reported, several protein kinases can phosphorylate LRRK2, at least in vitro. As LRRK2
phosphorylation is implicated in LRRK2 recruitment to the plasma membrane and activation, therefore is
great interest in understanding $910/5935/5955 and S973 phosphorylation.

Dephosphorylation is promoted by protein phosphatase 1 (PP1), which thereby boosts dissociation of 14-3-
3 protein from LRRK2 (Lobbestael et al., 2013). Enhanced binding of LRRK2 to PP1 and consequently,
decreased Ser910/Ser935 phosphorylation as well as reduced binding to 14-3-3 was observed in LRRK2 PD-
mutants as compared to wild-type protein (Lobbestael et al., 2013; Doggett et al., 2012; Nichols et al., 2010).
Dephosphorylation at residue S935 not only abrogates LRRK2-14-3-3 interaction but also lead to
ubiquitination and degradation of a relevant fraction of the protein (Zhao et al., 2015).

Interestingly, recent studies indicate reduced phosphorylation of LRRK2 protein at Ser935 and Ser910 sites
within the neuronal tissue of patients with both sporadic and familial Parkinson's disease (Dzamko et al.,
2017), raising the possibility that altered LRRK2 phosphorylation is involved in the development of the
disease.

1.2.5 Mutations in LRRK2 gene and their implication in Parkinson’s disease

More than 80 PD-associated mutations in the LRRK2 gene have been reported, and yet, only eight mutations
in LRRK2 (N1437H, R1441 G /H/ C, Y1699C, 12012T, G2019S, and 12020T) have been confirmed as pathological
variants by large family segregation studies (Chen and Wu, 2018). Mutations in LRRK2 are associated with
autosomal dominant PD of incomplete penetrance, since a large number of putative pathogenic carrier
mutations are disease-free.

PD-linked pathogenic LRRK2 mutations are clustered inside the catalytic core; R1441C/G/H, N1437H in the
ROC domain, Y1699C in the COR domain, and G2019S, 12020T, and 12012T in the kinase domain (Hur and Lee,
2021). Many of these LRRK2 pathogenic mutants exhibit increased kinase activity as compared with wild-
type (WT) LRRK2, and genetic or pharmacological inhibition of kinase activity could relieve the
neurodegeneration caused by LRRK2 pathogenic mutants (Lee et al., 2012), hinting that aberrant kinase
activity plays a critical role in the pathogenesis of PD (Smith et al., 2006; West et al., 2005).

Other mutations, G2385R and R1628P risk variants, reside in the ROC and WD40 repeat regions, respectively
(Hur and Lee, 2021). A brief description of the pathogenic LRRK2 mutations is reported below.

1.2.5.1 PD-linked pathogenic LRRK2 mutation in the ROC-COR domain

The frequency of LRRK2 mutations carriers among PD patients varies in different ethnicity. The LRRK2 R1441G
mutation, within the Basque population, has a frequency of 2.5% and 46% in sporadic and familial PD,
respectively. This mutation is rarely found in other European populations, including other regions of Spain,
or in North and South America (Deng et al., 2006). In the contrary, the R1441C mutation accounts for the
second most common LRRK2 mutation found in Europe, being the principal genetic cause of PD among
Belgian patients with PD (Nuytemans et al., 2008). While R1441G/C mutations have not been described
among Asian patients with PD, the R1441H mutation has been reported in Asia, Europe, and North America
(Ross et al., 2011, 2009).

For several protein kinases, dimerization is a prerequisite for catalytic activity. Indeed, also in the case of
LRRK2, a functional correlation between dimerization and kinase activity seems to exist as well (Greggio et
al., 2008; Sen et al., 2009). The pathogenic mutants in the ROC (R1441C/G/H) and COR (Y1699C) domains
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were related to impairments in dimerization properties. In the PD-linked R1441C/G/H mutants, a structure-
based model of ROC revealed that mutations most probably decrease GTPase activity while enhancing the
ability to bind GTP by disrupting ROC dimerization (Deng et al., 2008; Liao et al., 2014). It has been showed
that GTP binding to the Roc domain regulates the kinase activity of LRRK2, and R1441C/G/H were
demonstrated to up-regulate kinase activity (Liao et al., 2014; West et al., 2005). Additional studies have
prompted that the Y1699C mutation impairs the dimerization of LRRK2, thereby reducing the activity of the
GTPase. The authors found that the intra-molecular ROC:COR interaction is favoured over ROC:ROC
dimerization. The pathogenic Y1699C mutation, situated at the ROC:COR interface, strengthens the
intramolecular ROC:COR interaction, weakening the dimerization of LRRK2 at the ROC-COR tandem domain
and resulting in decreased GTPase activity (Daniéls et al., 2011). It is noteworthy that mutations arising
outside the ROC-COR region have been rarely found to directly abrupt LRRK2 dimerization. In line with this,
in the isolated ROC-COR bidomain (Roco fragment), all 4 of these mutants demonstrated reduced self-
interaction as compared to WT fragment (Klein et al., 2009).

Among the mutations within the COR domain is LRRK2 R1628P, which was identified as genetic risk factor
for PD especially among Han-Chinese’s ethnic (Zhang et al., 2016). It was shown that R1628P substitution
enables Cdk5 (Cyclin Dependent Kinase 5) phosphorylation of LRRK2 and upregulates its kinase activity (Shu
et al., 2016).

1.2.5.2 PD-linked pathogenic LRRK2 mutation in the Kinase domain

The G2019S substitution of the MAPKKK domain of LRRK2 is the most common disease-causing mutation. It
account for 4-5% of familial PD cases, but it is also a common mutation (approximately 1%) in sporadic PD
(Gorostidi et al., 2009; Healy et al., 2008; Latourelle et al., 2008; Lesage et al., 2005; Marder et al., 2015). The
frequency map of G2019S mutations in different population is very different. LRRK2 G2019S mutation carriers
account for 20-40% of all familial PD cases and 10-30% of sporadic cases in Morocco, Algeria, Tunisia, and
Ashkenazi Jews (Alcalay et al., 2013; Bouhouche et al., 2017; Hulihan et al., 2008; Ishihara and Brayne, 2006;
Lesage et al., 2005). On North Americans of European descent, nearly 2% of familial PD patients are carriers
of G2019S, whereas up to 9% of sporadic cases have the allele (Cilia et al., 2014; Ferreira et al., 2007;
Saunders-Pullman et al., 2011; Sierra et al., 2011; Yescas et al., 2010).

Regarding the biological feature of the G2019S mutation, in vitro kinase assay using the full length
recombinant LRRK2 protein have reported a 2- to 3-fold increase in the kinase activity (both
autophosphorylation and phosphorylation of exogenous kinase substrates) (West et al., 2005). This ‘gain-of-
function” mechanism is suggested to be associated with the toxicity of the LRRK2 G2019S mutation. Elevated
levels of aSyn and tau proteins, mitochondrial dysfunction, disruption of synaptic vesicle transport, abnormal
activation of Erk, c-Jun, and Akt signaling pathways have been observed after overexpression of the G2019S
mutant, thus resulting in disruption of apoptotic regulation, hyperautophagy and reduce neurite outgrowth
(Howlett et al., 2017; Litteljohn et al., 2018; Qing et al., 2009; Ren et al., 2019; Vermilyea and Emborg, 2018).

Two adjacent mutations (12012T and 12020T) (Lu et al., 2005) were also mapped to the same domain, but are
less frequent in the worldwide population. Recent extensive biochemical characterization of 12020T LRRK2
reveals that this mutation causes increase kinase activity, via stabilization of the active state conformation,
and increase rate of phosphoryl transfer (Ray et al., 2014). These data strongly suggest the relevance of the
kinase domain for LRRK2-related disease.
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1.2.5.3 PD-linked pathogenic LRRK2 mutation in the N- and C-terminus domain

Genetic studies have identified pathological relevant variants in domains outside the catalytic core. LRRK2
encompasses several domains involved in protein-protein interactions, namely the armadillo and LRR repeats
at the N-terminus as well as WD40 repeats at the C-terminus (Marin, 2006). Through these domains, LRRK2
acts as a hub orchestrating various protein complexes involved in specific cellular functions.

Multiple amino acid variants have been found in the WD40 domain, and one, G2385R, showed an increased
risk of developing idiopathic PD in Han Chinese and Korean ethnicity (Funayama et al., 2007; Tan et al., 2009;
Xie et al., 2014). Studies suggest that the G2385R variant abolishes the physiological activity of LRRK2 and,
therefore behaves as a partial loss-of-function mutation (Carrion et al., 2017; Rudenko et al., 2012),
suggesting a pathogenetic mechanism different from the above reported LRRK2 kinase-activating mutations.

Recently a novel variant harboured within the N-terminal domain, E193K, was identified in an Italian family
and the functional and molecular consequences of this variant characterized in cellular models (Perez Carrion
et al., 2018). In silico prediction as well as in vitro evidence suggest that the E193K substitution impacts on
N-terminal domain folding and therefore might alter its biochemical features (Perez Carrion et al., 2018).
Since the LRRK2 E193K variant was the focus of my investigation, a short description is given below.

1.2.5.1.1 The E193K mutation

The E193K LRRK2 variant, consisting in an exchange of a glutamic acid into a lysine at position 193, was
identified in an Italian family with people affected by early onset PD. The whole-exome sequencing was
performed in the three, out of 10, siblings affected by PD (Figure 1.6). In all the three brothers the E193K
substitution was present in the heterozygous state. The clinical symptoms were characteristic of idiopathic
PD, with onset around 46-48 years of age, showing slow progression, and no cognitive decline, in all three
affected siblings. The variant was also tasted in the other relatives: the same variant transition was also
detected in two healthy relatives, suggesting incomplete penetrance as reported for other LRRK2 mutations.
This variant is absent from the public mutation databases (GnomAD Browser) and ethnically matched
controls (about 1800 Italian exomes) (Perez Carrion et al., 2018).
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Figure 1.6. Simplified genetic representation of the analysed family. (A) Symbols with black upper corner indicate
individuals affected by Parkinson’s disease (PD). The result of leucine-rich repeat kinase 2 (LRRK2) genetic screening for
the mutation was either wild type (WT) or heterozygous carrier (E193K). (B) The table summarizes clinical features of
the three E193K carriers. (C) Sequencing of PCR product from exon 6 of WT and mutant alleles. The left chromatogram
of the portion of the sequencing gel shows the wild allele and the right the heterozygous mutant allele (Adapted from
Perez Carrion et al., 2018).

1.2.6 The kinase activity of LRRK2: a boost into new drug therapies

As widely discussed above, mounting evidence strongly pointed to the fact that LRRK2 kinase activity is critical
for the mutant LRRK2-induced PD phenotypes. Additionally, kinase-dead mutant versions of LRRK2 were
found to be less toxic than their kinase-active counterparts in many cellular and animal models. Hence,
modulation of LRRK2 kinase activity via selective small-molecule inhibitors has been brought forward as a
potentially valid treatment for PD. Over the past decade, drugs discovery studies have identified many
compounds able to successfully suppress LRRK2 kinase activity. So far, four generations of drugs have been
developed (West, 2017).

The so-called "0" generation comprises early compounds; among them H-1152, GW5074, staurosporine, and
sunitinib, and are mostly non-selective kinase inhibitors. They have relatively poor efficacy and poor blood-
brain barrier (BBB) permeability.

The limitations of these compounds in clinical and research applications have prompted the further
development of new, more favourable compounds (Zhao and Dzamko, 2019). LRRK2-IN-1 (Deng et al., 2011),
CZC-54252, CZC-25146 (Ramsden et al., 2011), and TTT-3002 (Yao et al., 2013) were the first generation of
selective LRRK2 kinase inhibitors, with better potency. Unfortunately, none of these compounds can traverse
the BBB, and therefore, they were less favourable for clinical applications. Instead, they represent in vitro
helpful tools to accelerate the comprehension of LRRK2 biology and pharmacology.

The second generation of LRRK2 kinase inhibitors included small compounds with increased BBB
permeability, greater potency and selectivity, and less off-target effects. HG-10-102-1 was the first
compound shown to penetrate the BBB and suppress LRRK2 activity in mouse brain (Choi et al., 2012). Later,
GSK2578215A (Reith et al., 2012) and GNE group (GNE-7915, GNE-0877; GNE-9605) were developed (Estrada
et al., 2012; Estrada and Sweeney, 2015).

The latest LRRK2 inhibitors belonging to the third generation are PF-06685360 (Andersen et al., 2018) and
MLi-2 (Fell et al., 2015). MLi-2 exhibited excellent in vitro potency and showed dose-dependent reduction of
LRRK2 kinase activity in mice either peripherally or centrally. Additionally, it appeared well tolerated for up
to 15 weeks when administered daily at 30 mg/kg (Fell et al., 2015). These two inhibitors are in active
preclinical development (Tolosa et al., 2020).

Currently, there are two LRRK2 kinase inhibitors, known as DNL201 and DNL151, which are under clinical
development. The phase | study established the safety and the target engagement of DNL201 in healthy
people. Global Phase Il testing started in 2020 and is already ongoing (Tolosa et al., 2020).

A critical point for translating LRRK2 inhibitors into clinical practice is a comprehensive understanding of any
potential safety implications of such compounds. Since the ATP-binding sites are highly conserved across
kinases, the inhibitors of LRRK2 kinase deal with the risk of unwanted inhibition of unknown kinases in the
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cell. Moreover, LRRK2 is not a brain-specific protein, being also highly expressed in peripheral tissues (notably
in kidney, lung, and immune cells) (Marchand et al., 2020). The toxicology of LRRK2 kinase inhibition in
preclinical studies has so far revealed adverse effects affecting lungs and kidneys (Herzig et al., 2011).
Accordingly, an appropriate inhibition level of LRRK2 necessary to accomplish a therapeutic benefit by
preventing any potential toxic effects must be established.

1.3 Aims

LRRK2 encompasses several domains involved in protein-protein interactions, namely the armadillo and LRR
repeats at the N-terminus as well as WD40 repeats at the C-terminus (Marin, 2006). The identification of
LRRK2 as a PD causative gene boosted the interest on its GTPase and kinase domains, and the possible link
of the modified enzymatic activities to the pathological cascade (Rosenbusch and Kortholt, 2016). However,
genetic studies have identified pathological relevant variants in domains outside the catalytic core.
Therefore, to better understand the role of this protein in pathophysiological conditions, studies are gaining
deep insight into the functional role of the LRRK2 interactome due to these LRRK2 domains (Harvey and
Outeiro, 2019). In our laboratory, we focused on the functional characteristics attributed to LRRK2 by its N-
and C-terminal domains. In previous works, our group and others have contributed to clarify the functional
and molecular features conferred by the C-terminal WD40 domain and a variant bearded within this domain,
G2385R (Carrion et al., 2017; Piccoli et al., 2014). In order to further research on this issue, the objective of
my work was to investigate the N-terminal domain function, which is less explored.

It is recognized that this domain is involved in LRRK2 supra-molecular organization (Guaitoli et al., 2016).
Since LRRK2 is notably involved in vesicular trafficking, the aim for the proposed study was to investigate the
role as a scaffold of the N-terminal domain of LRRK2 and its functional impact on synaptic vesicle (SV)
dynamics. Recently, a novel variant carried within the N-terminal domain, E193K, was identified in an Italian
family and we characterized its functional and molecular impact on vesicle dynamics (Perez Carrion et al.,
2018). As reported in the introduction, the LRRK2 N-terminal domain encompasses several serine residues
that undergo phosphorylation, thus potentially influencing LRRK2 function. Looking at the distribution of N-
terminus LRRK2 phosphorylated residues, most interest has focussed on the serine 910/935, which are
expected to interact with the 14-3-3 proteins and modulate subcellular distribution of LRRK2 (Marchand et
al., 2020; Nichols et al., 2010; Zhao et al., 2015). With this in mind, we sought to investigate if the localization
of the phosphorylation-dead mutant LRRK2 S935A is modified and what are the consequences of this
mislocalization on SV dynamics.

Elucidating the role of the protein-protein interaction domains of LRRK2 is fundamental for a better
understanding of LRRK2 function in physiology and pathology.
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2. Results and Discussion — Chapter |
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As previously discussed, the purpose of this first part was primarily to investigate the interactome and the
functional impact of the N-terminal domain of the LRRK2 on SV dynamics. Second, since a serine cluster (5910
and S935) is located between the armadillo and the LRR repeats in the N-terminus, we aimed to assess the
role of these phosphorylation residues on the protein's functional activity.

The study was performed in the N2a neuroblastoma (ATCC CCL-131) cell line, which endogenously expresses
the LRRK2 protein at a very low extend. In order to perform biochemical and functional experiments, cells
were transfected with a panel of Red Fluorescent Protein (RFP)-tagged LRRK2 derived constructs.

2.1 The N-terminal domain influences LRRK2 interactions and impacts on vesicle
trafficking

LRRK2 N-terminal Armadillo, LRR, and Ankyrin repeats as well as the C-terminal WD40 domain have been
predicted to be involved in protein complex interactions (Guaitoli et al., 2016; Mills et al., 2014). There is
evidence that LRRK2 directly binds SV proteins of and modulates vesicles trafficking. Using pull-down
experiments, we first exploited the possibility that the N-terminal domain could interact with vesicle-
associated proteins (synapsin 1) and cytoskeletal proteins (actin and tubulin) which are known partners of
LRRK2 (Carrion et al., 2017; Piccoli et al., 2011, 2014). To assess the role of the LRRK2 N-terminal domain in
such interactions, we expressed Strep-FLAG full-length LRRK2 and Strep-FLAG LRRK2AN-term (lacking the
first 913 amino acids) in N2a cells. Upon streptavidin-pull-down, we eluted the interacting proteins and
analysed them by western-blotting (Fig. 2.1A).

Both the analysed constructs (LRRK2 and LRRK2AN-term) can interact with the investigated proteins,
although with a different affinity (Fig. 2.1A). Indeed, we found that the interaction with synapsin I, a-tubulin,
and B-actin was significantly decreased in the LRRK2AN-term variant (Fig. 2.1B), suggesting that the N-
terminal domain plays a role in the control of LRRK2 interactome.
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Figure 2.1. LRRK2 interacts with proteins involved in vesicle trafficking. (A) We isolated on streptavidin resin full-length
Strep-FLAG-LRRK2 and Strep-FLAG-LRRK2AN-terminus proteins from N2A over-expressing cells. Interacting proteins were
resolved by western blotting. (B) We evaluated the extent of Synapsin I, a-tubulin and 8-Actin bound to the different
LRRK2 variants. Data are expressed as optical density and normalized versus amount of precipitated LRRK2 protein.
Graphs reports mean + SE, *p < 0.05, **p < 0.01 Student’s T-test, n = 4 independent experiments.

We then addressed our studies to the functional impact of the N-terminal domain. Since the proteins found
to interact with the N-terminal domain are implicated in the control of neurotransmitter release and many
reports correlate LRRK2 to synaptic functions (Matta et al., 2012; Piccoli et al., 2011; Shin et al., 2008), we
investigated whether the N-terminal domain is involved in vesicular trafficking by means of the sypHy
reporter coupled to total internal reflection fluorescence microscopy (TIRFM). SypHy is a fusion protein
between synaptobrevin (VAMP2) and a pH-sensitive variant of the Green Fluorescent Protein (GFP) (Daniele
et al., 2015). The protein is switched off when present in the vesicles, because of the low luminal pH (pH~5.6),
but when the vesicles fuse with the plasma membrane and meet the neutral extracellular space (pH~7.4),
the fluorescence signal rapidly appears. Therefore, every discrete spot-like signal represents a vesicle fusion
event. We recorded the cells by TIRFM, a particular fluorescence microscopy technique which enables the
selective visualization of events taking place at the plasma membrane or immediately beneath it, thus
providing the spatio-temporal resolution necessary to follow vesicle dynamics. Counting the number of
fusion events occurring in the cells, in the time course of the experiments, we can evaluate the impact of
LRRK2 mutants on vesicle dynamics.
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To perform the functional experiments, we over-expressed in N2a neuronal line the sypHy reporter together
with a panel of RFP-tagged LRRK2 derived constructs: LRRK2 full-length, LRRK2 lacking the first 913 amino
acids (hereinafter LRRK2AN-term) as well as a complementary deletion construct LRRK2 aa 1-983, containing
the N-terminal Armadillo and Ankyrin domains (hereinafter N-terminal domain) (Fig. 2.2A). Since the
trafficking of synaptic vesicles can be influenced by the relative expression of LRRK2 constructs and the sypHy
reporter, firstly, by western-blotting analysis we verified that different LRRK2 constructs show similar
expression yield and do not overtly influence the level of sypHy within cells (Fig. 2.2B-D).

Next, we analysed the impact of the N-terminal armadillo domain on vesicles dynamics. At 48 hours following
co-transfection of LRRK2-derived constructs and sypHy, real-time recordings of vital cells visualized in TIRF
microscopy were performed for 30 seconds, at a 1 hertz frequency. We aimed to evaluate the number of
fusion events and the change in the fluorescence intensity produced by the fusion of all vesicles with the
plasma membrane in cells transfected with the various LRRK2-derived constructs. Given that number of the
recorded events across the cell is also dependent on cell dimensions, we normalized the data to cell area.
Upon over-expression, full-length wild-type LRRK2 significantly increased the number of spontaneous fusion
events (Fig. 2.2G,H) without changing single peak intensities (Fig. 2.2E,F). The expression of the isolated
LRRK2 N-terminal domain did not elicit changes in SV dynamics as judged by the quantification of number of
events, total fluorescence intensity (Fig. 2.2E,G,H) or increase in peak fluorescence intensity (Fig. 2.2F). To
further characterize the functional role of LRRK2 N-terminal armadillo domain, we studied SV trafficking upon
expression of LRRK2 construct lacking the N-terminal armadillo domain (LRRK2AN-term). Interestingly the
expression of LRRK2 AN-term increased the frequency of fusion events and the total fluorescence elicited
(Fig. 2.2E-H), thus indicating massive SV release.

Together, our findings indicate that the N-terminal domain (i.e., containing the Armadillo and Ankyrin
domains) is a critical effector of LRRK2 function on SV dynamics.
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Figure 2.2. Domain-wise dissection of LRRK2 impact on vesicle trafficking. (A) Schematic representation of RFP-LRRK2
derived constructs. The distinct LRRK2 domains are indicated. Protein-protein domains: ARM, armadillo repeats; ANK,
ankyrin repeats; LRRs, leucine-rich repeats; WD40, WDA40 repeats; Roc, Ras of complex proteins; COR, C-terminal of ROC;
Kin, kinase domain. (B) Western blotting analysis of cells expressing synaptopHIuorin reporter (sypHy) together with RFP-
LRRK2 derived constructs. (C) The graphs show RFP-LRRK2 derived construct (D) and sypHy optical density normalized
upon S6 ribosomal protein (S6RP) level as detected by western blotting. Data are expressed as mean * SE, n=5. (E) Time
course analysis of fusion events occurring in N2A cells transfected with the different LRRK2 derived constructs. N2a cells
were co-transfected with sypHy reporter and empty vector (E.V.) or the indicated RFP-LRRK2 derived constructs. TIRFM
imaging was performed 48 h after transfection. Peaks of fluorescence intensity correspond to single fusion events.
Fluorescence data are expressed as F/FO. (F) The graph shows the average peak height of the synaptic events for the
different constructs. Data are expressed as mean * SE of up to 20 cells per construct. The graphs show the total number
of fusion events (G) and the resulting fluorescence changes (H) expressed as Area Under Curve (AUC) for each construct.
Data are normalized for the cell area and are expressed as mean + SE; n = 20 cells per construct, in three independent
experiments. *p < 0.05, **p <0.01, ***p <0.001 vs empty vector, ANOVA.

These observations bring further support to the model describing LRRK2 as a key player in SV dynamics
(Piccolietal., 2011). We believe that this function arises, at least in part, from the binding of LRRK2 to proteins
involved in SV mobilization such as a-tubulin, B-actin, and synapsin . Previously we reported that also the
WD40 domain interacts with SV-associated proteins and SV itself (specifically, the isolated WD40 domain
directly binds to SV and harbours interactions with a-tubulin, B-actin, and synapsin I) (Piccoli et al., 2014).
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This result, however, is only apparently in conflict with our data on the N-terminal domain. Indeed, LRRK2 is
reported to be a dimer characterized by a complex architecture in which distant interdomain contacts. In
particular, a model of the dimeric LRRK2 holoenzyme generated by combined homology models, molecular
docking and experimental constraints disclosed a compact folding of the LRRK2 dimer in which the C-terminal
WD40 domain is in close proximity to the N-terminal domains (Guaitoli et al., 2016). Together, our data
support this model and suggest that probably the N-terminal and C-terminal domains operate together in
structuring the interaction site for SV and SV-associated proteins.

2.2 The E193K variant alters LRRK2-binding properties and affects vesicle trafficking

Through whole-exome sequencing performed in an Italian family with three siblings affected by early-onset
PD, a variant E193K, consisting in the exchange of a glutamic acid to a lysine at position 193 of the LRRK2
protein, was identified (Perez Carrion et al., 2018). Interestingly, this variant falls within the N-terminal
armadillo repeat structure, reinforcing the physiological importance of the N-terminal domain of LRRK2 and
suggesting the possibility that this variant may impact on the domain function. In silico prediction as well as
in vitro evidence suggest that E193K variant impact on N-terminal domain folding and therefore might alter
its biochemical features (Perez Carrion et al.,, 2018). Moreover, the substitution of a negatively charged
residue with a positively charged one is strongly expected to influence the biochemical characteristics of the
N-terminal armadillo domain of LRRK2. Therefore, we first sought to find out whether the E193K variant has
an impact on the binding properties of LRRK2. To address this question, we analysed the binding properties
of LRRK2 wild-type and E193K variant. We expressed Strep-FLAG full length LRRK2 and Strep-FLAG E193K in
N2a cells. Upon streptavidin-pull-down, the eluted proteins were subsequently resolved by western blotting.
As shown in the image (Fig. 2.3A), both the analysed constructs (LRRK2 wild-type and LRRK2 E193K) can
interact with the investigated proteins. Intriguingly, our results showed that the E193K variant significantly
reduces the affinity of LRRK2 towards synapsin |, a-tubulin, and B-actin (Fig. 2.3B).

We already described that the N-terminus domain has an impact on vesicles trafficking. Since we found that
the E193K variant disrupts the biochemical binding properties of LRRK2, we questioned whether the E193K
variant perturbs the interaction between LRRK2 and SVs itself. To test this hypothesis, in collaboration with
Dr. Franco Onofri from University of Genova, we tested the amount of LRRK2 binding to SVs via a high-speed
sedimentation assay. Purified full-length LRRK2 WT or E193K RFP-fusion proteins from N2a transfected cells
were incubated with purified SVs. Then, SVs were isolated by high-speed centrifugation and the fraction of
LRRK2 bound to SVs was revealed by electrophoresis and immunoblotting with an anti-RFP antibody. Data
clearly revealed that the LRRK2 E193K binds less efficiently to purified SV than LRRK2 wild type (Fig. 2.3C,D).

30


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7052203/figure/Fig5/

A Q g
T 3 X E ¥ =
R § ¢ 8
o = w [&] 2 w
: synapsin | - -70 kDa synapsin | . D -70 kDa
E . 5
ke B-actin PR . 45 :é B-actin Y w— -
= £
2 5
&  a-tubulin — - 55 2| otubuin ——
17
— -
B
2 2 2
¢ Q o
© 15 ¥ 15 £ 15
| 5 o *e
2, . : :
I S ®k B
o e 2
g 05 2 05 S 05
> o]
w
oLt
wild-type  E193K 9 wild-type  E193K ? wild-type  E193K
c ° D
o v
R e}
=} o)}
2 L Q 1.2
bound (NS I
- 250 kDa % o8
*k*k
RFP g 0.6
total . 250 204
= 0,2
2 0
Synaptophysin il - 36 Wild-type E193K

Figure 2.3. E193K mutation affects LRRK2 binding properties. (A) We isolated on streptavidin resin full-length FLAG-
LRRK2 wild-type and FLAG-LRRK2 E193K proteins from N2a over-expressing cells. Interacting proteins were resolved by
western blotting. (B) We evaluated the extent of synapsin I, a-tubulin, 8-Actin bound to the different LRRK2 variant. Data
are expressed as the ratio over LRRK2 wild type. Graphs reports mean * SE; n =4. **p <0.01, Student’s T-test. (C) We
measured the extent of LRRK2 and SV binding by ultracentrifugation sedimentation assay. We incubated purified RFP-
LRRK2 wild type and E193K variant with isolated SV (10 ug protein/sample). Bound RFP-LRRK2 was separated from free
RFP-LRRK2 by high-speed centrifugation. We appreciated SV-bound LRRK2 by immunoblotting with anti-RFP antibody.
The recovery of SV in the pellet was evaluated based on synaptophysin immunoreactivity. (D) The binding of RFP-LRRK2
wild type and E193K to SV was calculated as the ratio of total RFP-LRRK2 and expressed as mean + SE, n = 6, ***p < 0.001,
Student’s t-test.

Since synapsin and actin play an important role in the binding and restraining of SV to the actin cytoskeleton
(Fdez and Hilfiker, 2007), we speculated that the E193K mutation may increase the redistribution of vesicles
from the reserve pool towards the membrane, thus impinging the vesicle density in the ready-releasable
pool. To test this possibility, we manifested the total pool of sypHy vesicles via NH,Cl basification. Under
epifluorescence microscopy, cells expressing wild type or LRRK2 E193K showed similar vesicles density,
suggesting that cells present the same total number of SV. Instead, underby TIRFM (i.e. within a range of up
to 100 nm away from the plasma membrane where the ready releasable pool is located) the number of sypHy
clusters were significantly increased in cells expressing LRRK2 E193K (Fig.2.4A,B).
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Figure 2.4. E193K mutation affects the SV number in the TIRF zone. (A) Vesicle density in the TIRFM zone after NH4Cl
treatment. The cells were incubated with the membrane permeant NH4Cl solution for 5 minutes, to label all sypHy
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positive clusters. Then, cells were fixed and imaged by epifluorescence or TIRFM to visualize vesicles docked to the plasma
membrane. Each spot corresponds to a sypHy positive cluster. Scale bar = 10 um. (B) The graph reports the number of
sypHy positive clusters visualized in the same cell under epifluorescence or TIRFM. Data are normalized for the cell area
and are expressed as mean + SE; n = 15 cells for construct. ***p < 0.001, Student’s T-test.

Data confirm the hypothesis that the structural alterations induced by the E193K substitution functionally
modify LRRK2 binding properties, thereby lowering its interaction with SVs and a specific subset of vesicular
and cytoskeletal proteins responsible for their restrain in the reserve pool. This in turn, is expected to
redistribute vesicles towards the membrane and, eventually, promote their fusion.

To test this possibility SV trafficking was measured in N2a cells expressing the wild type LRRK2 protein or the
LRRK2 protein bearing the E193K mutation (Fig. 2.5A). By western blotting analysis we confirmed that the
level of expression of LRRK2-derived constructs in the two clones were comparable and that the sypHy
reporter level was not significantly affected by overexpression of the two constructs (Fig. 2.5B-D). We than
analysed the impact of the E193K variant on sypHy vesicles trafficking by the same experimental strategy
above reported (sypHy overexpression coupled to TIRFM). Detailed analyses of sypHy-positive SV dynamics
revealed an increased number of fusion events in clones overexpressing LRRK2 E193K with respect to LRRK2
WT (Fig. 2.5E-G). No changes in single peak fluorescence were observed (Fig. 2.5H). A similar effect was
detected in cells overexpressing the LRRK2 AN-term construct, thus suggesting that the E193K variant might
have abolished the physiological function of the N-terminal armadillo domain. Interestingly, previous findings
showed that acute depletion of endogenous LRRK2 by siRNA correlates with an increase in SV fusion (Piccoli
et al., 2011), due to greater sypHy clusters in the TIRF region (Carrion et al., 2017). Collectively, these data
suggest that either LRRK2 acute silencing or LRRK2 E193K overexpression have a similar impact on the
trafficking and distribution of sypHy-positive vesicles near the membrane, suggesting that the E193K variant
behaves as a loss-of-function mutation.

We attempted to rescue the E193K phenotype on vesicle trafficking by overexpressing the isolated N-
terminal domain of LRRK2 in the LRRK2 WT or E193K clones, together with the sypHy reporter (Fig. 2.5A). 48
hours post-transfection, western blotting analysis confirmed that LRRK2-derived constructs were expressed
in a similar extent and did not affect significantly sypHy levels (Fig. 2.5B-D). However, the co-expression of
the LRRK2 N-terminus abolished the increase in the frequency of fusion events and the associated change in
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total fluorescence detectable upon LRRK2 E193K expression (Fig. 2.5E—H). These findings further prove that
the E193K abrogates the physiological activity of LRRK2 and behaves as a partial loss-of-function mutation.

Loss-of-function mutations are usually recessively inherited, whereas LRRK2 mutations, despite incomplete
penetrance, are well recognized as dominant (Monfrini and Di Fonzo, 2017). A recent biochemical
characterization of LRRK2 dimers, comprising wild type/wild type, wild type/mutant, or mutant/mutant
proteins, indicate that the hetero dimers of WT and mutant LRRK2 behave as wild type homodimers,
suggesting that a key event in disease pathogenesis may be the gradual formation of mutant LRRK2
homodimer (Leandrou et al., 2019). In this scenario, the age-dependent accumulation of dysfunctional LRRK2
E193K homodimers might influence synaptic transmission in a dominant-negative manner.
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Figure 2.5. E193K variant affects vesicle trafficking. (A) Schematic representation of LRRK2 wild type, E193K variant and
N-terminus domain. The distinct LRRK2 domains are indicated. (B) Western-blotting analysis of WT and E193K N2a clones
expressing sypHy reporter together with empty vector or RFP-LRRK2 N-terminus constructs. Arrowhead indicates the
specific RFP positive band detected by the anti-RFP antibody. (C) The bars show the optical density of RFP-LRRK2 derived
constructs (D) and sypHy detected by western blotting. Data are normalized on S6 ribosomal protein (S6RP) level and
are expressed as mean * SE; n=5. (E) Time course analysis of synaptic events occurring in N2a clones expressing wild type
(WT) LRRK2 or E193K LRRK2 and transfected with the empty-vector or with the isolated N-terminal domain together
with the sypHy reporter. Transfected cells were imaged by TIRFM 48 h later. Fluorescence data are expressed as F/FO.
Peaks of variable fluorescence intensity correspond to single fusion events. The graphs show the total number of fusion
events (F) and the resulting fluorescence changes (G) expressed as Area Under Curve (AUC) for each construct. Data are
normalized for the cell area and are expressed as mean * SE of up to 20 cells per construct, in three independent
experiments. *p <0.05, **p < 0.01 compared to LRRK2 wild type, ##p < 0.001 compared to empty vector transfected
clones. (H) The graph shows the average peak height of the synaptic events for the different constructs. Data are
expressed as mean + SE of up to 20 cells per construct; *p<0.05 vs E193K.

Collectively, these findings confirm the key role of the N-terminal domain in the contest of vesicle dynamics
and support a possible pathological relevance of the LRRK2 E193K variant. Even though the mutation is very
rare and likely a private mutation, we believe that an extensive functional characterization of this variant
could help in elucidating LRRK2 tasks.
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2.3 LRRK2 phosphorylation on Ser-935 control both LRRK2 localization and activity

Under physiological conditions, LRRK2 is highly phosphorylated within the cell. There is great interest in
understanding the role of LRRK2 phosphorylation as several pathological variants of the protein are
characterized by a significant reduced state of phosphorylation, thus suggesting that phosphorylation plays
arolein the development of PD (Dzamko et al., 2017; Zhao et al., 2015). Most interest has focussed on serine
910 and 935, which are located in the N-terminal domain, between the armadillo and the LRR repeats
(Marchand et al., 2020).

Literature data indicate that phosphorylation of Ser-935 controls the LRRK2 binding to 14-3-3 proteins, an
interaction required to target the kinase to the plasma membrane where the protein is predicted to dimerize
and become activated. Mutations in Ser-910 and Ser-935 lead to loss of interaction of LRRK2 with 14-3-3
proteins and result in its accumulations in cytoplasmic aggregates (Nichols et al., 2010; Zhao et al., 2015)
(Marchand et al., 2020). Curiously, this phosphorylation site falls in the N-terminal domain, which we are
aiming to characterize, and once again influences LRRK2 interactome because, firstly, it impacts the binding
to 14-3-3 proteins.

Considering the relevance of the Ser-935 LRRK2 phosphorylation site in the subcellular distribution of the
kinase, we generated a mutant protein (5935A) that cannot be phosphorylated at Ser-935 and investigated
the localization of the phosphorylation-dead mutant, by performing immunofluorescence experiments in
N2a neuronal lines. Epifluorescence microscopy revealed a diffuse localization of the WT protein in the
cytosol. In contrast, the LRRK2 S935A mutant was still detected in the cytoplasm but clustered in aggregates
(Fig. 2.6). Next, we asked whether Ser-935 phosphorylation controls the membrane expression of LRRK2.
Since LRRK2 is abundantly present at the cytosolic level, in order to appreciate the localization of LRRK2 at
the plasma membrane or associated to intracellular organelles, cells were treated with saponin before
fixation. Used at low concentrations and for short periods, saponin allows the permeabilization of plasma
membranes and facilitates the clearance of cytosolic proteins, so that the fraction of LRRK2 associated to
intracellular organelles can be more easily detected. By TIRFM we were able to reveal that a fraction of the
WT protein was recruited to the cell membrane, enriched in discrete spots or clusters, whereas the S935A
mutant, despite being expressed by the cell at a similar level was almost undetectable at the plasma
membrane (Fig. 2.6). This finding supports literature data regarding the impact of Ser-935 on LRRK2
subcellular localization and reveals that the basal LRRK2 phosphorylation is probably required to allow LRRK2
to cycle between a cytosolic form and a membrane-bound form.

35



Epifluorescence TIRF zone

LRRK2 WT

LRRK2 S935A

Figure 2.6. LRRK2 S935A phopho-dead mutant affect protein localization. Representative images of N2a cells
transfected with LRRK2 WT or LRRK2 S935A and incubated with 0.01% saponin for 1 minute. Then, cells were fixed and
imaged by epifluorescence or TIRFM (100) to visualize LRRK2 localization to the plasma membrane. Scale bar: 10 um.

Since the localization of LRRK2 impacts its activation and controls the specificity of protein kinase activity on
target substrates, we wondered whether this relocation may abolish the interaction of LRRK2 with the
previously identified protein (synapsin |, actin and tubulin) and influence the intracellular distribution of SV.
For this purpose, we manifested the total pool of sypHy vesicles through basification with NH4CI.
Epifluorescence microscopy revealed no gross differences in the total number of vesicles between cells
expressing wild-type or S935A LRRK2. In contrast, when we targeted our analysis to the TIRF zone, we found
significantly more sypHy clusters in cells expressing the LRRK2 S935A variant (Fig. 2.7A,B). These results
further sustain the involvement of LRRK2 in SV trafficking and suggests that the reversable LRRK2
phosphorylation may control the number of SV in the readily releasable pool.
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Figure 2.7. S935A mutation dffects the SV number in the TIRF zone. (A) Vesicle density in the TIRFM zone after NH4Cl
treatment. The cells were incubated with the membrane permeant NH4Cl solution for 5 minutes, to label all sypHy
positive clusters. Then, cells were fixed and imaged by epifluorescence or TIRFM to visualize vesicles docked to the plasma
membrane. Each spot corresponds to a sypHy positive cluster. Scale bar = 10 um. (B) The graph reports the number of
sypHy positive clusters visualized in the same cell under epifluorescence or TIRFM. Data are normalized for the cell area
and are expressed as mean + SE; n = 15 cells for construct. **p < 0.01, Student’s T-test.

To verify whether the relocation of SV induced by the S935A construct also affect vesicle fusion, we
overexpressed in N2a neuronal lines the sypHy reporter (green) together with RFP-LRRK2 full-length or RFP-
LRRK2 S935A variant (red) (Fig. 2.8A and B) and 48 hrs post-transfection, we monitored vesicle dynamics by
TIRFM. As reported in figures 2.8C-E, upon overexpression, the S935A variant significantly increased the
number of spontaneous fusion events and the total fluorescence elicited. A similar phenotype was detected
also in cells transfected with the N-terminal mutants tested previously, thus indicating that LRRK2 S935A
mutations behaves like a loss of function mutation and that phosphorylation control LRRK2 activation.

Of note, single event amplitude was greater in cells expressing the LRRK2 S935A mutant (Fig 2.8F). Peak
amplitude represents the time required for vesicle fusion, attachment, and endocytosis prior to
reacidification and recycling and is normally indicative of the vesicle mode of fusion (complete fusion vs
transient fusion) (Daniele et al., 2015). The observed increase peak width in the S935A variant is indicative of
complete vesicle fusion events at the plasma membrane, suggesting that phosphorylation not only controls
the kinetics but also the fusion mechanism of SV.
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Figure 2.8. The LRRK2 S935A mutant increases the rate of synaptic vesicle exocytosis. (A) Schematic representation of
LRRK2 wild type and S935A variant. The distinct LRRK2 domains are indicated.(B) Representative epifluorescence and
TIRFM (100 nm) images in N2a cells transfected with sypHy reporter (green) and the indicated RFP-LRRK2 (red) derived
constructs. Scale bar: 10 um. (C) Time course analysis of fusion events occurring in N2a cells transfected with the different
LRRK2 derived constructs. N2a cells were co-transfected with sypHy reporter and the indicated RFP-LRRK2 derived
constructs. TIRFM imaging was performed 48 h after transfection. Peaks of fluorescence intensity correspond to single
fusion events. Fluorescence data are expressed as F/FO. The graphs show the total number of fusion events (D) and the
resulting fluorescence changes (E) expressed as Area Under Curve (AUC) for each construct. Data are normalized for the
cell area and are expressed as mean * SE; n =16 cells per construct, in three independent experiments. **p <0.01,
ANOVA. (F) The graph shows the average peak height of the synaptic events for the different constructs. Data are
expressed as mean + SE of up to 15 cells per construct. **p <0.01, ANOVA.

In conclusion, these findings highlight a critical role of N-terminal heterophosphorylation site at serine 935
in the control of LRRK2 membrane targeting and SV dynamics. Indeed, the S935A LRRK2 mutant precipitates
in intracellular aggregates and cannot be recruited to the plasma membrane. At the same time, the S935A
substitution increases the frequency and amplitude of spontaneous synaptic events, as observed with other
loss-of-function LRRK2 mutants (Carrion et al., 2017).

2.3.1 Future perspectives

The phosphorylation is a fundamental regulatory mechanism governing protein function. The Ser-935 residue
is a phosphorylation site, however, unlike other serines found in the LRRK2 protein, its phosphorylation is
potentially carried out by distinct upstream kinases. Possible candidates are members of the casein kinase
(CK) family, protein kinase C (PKC), and kappa B kinase (IKK) inhibitor. In particular, PKC family of enzymes is
a known regulator of synaptic function, including release of neurotransmitter (Sun and Alkon, 2012), where
LRRK2 is known to play an important role. Since PKC-mediated phosphorylation modulates several proteins
involved in vesicular trafficking (Leenders and Sheng, 2005), we have started to investigate if the serine 935
residue of LRRK2 might be a potential PKC target. Clarifying which players are engaged in tuning the
phosphorylation balance of LRRK2 will be pivotal to further elucidate the molecular mechanisms underlying
modulation of neurotransmitter release and how LRRK2 is (de)-regulated and impacts downstream signaling
pathways.
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Previous observations provide evidence that LRRK2 performs a critical role at the presynaptic site. As an
integrated component of the presynaptic protein network, LRRK2 may act as a molecular hub that
coordinates both storage and mobilization of SV (Piccoli et al., 2014, 2011). Our results further support such
arole of LRRK2. We demonstrated that the N-terminal domain is crucial for interaction of LRRK2 with proteins
implicated in SV mobilization and for the protein localization in intracellular compartments and suggest that
mutations in this domain or modulation of its phosphorylation may affect LRRK2 function via perturbation of
its localization and its physiological network of interactors (Fig 3.1).

LRRK2 influences SV dynamics, in part by binding to proteins involved in the mobilization of SV such as a-
tubulin, B-actin, and synapsin | via its N-terminal domain. Synapsin | is known to control SV trafficking and
availability at the plasma membrane, by reversibly cross-linking SV to each other and to the actin cytoskeletal
network. This action is believed to be important for the formation and maintenance of a reserve pool (RP) of
SV, as well as for the fine regulation of the balance between this RP and the ready releasable pool (RRP)
(Cesca et al., 2010). Since the binding of synapsin | to SV and actin filaments participates in the formation of
SV clusters and their anchorage to the actin cytoskeleton, we speculate that LRRK2, through its N-terminal
domain, may take part to this event and control the transition of SV from the RP to the readily releasable
pool. Accordingly, upon AN-LRRK2 overexpression, we found that the density of sypHy-positive vesicles in
the TIRF zone and the number of SV fusion events are increased.
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Figure 3.1. LRRK2 N-terminal domain controls molecular complexes at the synaptic site. (A) LRRK2 WT binds SVs via its
N-terminal domain and regulates their trafficking via interaction with a panel of synaptic proteins, including synapsin |,
B-actin, and a-tubulin. (B) Removal of the N-terminal domain or the E193K mutation decreases the LRRK2 affinity for
these proteins and for SVs themself. As a result, more SVs are recruited in the readily releasable pool and fused with the

plasma membrane.
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A similar impact on SV trafficking occurs after expression of LRRK2 E193K construct, which carries a mutation
within the N-terminal domain. The substitution of the negative residue with a positive one, probably impacts
on the N-terminal domain folding and modifies its interactome. In line with this possibility, we detected
decreased interactions with B-actin, a-tubulin and synapsin | and increased vesicles fusion events. All
together, these findings suggested that the Parkinson-linked E193K variant reduces the physiological function
of the LRRK2 N-terminal domain and behaves as a partial loss-of-function mutation. Together with previous
reports on the G2385R mutation, a mutation associated to the WD40 protein-protein motif (Carrion et al.,
2017; Rudenko et al., 2012), this finding suggests that the pathophysiology underlying PD-associated LRRK2
mutations may be more complex than a simple gain-of-function of kinase activity.

An additional important aspect emerging from the S935A mutant, is that the LRRK2 subcellular localization
is a key regulator of its kinase activity. Indeed, while the WT LRRK2, which can be phosphorylated, is located
in the cytosol but also associated to membrane structures (both plasma membrane and vesicles), the S935A
mutant, which cannot be phosphorylated, forms cytosolic aggregates and was hardly detected in
membranes. These results are in line with literature data, indicating that phosphorylation of the serine 935
residue controls the LRRK2 interaction with 14-3-3 proteins, which, in turn, modulate the localization of the
kinase to the plasma membrane where it can be activated (Nichols et al., 2010). Interestingly, increased of
both SV fusion events and sypHy-positive clusters in the TIRF zone in cells expressing the S935A mutant were
detected in these cells, suggesting that membrane targeting of LRRK2 is required for a proper SV trafficking.

In conclusion, these data suggest that the N-terminal domain plays a key role in the control of LRRK2
interactome and function. Perturbation of this region (through phosphorylation or missense mutations) may
profoundly modify LRRK2 impact on SV dynamics. Interestingly, alteration of Ser-935 phosphorylation has
been found in patients affected by PD, and our data indicate a possible mechanism by which altered
phosphorylation may be implicated in the pathophysiology of PD. To further confirm these data, it would be
important to characterize the functional impact of both variants, E193K and S935A, in primary culture and
animal models of disease.

Disruption of vesicular trafficking pathways are emerging as important pathological events in PD, suggesting
that alteration of this process might be an important aspect of disease neurodegenerative cascade. Our
results confirm the physiological and pathological relevance of the nature of the LRRK2-associated macro-
molecular complex solidifying the idea that different pathological mutations critically alter the scaffolding
function of LRRK2 resulting in a perturbation of the vesicular trafficking. Finally, it is critical to understand
how phosphorylation affects LRRK2 function and gain insight into its relevance in Parkinson's disease. Our
increased understanding of the molecular mechanisms among LRRK2-associated PD pathways may provide
a framework for uncovering additional knowledge that will expand our ability to stratify patients with PD for
future disease-modifying therapies.

42



4. Introduction — Chapter II

43



4.1 The association between Type 2 Diabetes and Parkinson’s disease

An extensive comorbidity spectrum has been closely associated with PD in a longitudinal study, where
hypertension and diabetes were found being the most frequent comorbidities in PD patients (Santos Garcia
etal., 2017). Diabetes is an emerging public health concern that is estimated to afflict over 400 million people
globally (Javeed and Matveyenko, 2018) with the number expected, by 2040, to increase to 642 million
(zheng et al., 2018). There are four distinct types of diabetes based on their etiopathogenesis: type 1 and
type 2 diabetes, maturity onset diabetes of the young (MODY) and gestational diabetes (American Diabetes
Association, 2014). By far the most common form of diabetes is type 2 diabetes mellitus (T2DM), featuring
disrupted feedback loops between insulin action in insulin-sensitive tissues and insulin secretion by
pancreatic B-cells by resulting in insulin resistance, altered glucose tolerance, and abnormal blood glucose
levels. As a matter of fact, a potential association between T2DM and PD, both age-related chronic diseases,
started in the early 1960s and confirmed by multiple recent reports.

Epidemiological studies regarding the connection between the 2 disorders are rather ambiguous. Previously,
early reports affirmed a wide concordance regarding the association between T2DM and PD, since PD
patients showed abnormal glucose tolerance when tested, disclosing a significantly high prevalence (50% to
80%) of T2DM in PD patients (Sandyk, 1993). This same study showed that the occurrence of diabetes
indicated a greater severity of symptoms in PD patients (Sandyk, 1993). However, it is suggested in a more
recently published study that abnormal glucose metabolism occurs in only about 20% of PD patients
(Marques et al., 2018). Over the past few years, evidence has emerged for a higher risk of PD occurrence in
people with T2DM. Several case-control and cohort studies across different ethnic groups have pointed to
T2DM as a risk factor for the development of PD (De Pablo-Fernandez et al., 2018; Schernhammer et al.,
2011; Sunetal.,, 2012; Yang et al., 2017; Yue et al., 2016). While the majority of studies claim such association,
nevertheless, it is important to note that some of the studies sustained an inverse association (D’Amelio et
al., 2009; Lu et al., 2014), or the absence of association between them (Palacios et al., 2011; Savica et al.,
2012). These discrepant results may be attributed to both differences in methodology and study design, as
well as remaining confounding factors, including methods for reaching a diagnosis of PD, dishomogeneity of
parkinsonisms and lack of control of drug effects on patients.

Although epidemiological studies on the connection between the 2 disorders have been equivocal, several
recent findings have shown that the pathological mechanisms of these diseases are similar. Environmental
factor exposure and genetic susceptibility play a role in the aetiology and contributes significantly to the
pathogenesis of both diseases (Figure 4.1). In this regard, the neurotoxin MPTP is widely employed in
inducing parkinsonism through the production of oxidative stress in dopaminergic neurons, leading to
mitochondrial dysfunction and cell death. By inhibiting complex | of the respiratory chain, this drug reduces
ATP production as well as trigger free radical production (McKnight and Hack, 2020) which can, in turn,
precipitate insulin resistance progression by increased reactive oxidative species (ROS) production
(Szendroedi et al., 2012). Besides, mice treated with MPTP exhibited a concomitant upregulation of pro-
inflammatory cytokine and a-synuclein levels in the pancreas and midbrain, strongly suggesting that PD and
T2DM may be linked in an organ-specific manner (Wang et al., 2014). Between 5 and 10% of all cases with
PD and T2DM are accounted by genetic alterations (Santiago and Potashkin, 2013). In fact, the genetic
association among the two diseases is supported by genetic mapping of genes for both diseases. A genome-
wide association study (GWAS) and microarrays identified a cluster of 478 genes closely associated with
confirmed PD and T2DM genes (Santiago and Potashkin, 2013). Consistently, 84 PD and T2DM-associated
genes were identified in another study employing GWAS alone (Santiago et al., 2014). However, a separate

study found an absence of direct genetic evidence for an association between genome-wide meaningful
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T2DM and PD loci (Chung et al., 2015). There is involvement of both T2DM and PD in accumulating misfolded
proteins to create amyloid aggregates. Among diabetic patients, the specifically misfolded protein is amyloid
polypeptide (APP) and within pancreatic cells can lead to cellular dysfunction (Obasse et al., 2017). The
human a-synuclein is the misfolding protein associated with the development of PD and it eventually
aggregates into LBs. The latter is encoded by the SNCA gene which is expressed in neurological as well as
peripheral tissues comprising the pancreas (Emamzadeh, 2016). There is an association between the SNCA
gene and the regulation of both glucose and insulin levels by the modulation of K* channels in the pancreatic
B-cell (Rodriguez-Araujo et al., 2015). Furthermore, APP and a-synuclein interaction apparently occur across
the two diseases (Horvath and Wittung-Stafshede, 2016) suggesting that they may affect each other in vivo,
leading to T2DM and PD (Martinez-Valbuena et al., 2018; Mucibabic et al., 2020). In addition to a-synuclein,
the expression of DJ-1, an antioxidant protein encoded by the PD gene PARK7, was found to be significantly
upregulated during in vitro and in vivo hyperglycaemic conditions (Eberhard and Lammert, 2017; Inberg and
Linial, 2010; Waanders et al., 2009). Consistently, DJ-1-deficient mice exhibited impaired glucose tolerance
and decreased B-cell mass, prompting the suggestion that DJ-1 plays a key role in the glucose homeostasis
(Jain et al., 2012). Likewise, reduced transcription of the PARK6 gene, encoding the PTEN-induced putative
kinase 1 (PINK1) mitochondrial kinase, previously associated with PD, has been reported in T2DM patients
(Scheele et al., 2007). A further study demonstrated that loss of PINK1 function is coupled with increased
insulin release and disruption of glucose sensing, implicating PINK1 in B-cell function (Deas et al., 2014).
Additionally, the comorbidity between LRRK2-associated Parkinson and T2DM is about 9% (30 of 342
patients) (Healy et al., 2008). In a recent cohort study, higher triglyceride levels and higher rates of
prediabetes were found to be more frequent among LRRK2 carriers, although these metabolic alterations did
not affect the LRRK2-PD phenotype (Thaler et al., 2020). Furthermore, LRRK2 deficiency in rodents impairs
insulin-dependent glucose transporter type 4 (GLUT4) translocation suggesting a key role for LRRK2 in insulin-
dependent signal transduction (Funk et al., 2019). These findings provide support for the possibility of using
genes associated with T2D to identify genes associated with PD and vice versa.

In parallel, experimental evidence point toward a possible underlying overlapping of T2DM and PD disease’s
dysregulated mechanisms and pathways (Santiago et al., 2017). In this context, a rather curious hypothesis
has developed suggesting that mitochondrial dysfunction, endoplasmic reticulum stress, inflammation, and
metabolic abnormalities may lead to insulin resistance and finally diabetes and/or neurodegeneration.
(Santiago and Potashkin, 2013). There are clinical symptoms in either case principally involving a decline and
subsequent lack of biological substances (insulin and dopamine respectively) resulting in significant or almost
total loss of cells within the specialized tissue producing this compound (Das and Unger, 2018). In T2DM, the
rate of insulin response is reduced, and systemic insulin resistance has long been a crucial hallmark of the
disease. Recently, studies emphasized that such insulin resistance similarly can occur in the brains of patients
with PD, also among those without diabetes, soliciting the suggestion that impaired insulin signaling is
involved in the development of the pathological features of PD (Morris et al., 2014). Interestingly, the areas
of the brain most affected in patients with PD, such as the basal ganglia and substantia nigra, are relatively
abundant in insulin receptors. Mounting evidence suggests an essential regulatory role for insulin in
regulating neuronal survival and growth, as well as dopaminergic transmission (D. Athauda and Foltynie,
2016a; Cheong et al., 2020). Moreover, it is noted that insulin modulates both dopamine synthesis and
uptake in the substantia nigra. Hence, streptozotocin-induced hypoinsulinemia suppresses the transcript
levels of both the dopamine transporter and tyrosine hydroxylase (TH) in the substantia nigra pars compacta.
Accordingly, deficiency of dopamine in the striatum is capable of lowering insulin signaling in the basal
ganglia, formulating the hypothesis that PD should be considered a risk factor for T2DM (Lima et al., 2014).
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Considering these potential shared disease mechanisms, unsurprisingly is the fact that established diabetes
drugs are considered among the most promising treatments being investigated to target insulin resistance in
the management of PD (discussed below).

Both T2DM and PD are common disorders that negatively impact patients' quality of life. It is therefore
extremely essential to investigate these diseases not only separately, but also to study their associations and
interactions.

Dysregulated pathways
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Figure 4.1. Environmental and genetic factors cause dysregulation in common pathways leading to
neurodegeneration and diabetes. Some examples of these shared pathways are described in the table in the lower panel
(Adapted from Santiago and Potashkin, 2013).

4.2 Insulin

4.2.1 Peripheral insulin

Insulin polypeptide hormone is a relatively small protein possessing native helical structure with molecular
weight of approximately 6 kDa. It is synthesized as an inactive prohormone and is activated prior to secretion.
The principal site for the regulated manufacture and secretion of insulin is the B-cell of the pancreas. Insulin
synthesis begins in the ER of B-cells where preproinsulin is synthesized as an inactive single-chain precursor
with a signal sequence. After the signal sequence is cleaved into the ER by proteolysis, preproinsulin
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transforms to proinsulin. The correctly folded proinsulin then gets delivered to the Golgi apparatus and
packaged within secretory granules pending its release. The active insulin is composed of two polypeptide
chains, joined together with disulfide bonds (Hou et al., 2009; Omar-Hmeadi and Idevall-Hagren, 2021). This
hormone is normally secreted in a regulated manner by B-cells in response to different secretagogue stimuli,
with glucose being the most important physiological driver. Indeed, when blood glucose concentrations
exceed 100 mg/dL, B-cells internalise glucose through the GLUT 1 (in humans) or GLUT 2 (in rodents)
transporter. The resulting metabolism via glycolysis and the Krebs cycle, increases intracellular ATP/ADP
concentration, closes K* channels, and activates voltage-gated calcium channels (VGCCs). The subsequent
increase in intracellular Ca?* provides the triggering signal for insulin granule fusion with the plasma
membrane, a process controlled by the SNARE complex (Rorsman and Braun, 2013; Rorsman and Renstrom,
2003). Insulin is a peptide hormone essential for carbohydrate, protein, and fat metabolism. The effect of
insulin is accomplished by binding to insulin receptors (IRs) on target cell membranes. Across many tissues,
insulin receptors are found in different concentrations and provide an extensible multi-organ signaling
pathway mechanism that is coupled with the intracellular tyrosine phosphorylation: the insulin signaling
system (ISS). ISS's primary target are the liver, the adipose tissue, and the skeletal muscle (Bilotta et al., 2017).
The regulation of a broad spectrum of physiological processes by insulin makes its synthesis and levels critical
in the onset and progression of several chronic diseases.

4.2.2 Insulin in the brain

Besides the peripheral targets, insulin also exerts a neuroregulatory function (Bilotta et al., 2017; Grote and
Wright, 2016). In the past few years, accumulating evidence has emerged about the human brain being an
insulin-sensitive organ. In particular, three distinct sources of insulin are proposed to exist in the brain (D.
Athauda and Foltynie, 2016). Most notably, insulin may be delivered to the CNS by the insulin receptor-
mediated saturable pathway. On the other hand, the insulin can flow directly into the CSF without passing
through the BBB as the circumventricular regions feature an absence of the typical BBB structure as well as
have porous capillaries that allow the plasma to diffuse unimpeded. Ultimately, it was suggested by
experimental studies, using animal models, that insulin could be produced in the brain (Baranowska-Bik and
Bik, 2017). Throughout the brain, insulin receptors are widely expressed and dispersed and are primarily the
insulin receptor A (IR-A) isoform instead of the more prominent IR-B isoform located across the rest of the
body. Once insulin binds to IR-A, in turn, the receptor is subject to autophosphorylation and gets activated.
The activation of the receptor results in phosphorylation of the downstream insulin receptor substrate (IRS)
proteins found to be involved in a broad range of cellular signaling pathways. It is worthy to note that IRS
proteins are triggered and activated also upon binding of Insulin-like Growth Factor 1 (IGF-1) ligand to its
receptor. Thereby, IRS proteins couple the signaling cascades of both insulin and IGF-1 (Akintola and van
Heemst, 2015). An important role in brain metabolism, neuronal growth, and neurogenesis is attributed to
insulin. Furthermore, it may have a positive impact on the emotions and higher cognitive processes including
attention, executive functioning, learning, and memory. On the other hand, insulin exerts its effects on the
peripheral metabolism by acting through the hypothalamic-pituitary-adrenal axis. Specifically, central insulin
is actually involved in the maintenance of energy homeostasis, body weight, as well as peripheral metabolism
of lipids and glucose (Baranowska-Bik and Bik, 2017; Hughes and Craft, 2016). There is therefore a potential
risk that disruption of brain insulin signaling may potentially prompt changes in brain (and whole body)
energy metabolism and, simultaneously, can be a major contributor to late-stage expression of
neurodegenerative disease (D. Athauda and Foltynie, 2016).
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4.2.2.1 Overview in insulin signaling pathways

Across the brain, insulin receptors have a broad spectrum of distribution (including hypothalamus,
hippocampus, olfactory bulb, cerebellum, amygdala, cerebral cortex, the striatum, midbrain, and brainstem)
pointing to multiple functions of insulin (Duarte et al., 2012; Kleinridders et al., 2014). Insulin binds to the a-
subunit of the receptor and triggers its tyrosine kinase activity, leading to tyrosine phosphorylation of the B-
subunit of the receptor. Upon activation, the IR phosphorylates IRS proteins. As previously cited, IRS proteins
also became activated upon binding of IGF-1 ligand to its cognate receptor. As a result, insulin binding to the
IR/IRS is able to induce phosphorylation of a variety of downstream effectors (summarized in Figure 4.2). In
turn, these activate downstream secondary messengers via three principal pathways (D. Athauda and
Foltynie, 2016; Cheong et al., 2020).

A principal downstream effector of IRS proteins is the activation of phosphatidylinositol 3-kinase pathway,
which, through cyclic nucleotide phosphodiesterase 3B (cPD3B), impacts neurotransmission in a direct way
and consequently affects cognitive function, information processing and memory (Cheong et al., 2020). An
additional signal transduction cascade comprises activation of the PI3K/(protein kinase B) Akt pathway. This,
in turn, can regulate multiple downstream pathways shown to have fundamental roles in normal brain
function, including mammalian-targeted rapamycin (mTOR), glycogen synthase kinase-3B (GSK-3B), forkhead
box 01 (FOXO01) transcription factor, and nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB). The protein synthesis mediated by mTORC1 plays an important role in synaptic plasticity and
regulation of autophagy, a key mechanism involved in misfolded proteins and damaged organelles in neurons
degradation. When the mTOR kinase is activated by AKT, it suppresses excessive autophagy, thereby
promoting cell growth and survival. Indeed, disruption of mMTORC1-dependent autophagy within neurons
leads to neuronal cell death and the onset of neurodegenerative diseases (Kleinridders et al., 2014). A key
downstream target of the IR/PI3K/Akt is the inhibition of the GSK3B, which governs multiple aspects of
neuronal functioning, and so plays an important role in brain pathology. Specifically, it is involved in neural
progenitor cell proliferation, neuronal polarity, and neuroplasticity (D. Athauda and Foltynie, 2016; Salcedo-
Tello et al., 2011). Important roles in CNS, including control of energy homeostasis and leptin sensitivity, as
well as locomotor activity, have been reported for FOXO1 (Kleinridders et al., 2014). Moreover, FOXOs
phosphorylation results in their translocation from the nucleus, leading to changes in the transcription of
several important factors implicated in metabolism, cell cycle regulation, apoptosis, and resistance to
oxidative stress. An additional important effector of the IR/PI3 K/Akt cascade is NFkB, mediating the microglia
proinflammatory response. Since it represents a master regulator of inflammatory gene expression, NFkB
regulation has been involved in the pathogenesis of neuroinflammation in PD (D. Athauda and Foltynie,
2016).

IR signal transduction is further mediated through the parallel signaling pathway of mitogen-activated
protein kinase (MAPK), which mediates synaptic plasticity modulation, density and neurotransmission, and
perhaps even neurogenesis. Accordingly, activation of this pathway appears to modulate the effects of insulin
on learning and memory (Cheong et al., 2020).

More recently, insulin has been reported to mediate neurotransmission through direct modulation of N-
methyl-D-aspartate (NMDA) glutamate receptors to increase Ca?* channel influx and, thus, promote NMDA-
mediated neurotransmission, thereby modulating neuronal functions involved in learning and memory. The
latter was further supported by the cell surface insulin-mediated control of the density of glutamate and
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GABA receptors, by modulating targeting of the receptor to the membrane as well as endocytic
internalization, and thus influencing synaptic plasticity (Cheong et al., 2020; Duarte et al., 2012).
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Figure 4.2. Schematic summary of main signal transduction pathways involved in insulin signalling in the brain
(Adapted from Cheong et al., 2020).

4.3 Common therapeutic approaches to Type 2 Diabetes and Parkinson’s disease

An additional suggesting point of correlation between PD and T2DM has been illustrated by the interaction
of hypoglycaemic and antiparkinsonian drugs. Consistent with this, the effects of several drugs used to treat
PD, such as levodopa, have been accounted, as they are able to induce both hyperglycaemia and
hyperinsulinemia. On the other hand, there are others that can raise insulin sensitivity (Camargo Maluf et al.,
2019). More importantly, it has been suggested that modulating the insulin signaling pathway and restoring
sensitivity to insulin, potentially represents a novel target for PD disease modification. Indeed, hypoglycaemic
drugs, especially biguanides (Lu et al., 2020; Paudel et al., 2020), thiazolidinediones (Zhu et al., 2019), and
incretin mimetic agents (D. S. Kim et al., 2017), are increasingly being used in the management of patients
with PD.
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4.3.1 Antidiabetic drugs

Metformin is a synthetic biguanide of herbal origin widely used in the T2D treatment as a first-line drug due
to its outstanding safeness and efficacy. The anti-hyperglycemic activity is believed to be caused by the
inhibition of hepatic gluconeogenesis via alteration of the complex | mitochondrial respiratory chain (Rena
et al., 2013; Sanchez-Rangel and Inzucchi, 2017). Moreover, metformin has also been shown to be an insulin
sensitizer in skeletal muscle (Hostalek et al., 2015). However, the full understanding of its mechanism of
action still remains unclarified. Over time, different uses of metformin were discovered and its benefits,
including immunoregulatory properties (Podhorecka et al.,, 2017), have been verified in several diseases
including cancer, cardiovascular, and neurodegenerative diseases (Foretz et al., 2014; Morales and Morris,
2015). Interestingly, in the investigation of neuroprotective/alternative strategies against PD, very recent
evidence highlights the potential role of metformin as a novel neuroprotective agent (Paudel et al., 2020;
Rotermund et al., 2018). Specifically, newly studies performed on MPTP-induced PD animals have
demonstrated that metformin reduces the destructive effect of MPTP on dopaminergic neurons (Rotermund
et al., 2018). Further pre-clinical data also suggest that metformin appears to improve motor and cognitive
dysfunction by reducing oxidative stress, modulating autophagy through AMPK activation, and preventing
mitochondrial dysfunction (Lu et al., 2016; Patil et al., 2014). Finally, metformin seems also to promote
neurogenesis by activating the Protein kinase C-CREB-binding protein (PKC-CBP) pathway (Wang et al., 2012),
which plays a central role in neurodevelopment, synaptic plasticity, and neuroprotection. Taken together, all
these findings suggest that the greatest value of metformin at present may be in its potential contribution to
the understanding of these mechanisms frequently involved in neurodegeneration.

Thiazolidinediones (TZDs), comprising pioglitazone and rosiglitazone, are a class of peroxisome proliferator-
activated receptor-gamma (PPAR-y) agonists. They act by potentiating the action of insulin and can improve
insulin sensitivity and lower the blood glucose level of patients with type 2 diabetes (Davidson et al., 2018;
Hevener et al., 2007). However, these receptors are noted for expression in insulin-sensitive organs such as
the pancreas, as well as in regions of the brain including the substantia nigra and putamen (Swanson and
Emborg, 2014). TDZs are another class of oral anti-hyperglycaemic agents widely investigated in the
treatment of PD. Several recent studies performed across a variety of PD animal models have suggested that
TZDs may exert anti-inflammatory and neuroprotective effects (Barbiero et al., 2014; Martinez et al., 2015;
Pinto et al., 2016). TZDs, by interacting with a protein of the external mitochondrial membrane, called
MitoNEET, have shown positive effects on the activity of complex | of the respiratory chain in neuronal cells.
As well, it is believed that they inhibit microglial activation and lower oxidative stress in neurons, enhancing
mitochondrial function and effectively preventing neurodegeneration (Cheong et al., 2020). Furthermore,
these drugs, by decreasing nitric oxide synthase (NOS) activity, oxidative stress, and free radical release,
exhibited protective action against neurodegeneration and neuroinflammation in MPTP-treated mice
(Camargo Maluf et al., 2019). The evidence from human studies about the effectiveness of TZDs in PD is
inconclusive. In fact, a few studies have found a significant decrease in PD risk with the use of TZDs in patients
with T2DM (Brakedal et al., 2017; Brauer et al., 2015). However, no significant decrease in PD risk with TZD
use was found in a retrospective cohort study in the United States (Connolly et al., 2015). As such, the
difficulty in obtaining meaningful data in neurological disorders as parkinsonism may likely be related to the
limited capacity of TZDs to pass through the BBB (Chang et al., 2015). To date, several trials from human
studies have evaluated the interaction between the use of TZDs and the incidence of PD in diabetic patients,
yet with controversial and inconclusive results.
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Glucagon-like peptide-1 (GLP-1) is a growth factor released from gut enteroendocrine cells (Drucker, 2018).
GLP-1 receptor agonists such as exenatide, lixisenatide, and liraglutide, are licensed drugs for the
management of T2D (Nauck et al., 2021). They work primarily by stimulating pancreatic GLP-1 receptors,
which trigger insulin release from pancreatic B-cells in a glucose-dependent manner and inhibit glucagon
secretion from a-cells, resulting in a lowering blood-glucose action (Cornell, 2020; Mulvaney et al., 2020).
Besides their role in glucose homeostasis, growing evidence suggests that GLP-1 mimetics exercise several
extrapancreatic effects due to their ability to cross BBB, affecting several pathways in the CNS including
neuroinflammation, neuroprotection, and mitochondrial function (Dilan Athauda and Foltynie, 2016). Thus,
talking about neurodegenerative disorders, mice models of MPTP-induced Parkinson’s disease promisingly
support liraglutide and lixisenatide good neuroprotective effect (Holscher, 2018). More so, in the same
models, these GLP-1 analogues appear to reduce pro-apoptotic mitochondrial cell signaling and enhance
growth factor kinase activity, playing a neurotrophic role (Liu et al., 2015). Furthermore, their involvement
in neuroinflammation, widely involved in neurodegeneration, have been demonstrated to be related to the
inhibition of the pro-inflammatory cytokine interleukin-1p (IL-1B) synthesis (lwai et al., 2006). At present,
clinical trials of the effects of GLP-1 agonists in neurodegenerative disorders are on their way (Athauda et al.,
2017), including besides PD also AD (Hunter and Holscher, 2012).

4.4 Aims

Over the past 30 years, several epidemiological studies have forged links between metabolic syndromes, in
particular diabetes, and PD, but a complete understanding of the mechanisms linking the two diseases is still
missing. Dysregulated pathways, such as inflammation and mitochondrial dysfunction, may be common
underlying mechanisms (Camargo Maluf et al., 2019). In light of these potential shared disease mechanismes,
T2D drugs have been proposed for the treatment of PD and recent clinical studies have shown promising
results (D. S. Kim et al., 2017; Lu et al., 2020; Paudel et al., 2020; Zhu et al., 2019).

Genetic susceptibility plays a role in the aetiology and contributes significantly to the pathogenesis of both
diseases. Of note, the genetic forms of PD reveal some mutations in genes which are expressed also in the
endocrine pancreas (Deas et al., 2014; Jain et al., 2012; Rodriguez-Araujo et al., 2015), suggesting a possible
co-dysfunction. Considering the comorbidity between PD and T2DM, we decided to investigate whether
genetic alterations in PD could eventually explain the association of the two diseases. Specifically, we focused
on LRRK2, the most common genetic cause of both familial and sporadic PD (4% of hereditary PD and 1% of
patients with idiopathic PD) (Healy et al., 2008) and on its possible contribution to the control of B-cell
function. Although neurons and pancreatic B-cells are very different structurally and embryologically, these
two cell types are involved in similar release processes: endocrine cells, as well as neuronal cells, need to
store hormones or neurotransmitters in vesicular structures, and to secrete them in a regulated manner. As
discussed in the first part of the thesis, LRRK2 play a key role in the control of SV trafficking (Carrion et al.,
2017; Matta et al.,, 2012; Piccoli et al.,, 2011; Shin et al., 2008), and the mechanism that regulates
neurotransmitter secretion is similar to that employed by endocrine cells to control hormone release, sharing
common molecular mechanisms and effector proteins.

Based on these considerations, we decided to investigate whether LRRK2 may be expressed in the pancreas
and verify if its activity is required for its function. The study was performed in the insulin-secreting murine
BTC3 cell line. After having demonstrated LRRK2 expression in the endocrine pancreas and in B-cells, we
aimed to evaluate its physiological impact on insulin granule trafficking and insulin secretion by modulating
LRRK2 expression through pharmacological and molecular approaches. We attempted to identify LRRK2
interactors and mechanisms of regulation of LRRK2 activation. A further objective for the proposed study
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was to investigate the possible impact of LRRK2 on glucose homeostasis in animal models. To this aim, in
collaboration with Dr. Giovanni Piccoli from University of Trento, we characterized bacterial artificial
chromosome (BAC) transgenic mice expressing the PD-associated mutant G2019S LRRK2.

In the last decades, PD and T2DM incidence has dramatically increased in the population, probably for both
the sedentary lifestyle and the increasing population aging. Therefore, a more extensive understanding of
the molecular mechanisms underlying the correlation between these disorders may open opportunities for
the development of new strategies to prevent or modify PD and T2DM progression.
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5. Results and Discussion — Chapter Il
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As previously anticipated, the aim of this second part of the project was to characterize the role of LRRK2
protein and its structural domains in the endocrine pancreas using pharmacological, molecular, and
functional approaches, and to assess its involvement in insulin release and glucose homeostasis. Specifically,
we aimed (i) to verify LRRK2 expression in pancreatic beta cells and to characterize the role of LRRK2 in insulin
secretion in murine BTC3 cell line, in primary mouse islets and in human isolated islets of Langerhans, (ii) to
identify LRRK2 interactors in B-cells and regulatory mechanisms of LRRK2 activation, and (iii) to verify the
involvement of LRRK2 in glucose homeostasis in animal model.

5.1 LRRK2 is expressed in the endocrine pancreas

LRRK2 have been reported to be widely expressed in the brain and in peripheral tissues (Westerlund et al.,
2008; Zimprich et al., 2004). We first confirmed LRRK2 expression in the pancreas taking advantage of the
Protein Atlas (Fig. 5.1A). As shown in figure 5.1A, LRRK2 is reported to be present in both humans and rodent
pancreas, and particularly is enriched in the endocrine pancreas. We confirmed the results reported in the
Protein Atlas, by western blotting analysis and demonstrate the expression of LRRK2 in lysates from the P2
brain fraction (positive control), whole mouse pancreas, and mouse primary islets of Langerhans, wherein it
was enriched (Fig. 5.1B). To have a model to interfere with LRRK2 function pharmacologically and
molecularly, we focused on the murine BTC3 cell line, which is widely used and retain glucose-stimulated
insulin secretion in vitro. The expression of LRRK2 in BTC3 cells was confirmed at the mRNA level by RT-PCR
(Fig 5.1C) and at the protein level, by western blotting analysis (Fig 5.1D). To detect the localization of LRRK2
in B-cells, we performed double immunofluorescence studies on BTC3 cells and revealed that LRRK2 is
abundant in the mouse B-cell and localized to vesicular structures partially positive for insulin, as illustrated
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Figure 5.1.Expression of LRRK2 in the endocrine pancreas. (A) LRRK2 gene expression in human, mouse, and rat
pancreas according Protein Atlas database are shown. (B) Western blotting analysis of LRRK2 expression in murine
pancreas and isolated islets. P2 brain fraction is used as positive control. (C) Determination of LRRK2 expression in 6TC3
by means of RT-PCR. -, negative controls without enzymes. (D) Western blotting analysis of LRRK2 expression in 8TC3
cell line. (E) Representative immunofluorescence images of BTC3 cells double stained with anti-LRRK2 (green) and anti-
insulin (red) antibodies. The colocalization between LRRK2 and insulin is shown in yellow. Scale bar: 10 um.

5.2 LRRK2 silencing alter insulin granules trafficking and release in BTC3 cells

Mounting evidence suggest an important role of LRRK2 in the control of vesicle trafficking (Carrion et al.,
2017; Piccoli et al., 2011). Therefore, we investigated the possibility that LRRK2 may impact secretory vesicles
dynamics also in the B-cell. To assess the function of endogenous LRRK2 in insulin secretion, we employed
the small RNA interference (siRNA) strategy to acutely downregulate LRRK2 levels. A scrambled siRNA was
used as a control, siControl (Fig. 5.2A). Western blotting analysis confirmed that the siLRRK2 strategy
depleted endogenous LRRK2 levels (Fig. 5.2B,C) in BTC3 cells. In order to visualise the spatio-temporal
dynamics of the secretory vesicles in BTC3 cells, we monitor exocytosis of secretory vesicles tagged with the
aforementioned sypHy reporter by time-lapse TIRF microscopy. In pancreatic cells two types of vesicles
coexist: large dense-core vesicles, which store hormones (insulin), and small synaptic-like vesicles, which
contain neurotransmitters (Reetz et al., 1991); both of them express synaptobrevin, the engineered protein
used in our assay. Hence, we expect that sypHy labels both vesicle types, in BTC3 cell lines. Interestingly,
assessment of fusion events over time, under resting conditions, showed a significantly increased number of
spontaneous fusion events without changing single peak intensities in LRRK2-silent B-cells compared with
control B-cells (Fig. 5.2D-F). Most intriguingly, the same phenotype was reported in the SH-SY5Y neuronal
cells upon silencing of endogenous LRRK2 (Perez Carrion et al., 2018). Collectively, this evidence suggests
that LRRK2 protein control vesicle trafficking probably by preventing vesicle exocytosis.

To further elucidate the physiological impact of LRRK2 silencing on B-cell function, the insulin secretion under
basal (KRH, 1 mM glucose) and stimulated (KRH, 20 mM glucose) conditions was measured by means of ELISA
assay in cells transfected with the LRRK2 and Control-siRNA (Fig. 5.2G). As expected, cells transfected with
the Control siRNA significantly increased insulin secretion upon glucose stimulation. Conversely, the LRRK2
silencing caused alterations in insulin secretion insulin in response to both basal and high glucose
concentrations. Curiously, in accordance with the previously reported data on vesicular trafficking by TIRFM
analysis, the amount of insulin released in the medium by 45 minutes static incubation under basal glucose
concentrations, was significantly increased in LRRK2-silent cells compared with control cells. A reduced
glucose-stimulated insulin secretion response was also observed, as a result the stimulated/basal insulin
secretion ratio was significantly decreased in LRRK2-deficient cells (Fig. 5.2H). All together, these findings
indicate that LRRK2 is a critical effector of secretory vesicles dynamics and insulin secretion in BTC3 cells.
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Figure 5.2. LRRK2 controls insulin granule trafficking and secretion in 8TC3 cells. (A) Schematic representation of
siControl and siLRRK2 constructs. (B) Western blotting analysis of LRRK2 in 8TC3 cells expressing siControl and siLRRK2
constructs and (C) relative quantitative analysis. Data (mean values + SE) are expressed as fold change over Ctr. *p<0.05,
ANOVA. (D) Time course analysis of synaptic events occurring in 8TC3 cells transfected with siControl or siLRRK2 under
resting conditions. BTC3 cells were co-transfected with ANP-GFP and the indicated constructs and imaged by TIRFM
48 hours later. Peaks of variable fluorescence intensity correspond to single fusion events. Fluorescence data are
expressed as F/FO. The graphs show the total number of fusion events (E) and the resulting fluorescence changes (F)
expressed as Area Under Curve (AUC). *p<0.05, Student’s T-test. (G) The insulin secretion measured by static incubation
under basal (1 mM glucose) and stimulated (20 mM glucose) conditions. Insulin was evaluated by means of ELISA assay
in BTC3 cells. Data (mean + SD) are normalized on the insulin content and expressed as percentual of insulin content
(n =3, in triplicate). **p < 0.01 vs siControl; ###p < 0.001 stimulated vs relative basal, ANOVA. (H) Stimulatory index was
evaluated, and data (mean + SD) are expressed as stimulated over basal release. ***p<0.001, Student’s T-test.

5.3 LRRK2 controls the glucose-stimulated insulin secretion through its kinase
activity

In neurons, it has been reported that inhibition of LRRK2 kinase activity causes impairment in SV dynamics,
indicating a role for LRRK2 catalytic activity in SV fusion cycle (Cirnaru et al., 2014). Thus, we investigated the
functional impact of LRRK2 kinase activity on insulin granules trafficking upon LRRK2 pharmacological
inhibition. We modulated LRRK2 kinase activity taking advantage of two potent LRRK2 inhibitors, GSK-
2578215A (Reith et al., 2012) (hereinafter GSK) and MLi-2 (Fell et al., 2015). Firstly, as there are no data on
LRRK2 GSK and MLi-2 inhibitors effect on B-cells, we performed MTT test to evaluate its possible toxicity. As
shown in figure 5.3A, after an acute pre-treatment with both LRRK2 inhibitors, 200 nM (GSK) and 10 nM (MLi-
2), no change in B-cell survival was observed. There is evidence that chronic LRRK2 kinase inhibitor treatment
leads to degradation of LRRK2, thus reducing endogenous levels of the protein (De Wit et al., 2019). Since
our studies are performed under acute conditions (45 minutes), we assessed the effect of LRRK2 inhibitors
on the protein's endogenous levels during this same time window. Of interest, both GSK and MLi-2 did not
cause alterations in the stability of LRRK2 as similar levels of proteins were detected after treatment with
both inhibitors (Fig. 5.3B,C).

Next, we investigated whether altered LRRK2 kinase activity may lead to defects in vesicles trafficking. To this
aim, the pH-sensitive dye acridine orange was used as a tool to monitor the basal and regulated vesicle
trafficking. The fluorescent dye accumulates in acidic vesicular compartments and is released in the medium
when vesicles fuse with the plasma membrane. As expected, the fluorescent signal in the medium was
increased when regulated exocytosis was induced by incubating the cells with 20 mM glucose (the
physiological stimulus) or with the depolarizing agent 40 mM KCl. Intriguingly, pre-incubation of cells with
200 nM GSK or 10 nM MLi-2, the specific inhibitors of LRRK2 kinase activity, completely prevented the
stimulated exocytosis, thus confirming the involvement of LRRK2 in the control of vesicle trafficking and
indicating a critical role of LRRK2 kinase activity in the phenomenon (Fig. 5.3D).
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Figure 5.3. LRRK2 kinase activity inhibition impairs the regulated vesicular trafficking. (A) MTT test. Mouse 8TC3 cells
were treated with 200 nM GSK or 10 nM MLi-2 for 45 minutes and DMSO treated cells were used as controls. Data of
three independent experiments are expressed as + SD. (B) Western blotting analysis of LRRK2 in 8TC3 cells treated with
DMSO (Ctr), 200 nM GSK or 10 nM MLi-2 for 45 minutes and (C) relative quantitative analysis. Data (mean values + SE)
are expressed as fold change over Ctr. (D) The vesicle trafficking in basal (1 mM glucose) and stimulated (20 mM glucose
or 40 mM KCl) conditions was evaluated in 8TC3 cells in the absence (Control) or presence of the specifics LRRK2 inhibitors
(200 nM GSK and 10 nM MLi-2) by using an acridine orange assay. Data of three independent experiments are expressed
as £+ SD. **p < 0.01; ***p<0.001 vs Control stimulated; ###p < 0.001 stimulated vs relative basal, ANOVA.

As the major vesicular compartment in mature B-cells are insulin secretory granules, we further explored the
effect of LRRK2 kinase activity by monitoring insulin release by ELISA assay. To this aim, we measured insulin
release in the murine BTC3 cell line in the presence or absence of two specific’s inhibitors of the kinase activity
of LRRK2, GSK and MLi-2, in either basal or stimulated condition. As expected, 20 mM glucose incubation
induced a significant increase of insulin secretion. Contrariwise, the pre-incubation of cells with 200 nM GSK
or 10 nM MLi-2 did not affect the basal insulin release, but completely prevented the increase of insulin
secretion expected after glucose stimulation, suggesting that the kinase activity of LRRK2 is essential to
control the regulated secretion of insulin in B-pancreatic cells (Fig. 5.4A).

The impact of LRRK2 kinase activity on glucose-stimulated insulin secretion was further confirmed by TIRF
microscopy. Control cells or cells pre-incubated for 45 minutes with 10 nM MLi-2 were maintained in a basal
KRH solution or stimulated for 10 minutes with a 20 mM glucose KRH solution. After staining with insulin, we
assessed the distribution of insulin granules by TIRFM and quantified their number in the TIRF zone by means
of a semi-automatic analysis (Fig. 5.4B,C). Unsurprisingly, the density of insulin granules in the TIRF zone
significantly increased under glucose stimulation. Pre-treatment with the LRRK2 kinase inhibitor, did not
change the insulin granule density under basal conditions. On the contrary, when pharmacological inhibition
of LRRK2 was combined with glucose stimulation, the granules density at the plasma membrane increased,
but remained significantly lower than what was observed under glucose stimulation, in the absence of MLi-
2 (Fig. 5.4B,C).
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Figure 5.4. LRRK2 controls the glucose-stimulated insulin secretion through its kinase activity. (A) The insulin secretion
measured by static incubation under basal (1 mM glucose) and stimulated (20 mM glucose) conditions in the absence
(Control) or presence of the LRRK2 inhibitors (200 nM GSK and 10 nM MLi-2). Insulin was evaluated by means of ELISA
assay in BTC3 cells. Data (mean + SD) are normalized on the insulin content and expressed as percentual of insulin
content (n =3, in triplicate). *p<0.05; **p < 0.01 vs Control stimulated; #p < 0.05 stimulated vs relative basal, ANOVA.
(B) Representative images of vesicle density in the TIRF zone (100 nm). 8tc3 cells were incubated with DMSO (Control)
or treated with 10 nM MLi-2 for 45 minutes and maintained in a basal (1 mM glucose) or stimulated (20 mM glucose)
KRH solution for 10 minutes. Then, cells were fixed, stained with anti-insulin antibody, and imaged by TIRFM to visualise
SGs docked to the plasma membrane. Scale bar: 10 um. (C) The graph reports the quantitative analysis of insulin positive
granules under the TIRF zone in control and treated cells under basal (1 mM glucose) stimulated (20 mM glucose)
conditions. Data are normalized for the cell area and expressed as mean + SE; n= 16 cells per condition.
**%p<0.001 vs Control stimulated; ##p<0.01; ###p < 0.001 stimulated vs relative basal, ANOVA.

These results further sustain the involvement of LRRK2 kinase activity on glucose-stimulated insulin secretion
and suggest that LRRK2 may play a role in tuning the number of granules in the readily releasable pool.

In neurons, it has been shown that LRRK2 controls the storage and mobilization of SV within the recycling
pool, which is constituted by vesicles of the readily releasable pool and reserve pool. Coherently with this
role, the fraction of recycling synapses was enhanced in siLRRK2 neurons under baseline conditions.
However, similar to our data, an inability to further increase the ratio of recycling synapses after long-lasting
depolarization in siLRRK2-silenced neurons was observed. This lack of response may indicate the exhaustion
of the readily releasable pool because of a perturbation of the recycling mechanism (Piccoli et al., 2011).
Indeed, sustained repetitive activity beyond the first presynaptic release requires not only the readily
releasable pool but also the mobilization of SV from the reserve pool to overcome the rapid depletion of the
readily releasable pool (Dobrunz and Stevens, 1997; Murthy and Stevens, 1998).

A similar mechanism has been described for the dynamics of insulin granules in pancreatic beta cells
(Rorsman and Renstrém, 2003). Our findings are consistent with such data, where LRRK2 may act as a
molecular hub controlling both the storage and the activity-driven SV mobilization. Under basal conditions,
LRRK2 protein may act as a brake and control the number of secretory vesicles available for the release.
LRRK2 deficiency, therefore, is expected to confer on granules a greater ability for membrane contact and
fusion, but in doing so it might also affect the organization of the exocytosis machinery in B-cells, thereby
impairing the mobilization of insulin granules required during high activity. On the other hand, activation of
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its kinase activity is required to release the brake and allow vesicles to reach the surface and release their
cargo.

5.4 RABS8 protein is LRRK2 target also in B-cells and their phosphorylation promotes
the insulin release

Since our results demonstrated the involvement of LRRK2 kinase activity in the control of insulin granule
trafficking, we addressed our studies to Rab proteins, which are key players in vesicle trafficking in neuronal
and endocrine cells and have been shown to be phosphorylated by LRRK2. Indeed, phosphoproteomic studies
have identified a subset of Rab proteins as in vivo LRRK2 kinase substrates, with Rab8 being one of the most
prominent (Steger et al., 2017). In this regard, we decided to focus on Rab8, a small G protein expressed also
in B-cells and involved in the control of post-Golgi exocytic membrane trafficking, retromer-mediated
trafficking, and endocytic recycling steps (Hattula et al., 2006; M. J. Kim et al., 2017; Perdnen, 2011; Zhu et
al., 2018).

To confirm Rab8 as LRRK2 effector in the control of insulin secretion, we interfered functionally on the LRRK2-
Rab8 assay. Phosphoproteomic studies have shown that LRRK2-mediated phosphorylation occurs at the
threonine-72 residue, which is located in a region of Rab8 interaction with its effectors. We generated and
transfected in BTC3 cells the LRRK2-specific Rab8 phospho-death mutant, T72A, which cannot be
phosphorylated. We measured insulin release, by means of ELISA assay, under resting (KRH, 1 mM glucose)
and stimulated (KRH, 20 mM glucose) conditions in mock-transfected cells and BTC3 cells overexpressing
Rab8 WT or Rab8 T72A (Fig. 5.5). As expected, incubation with 20 mM glucose induced a significant increase
of insulin secretion on mock and Rab8 WT overexpressing cells. Upon overexpression of the Rab8 T72A
mutant, the basal insulin secretion was not affected, indicating that the phosphorylation of Rab8 is not
required for the basal trafficking of insulin granules. However, the glucose stimulated secretion, was severely
inhibited. This effect appears to be the result of the T72A substitution because the overexpressing Rab8 WT
protein did not change the insulin secretion. These findings suggest that Rab8 may represent the LRRK2
effector and further indicate that LRRK2 kinase activity is necessary to allow the stimulated insulin secretion.

To confirm that Rab8 and its phosphorylation play a role in the control of vesicular trafficking, we also
generated phospho-mimic mutants, T72E/T72D the alanine substitution with a negatively charged amino
acid, mimics a state of hyper-activation of LRRK2 kinase activity (Fig. 5.5). If LRRK2-mediated Rab8
phosphorylation is required to allow secretory vesicles to enter in the recycling pool and fuse with the plasma
membrane, we expect increased insulin secretion already under basal conditions in cells overexpressing the
Rab8 T72E/T72D mutants. Accordingly, the expression of both phosphomimic mutants increased the basal
insulin secretion compared with mock and Rab8 WT overexpressing cells (statistically significant difference
only in the Rab8 T72D mutant). In contrast, despite high basal insulin release, the amount of insulin release
was not further increased after incubation with 20 mM glucose.
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Figure 5.5. RABS8 protein is LRRK2 target also in 8-cells and their phosphorylation promotes the insulin release. 6TC3
cells were transfected with empty vector (Mock), Rab8 WT, and Rab8 T72A/E/D mutants. After 48 h from transfection
the insulin secretion was measured by static incubation under basal (1 mM glucose) and stimulated (20 mM glucose)
conditions. Insulin was evaluated by means of ELISA assay in BTC3 cells. Data (mean + SD) are normalized on the insulin
content and expressed as percentual of insulin content (n = 3, in triplicate). *p < 0.5 vs basal Mock cells; °p < 0.5 vs basal
Rab8 WT; S5p<0.01 vs stimulated Rab8 WT; #p<0.05; ###p < 0.001 stimulated vs relative basal, ANOVA.

Taken together, our data suggest that Rab8 protein is a functional interactor of LRRK2 also in B-cells. LRRK2
action on Rab8 is required to promote glucose-stimulated insulin secretion as demonstrated by the altered
response in termed of insulin secretion, detected under stimulated conditions in the phospho-dead mutant
Rab8 T72A. Nevertheless, the fact that the Rab8 T72A mutant only partially prevents glucose-stimulated
insulin secretion suggests that Rab8 is not the only target. Besides Rab8, LRRK2 was found to phosphorylate
other Rab proteins, among them the Rab3 (Steger et al., 2017). The Rab3 is particularly interesting since it is
known to be expressed in pancreatic beta cells and implicated in glucose-stimulated insulin exocytosis
(Cazares et al., 2014, lezzi et al., 2000; Yaekura et al., 2003), thereby suggesting that other Rabs may be
implicated in the phenomenon as well.

How LRRK2-mediated phosphorylation control the Rabs activity is unclear. Since the T72 residue of Rab8 is
in the region of Rab8 binding to its effectors, a hypothesis is that LRRK2-mediated Rab phosphorylation
modifies the Rab binding to its interactors (Taylor and Alessi, 2020), thus inducing cell-specific effects.

Another important aspect emerging from these results is that the kinase activity of LRRK2 have to be switched
on to promote insulin granule fusion; however, this activation must be transient to allow the regular granule
trafficking. This is suggested by data obtained with phospho-mimetic Rab8 mutants that exhibited higher
basal insulin release compared to Rab8 WT protein but failed to afford a further increase under stimulation
conditions. Therefore, indicating that LRRK2 probably acts by controlling the granule movement in the
recycling pool.
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5.5 LRRK2 phosphorylation on the serine 935 is a critical player in LRRK2 signaling

Since the LRRK2 kinase is required for the regulated insulin secretion, we hypothesize that LRRK2 activation
may occurs as a consequence of glucose-mediated stimulation.

LRRK2 kinase activity is tightly regulated by the balance between auto- and hetero-phosphorylation of the
LRRK2 protein (Reynolds et al., 2014). As reported in the first chapters, in neurons phosphorylation of the
serines 910/935, located between the ANK and LRR domains, is an important modulator of LRRK2 kinase
activity (Marchand et al., 2020).

Firstly, via western blotting analysis with a specific anti-LRRK2-P-Ser-935 antibody, we confirmed the
phosphorylation of LRRK2 at this site in BTC3 cells expressing the WT protein. As expected, no signal was
detected in BTC3 cells transfected with the LRRK2 S935A mutant, characterized by the replacement of the
serine residue with alanine residue in position 935, and therefore not phosphorylable, thus confirming the
specificity of the antibody (Fig. 5.6A). Given the tight functional correlation we observed between LRRK2
kinase activity and the stimulated insulin secretion, we exploited the possibility of a glucose-dependent
phosphorylation of LRRK2. To this aim, via immunoblotting, we evaluated LRRK2 expression and its
phosphorylation levels in BTC3 cells stimulated with 20 mM glucose in different time frames (5, 15 and 30
minutes). Surprisingly, while LRRK2 total expression was unaltered in the different experimental groups,
LRRK2 phosphorylation at Ser-935 showed a time-dependent change (Fig. 5.6B,C). In particular, the fraction
of LRRK2 P-935 abruptly increased after 5 minutes, and then gradually decreased at 15 and 30 minutes after
stimulation, indicating that LRRK2 is transiently phosphorylated at the Ser-935 under glucose stimulation.

Several pieces of evidence indicate that the Ser-935 LRRK2's phosphorylation site appear to exert a key
regulatory role on the subcellular distribution of LRRK2 (Berwick et al., 2019; Marchand et al., 2020; Nichols
et al., 2010). Since LRRK2 localization impacts on its activation and controls the specificity of the protein
kinase activity on target substrates (Marchand et al., 2020), we hypothesized that the control of subcellular
localization may represent a mechanism for regulating LRRK2 function. In this regard, the localization of the
phosphorylated form of LRRK2, LRRK2 P-935, was estimated by TIRFM experiments using the anti-Phospho
ser-935 antibody. TIRFM studies revealed that 5 minutes after 20 mM glucose-stimulation - same time
window of the transient increase in the phosphorylation observed via western blotting - the protein was
enriched at the plasma membrane and on vesicular structures, partially overlapping with insulin granules
(Fig. 5.6D,E), thus leading to the hypothesis of a role of Ser-935 heterophosphorylation in membrane
targeting also in endocrine cells.
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Figure 5.6. Time course analysis of LRRK2 P-935 phosphorylation pattern upon glucose stimulation. (A) Western
blotting analysis of LRRK2 P-935 fraction in 8TC3 cells expressing LRRK2 WT and LRRK2 S935A constructs. (B) Western
blotting analysis of LRRK2 P-935 fraction in BTC3 cells incubated with 1 mM (Control) or 20 mM (Stimulated) glucose for
5, 15 and 30 minutes and (C) relative quantitative analysis. Data (mean values * SE) are expressed as fold change over
Ctr. *p<0.05 vs Control, ANOVA. (D) Representative epifluorescence and TIRFM (100 nm) images in 8TC3 cells incubated
with 1 mM (Basal) or 20 mM glucose for 5 minutes. Then, cells were fixed and stained with of anti-LRRK2 P-935 (green)
and anti-insulin (red) antibody. Scale bar: 10 um. (E) The graph reports the quantitative analysis of LRRK2 P-935 positive
spots under the TIRF zone under basal and after 5 minutes stimulation with 20 mM glucose. Data are normalized for the
cell area and expressed as mean + SE; n= 12 cells per condition. **p<0.05, Student’s T-test.

To confirm this hypothesis, we also investigated the localization of the phosphorylation-death mutant, LRRK2
S935A (Fig. 5.7A,B). Under basal conditions, the WT LRRK2 protein prevalently localized in the cytosol, some
expression was also detected at the plasma membrane by TIRFM. 5 min after glucose stimulation, as
previously observed, the WT protein accumulated to the plasma membrane. Of note, the LRRK2 S935A
protein aggregated in clusters within the cytoplasm; no expression was observed by TIRFM under either basal
or stimulated conditions. Taken together, these results confirm that Ser-935 residue, and most likely its
phosphorylation, promotes the LRRK2 shuttling to the plasma membrane.
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Figure 5.7. LRRK2 S935A phopho-dead mutant daffect protein localization. (A) Representative images of LRRK2
localization by epifluorescence and TIRM (100 nm) of 8TC3 cells transfected with LRRK2 WT incubated with 1 mM (Basal)
or 20 mM glucose for 5 minutes. (B) Representative images of LRRK2 localization by epifluorescence and TIRM (100 nm)
of BTC3 cells transfected with LRRK2 S935A incubated with 1 mM (Basal) or 20 mM glucose for 5 minutes. Scale bar: 10
um.

Next, we exploit whether this re-localization is essential to promote the glucose-stimulated insulin release.
To this purpose, we measured insulin release, by means of ELISA assay, under resting (KRH, 1 mM glucose)
and stimulated (KRH, 20 mM glucose) conditions in mock-transfected cells and BTC3 cells overexpressing
LRRK2 WT or LRRK2 S935A (Fig. 5.8A). As expected, a significant increase in insulin secretion upon glucose
stimulation in mock and LRRK2 WT overexpressing cells was revealed by Elisa assays. No modification in the
basal insulin release was observed in cells transfected with the LRRK2 S935A mutant, indicating that the
phosphorylation of LRRK2 is not required for the basal trafficking of insulin granules. Conversely, the glucose-
stimulated insulin secretion was completed lost in cells expressing the S935A mutant compared with both
mock cells and cells transfected with LRRK2 WT. Consequently, the stimulation ratio (stimulated/basal insulin
secretion) was significantly lower in BTC3 cells transfected with LRRK2 S935A than in those transfected with
the empty vector or the WT protein (Fig. 5.8B). Taken together, these results suggest that phosphorylation
at Ser-935 appears to be a critical player to control LRRK2 translocation to the plasma membrane and to
promote glucose-stimulated insulin secretion.
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Figure 5.8. LRRK2 S935A phospho-dead mutant impacts on glucose-stimulated insulin secretion. (A) 8TC3 cells were
transfected with empty vector (Mock), LRRK2 WT and LRRK2 S935A mutants. After 48 h from transfection the insulin
secretion was measured by static incubation under basal (1 mM glucose) and stimulated (20 mM glucose) conditions.
Insulin was evaluated by means of ELISA assay in BTC3 cells. Data (mean + SD) are normalized on the insulin content and
expressed as percentual of insulin content (n = 3, in triplicate). *p < 0.05 vs stimulated LRRK2 WT; °°p<0.01 vs stimulated
Mock cells; #p<0.05; #p <0.05 stimulated vs relative basal, ANOVA. (B) Stimulatory index was evaluated, and data
(mean + SD) are expressed as stimulated over basal release. *p < 0.05 vs LRRK2 WT; °p<0.05 vs Mock cells; ANOVA.

LRRK2 has been suggested to form a dimer structure, and dimerization is relevant to its kinase activity and
localization to cellular membranes (Berger et al., 2010; Deng et al., 2008; Greggio et al., 2008; Sen et al.,
2009). In particular, the dimeric forms of LRRK2 are enriched on membranous structures and possess
enhanced kinase activity, while the monomeric LRRK2 is predominantly cytosolic and is characterized by
lower kinase activity (Berwick et al., 2019). The LRRK2 recruitment to the plasma membrane and activation
are controlled by its interaction with 14-3-3 proteins, which in turn is modulated by LRRK2
heterophosphorylation at residue Ser-910 and Ser-935 (Doggett et al., 2012; Dzamko et al., 2017; Lobbestael
et al., 2013; Mamais and Cookson, 2014; Nichols et al., 2010; Perera et al., 2016). Interestingly, several
cellular processes affected by LRRK2 activity occur at the membrane, i.e., vesicle trafficking. The findings that
LRRK2 displays greater membrane-associated kinase activity prompts us to speculate that the membrane
compartment is probably the site where LRRK2 exerts its physiological function within the cell i.e.
phosphorylate effector proteins, thus fine tuning their activation. Consistent with this scenario, we found
that LRRK2 undergoes a phosphorylation peak at Ser-935 after 5 minutes of treatment with 20 mM glucose,
the physiological stimulus for insulin secretion. Furthermore, within the same temporal window, the protein
was observed to exhibit an enrichment on vesicular structures where it can phosphorylate effectors, such as
Rab8, thus promoting insulin secretion.

5.6 LRRK2 is also expressed in human B-cells, and they are vulnerable to inhibition
of its kinase activity

Given the possible clinical implication of these data, we confirmed the physiological relevance of LRRK2 in
isolated human islets of Langerhans. RT-PCR and western blotting experiments both validated the expression
of LRRK2 in human isolated islets (Fig. 5.9A,B). A specific anti-LRRK2 antibody confirmed the localization of
LRRK2 to vesicular compartments (Fig. 5.9C). Noteworthy, LRRK2 staining was not limited to insulin-positive
cells, thus suggesting its expression throughout endocrine cell populations, and supporting the possibility
that LRRK2 may control hormone release, other than insulin.

We confirm the relevance of LRRK2 on insulin release by ELISA assay after inhibition of LRRK2 kinase by the
specific LRRK2 inhibitor. As observed in BTC3 cells, we found that incubation of human islets with 200 nM

65



GSK or 10 nM MLi-2, that specifically targeted LRRK2 kinase activity, elicited a decrease in insulin secretion
only upon high glucose stimulation (Fig. 5.9D). Thus, indicating that alteration of LRRK2 kinase activity
impacts on B-cell function also in human islets of Langerhans and supporting the possibility of altered insulin
release in PD patients carrying LRRK2 mutations characterized by altered kinase activity.
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Figure 5.9. LRRK2 is also expressed in human 8-cells and its kinase activity controls the regulated insulin secretion in
human islets of Langerhans. A) Determination of LRRK2 expression in human islets of Langerhans by means of RT-PCR.
-, negative controls without enzymes. (B) Western blotting analysis of LRRK2 expression human isolated islets. P2 brain
fraction is used as positive control. (C) Representative immunofluorescence images of isolated human islets double
stained with anti-LRRK2 (green) and anti-insulin (red) antibodies. Scale bar: 10 um. (D) The insulin secretion measured
by static incubation under basal (3.3 mM glucose) and stimulated (16.7 mM glucose) conditions in the absence (Control)
or presence of the LRRK2 inhibitors (200 nM GSK and 10 nM MLi-2). Insulin was evaluated by means of ELISA assay in
isolated human islets. Data (mean + SD) are normalized on the insulin content and expressed as percentual of insulin
content (n = 3, in triplicate). *p<0.05; **p < 0.01 vs Control stimulated; #p < 0.05 stimulated vs relative basal, ANOVA.

5.7 A possible link to metabolic dysfunction in Parkinson’s disease

Our data strongly suggest an important role of LRRK2 kinase activity in promoting glucose-stimulated insulin
secretion. Interestingly, the majority of pathological PD mutants are characterized by increased kinase
activity. Besides the peripheral targets, insulin also exerts a neuroregulatory function (Grote and Wright,
2016). Growing evidence suggests an essential role for insulin in regulating neuronal survival and growth, as
well as dopaminergic transmission (D. Athauda and Foltynie, 2016; Cheong et al., 2020). Therefore, we asked
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whether kinase activity may also influence stimulated insulin secretion among LRRK2 carriers, which in turn
may impact central nervous system function, disease progression, and the onset of metabolic syndrome.

We focused on the LRRK2 G2019S PD-related pathological mutant, which is the most common disease-
causing mutation, and investigated its possible impact on insulin secretion. We measured insulin release, by
means of ELISA assay, under resting (KRH, 1 mM glucose) and stimulated (KRH, 20 mM glucose) conditions in
mock-transfected cells and BTC3 cells overexpressing LRRK2 WT or LRRK2 G2019S. As predicted, incubation
with 20 mM glucose induced a significant increase of insulin secretion on mock and LRRK2 WT overexpressing
cells. Intriguingly, expression of LRRK2 G2019S mutant significantly increased the basal insulin secretion
compared with mock and LRRK2 WT overexpressing cells. On the other hand, although insulin release at
baseline was enhanced, the amount of insulin release was not further increased after incubation with 20 mM
glucose. In fact, a disrupted glucose-stimulated insulin release response was observed (Fig. 5.10A).
Consequently, the stimulated ratio (stimulated/basal insulin secretion) was significantly lower in BTC3 cells
transfected with LRRK2 G2019S than in those transfected with the empty vector or the WT protein (Fig.
5.10B). These data are in line with previous results obtained with phospho-mimic mutants of Rab8,
suggesting once again that the kinase activity of LRRK2 acts by facilitating granule movement toward the
plasma membrane and/or fusion of insulin-containing granules. Indeed, when the kinase activity is enhanced,
most probably the B-cell exhausts the reserves of insulin granules, leading to impaired insulin secretion.
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Figure 5.10. LRRK2 G2019S mutant impacts on glucose-stimulated insulin secretion. (A) 8TC3 cells were transfected
with empty vector (Mock), LRRK2 WT and LRRK2 G2019S mutants. After 48 h from transfection the insulin secretion was
measured by static incubation under basal (1 mM glucose) and stimulated (20 mM glucose) conditions. Insulin was
evaluated by means of ELISA assay in BTC3 cells. Data (mean * SD) are normalized on the insulin content and expressed
fold over basal release (n = 3, in triplicate). ***p < 0.001 vs stimulated LRRK2 WT; °°°p<0.001 vs stimulated Mock cells;
#p<0.05; ##p<0.01 stimulated vs relative basal, ANOVA. (B) Stimulatory index was evaluated, and data (mean + SD) are
expressed as stimulated over basal release. *p < 0.01 vs LRRK2 WT; °°p<0.01 vs Mock cells; ANOVA.

Considering these promising results obtained on pancreatic B-cells in cellular model, we aimed, in
collaboration with Dr. Giovanni Piccoli of the University of Trento, to translate our results in an animal model
and analyze a possible implication of LRRK2 in the link between PD and metabolic disorder. For this purpose,
we decided to focus on the BAC transgenic mouse models expressing the kinase active LRRK2 hG2019S
mutant, commonly used in the field of PD research. The mice develop an age-related decrease in striatal
dopamine content, without loss of dopaminergic neurons, behavioral motor deficits or brain abnormalities
at least out to the age of 12 months. For this reason, the animals were studied starting from this temporal
window (from the age of 12 months) and we investigated if beside the dopamine decrease and the motor
symptoms onset, the animals also presented glucose homeostasis alterations.
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We first looked at animal weight. Interestingly, a significant increase in body weight was observed in LRRK2
hG2019S mice compared with WT mice, suggestive of a metabolic disorder in these mice (Fig. 5.11A). Indeed,
in line with this possibility we detected lower glycaemia in LRRK2 hG2019S mice compared to WT littermates
(Fig. 5.11B). Given our results on B-cells, we next assessed if the hypoglycaemia observed in the LRRK2
hG2019S mice may result from altered insulin secretion. After overnight fasting, LRRK2 hG2019S mice
exhibited significantly higher plasma insulin levels than WT mice (Fig. 5.11C). To have a statistical numerosity,
we pooled data from the different courts of animals (12-18 months of age). However, we also analysed the
various courts separately and metabolic defects were clearly evident already at 12 months (significant for
body weight and fasting blood glucose). The animal models clearly showed a metabolic defect, characterized
by hypoglycaemia probably as a result of hyperinsulinemia.

Nevertheless, in order to have a complete metabolic profile of the animals we aim, in the future, to collect
data from the 6 months aged animals and evaluate whether the metabolic problem is already existing at an
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Figure 5.11. BAC hG2019S mice presents an altered metabolic profile. Quantitative analysis of (A) body weight (g), (B)
fasting blood glucose levels (mg/dL) and (C) circulating insulin (ug/dL) in LRRK2 G2019S and WT mice. Data are expressed
as + SD (n=12 mice per each group). *p<0.05, Student’s T-test.

The hyperinsulinemia observed may result from alterations in islet size and/or insulin secretion mechanism.
In this regard, we studied the morphology of pancreatic islets in LRRK2 G2019S and WT mice (12 month of
age). A detailed analysis of pancreatic sections revealed larger islets (8088+680 pum?) coupled with a
significant increase in the major and minor axis of islets in the pancreas of BAC hG2019S mice compared with
WT mice (3195+328 um?) (Fig. 5.12A-D). These results correlated with a different frequency of islet size
distribution between the two experimental groups (Fig. 5.12H). WT mice are more frequently characterized
by the presence of small and medium sized islets, usually characterized by an optimal stimulus-secretion
coupling. Conversely, in G2019S mice, enlarged size islets were prevalently observed (rarely detected in WT
mice). Morphological analysis of islet-cell composition did not reveal any significant difference in the
percentage of a-, B- or 6-cells or in the cytoarchitecture of Langerhans islets: B-cells were found in the islet
core and more abundant, whereas a- and 6-cells were located at the periphery of the islets.
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Figure 5.12. BAC hG2019S mice results in altered pancreatic morphology. (A) Representative immunofluorescence
images of mouse islet of Langerhans stained with anti-insulin (red), anti-glucagon (blue) and anti-somatostatin (green)
antibodies. Scale bar: 40 um. (B) Quantitative analysis of the islets size. Data are shown as mean * SD (n=7 mice per
each group). * p<0.05, Student’s T-test. Quantitative analysis of (D) minor and (C) major axis of each islet analysed. Data
are shown as mean + SD (n=7 mice per each group). ***p<0.001, Student’s T-test. (E) Islet size distribution, as percentage
of total islets analysed, is shown. Islets were categorized according to the surface area (eleven categories: from <3 000
um? to >30 000 um?).

Therefore, the observed hyperinsulinemia in G2019S mice may be related to the increased islets area of
mutant mice. We also assessed whether the phenotype may arise from compromised insulin release. We
isolated islets of Langerhans from mice and insulin secretion was performed under basal (KRH, 3 mM glucose)
and stimulated conditions (KRH, 28 mM glucose) (Fig. 5.13A). As expected, the 28 mM glucose incubation
induced a significant increase of insulin secretion in LRRK2 WT mice. In contrast, we observed a significant
increase in the basal insulin secretion of G2019S mice, suggesting that the observed hyperinsulinemia in
these animals is due to both a defective insulin production and release.

Similar to our findings in BTC3 cells, we failed to detect an additional increase in insulin secretion after
stimulation with 28 mM glucose. Therefore, the stimulated ratio (stimulated/basal insulin secretion) was
significantly lower in mice expressing the LRRK2 G2019S compared to WT littermates (Fig. 5.13B).
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Figure 5.13. BAC hG2019S mice results in impaired insulin secretion. (A) Islets isolated from LRRK2 WT and LRRK2
G2019S mice were incubated in 3 mM glucose (basal), or 28 mM glucose and insulin secretion was measured by ELISA
assays. Data (mean + SD) are normalized on the insulin content and expressed as percentual of insulin content (n = 3, in
triplicate). *p<0.05; vs Control basal;, ###p <0.05 stimulated vs relative basal, ANOVA. (B) Stimulatory index was
evaluated, and data (mean + SD) are expressed as stimulated over basal release. **p < 0.01, Student’s T-test.

All together, these findings confirmed the relevance of LRRK2 on pancreatic B-cell function also in vivo. The
animal model clearly showed a metabolic defect, characterized by alteration of both basal and stimulated
insulin secretion. These findings strongly support the idea that there is a causal link between PD and
metabolic dysfunctions, among them T2D. Not surprisingly, the drugs used in T2D are among the most
promising treatments currently being considered as a possible new therapy for PD.
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6. Conclusions — Chapter Il
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Our data demonstrate for the first time a role of LRRK2 and its kinase activity in the control of the glucose-
stimulated insulin secretion and suggest a possible molecular mechanism of action of LRRK2 in the pancreas
(Fig. 6.1).

LRRK2, as a scaffold protein, restrains secretory granules (SG) in a reserve pool, thus preventing their
recruitment to the plasma membrane. Indeed, assessment of fusion events over time in LRRK2 deficient cells,
under resting conditions, showed a significantly increased number of spontaneous fusion events. In
accordance with this data, the amount of insulin released under basal glucose concentrations, was
significantly increased in these cells.

On the other hand, LRRK2 kinase activity is required for an appropriate glucose-stimulated insulin secretion.
Indeed, LRRK2 kinase activity inhibition impairs the regulated vesicular trafficking and prevents the increase
of insulin secretion expected after glucose stimulation. TIRFM experiments clearly show a significant lower
density of insulin granules in the TIRF zone in conditions of kinase activity inhibition and glucose stimulation,
thus suggesting that LRRK2 kinase activity tunes the number of granules available for the regulated secretion,
probably by phosphorylating proteins necessary for granules mobilization like synapsin | (which also anchors
SG to actin, thus preventing their entry in the recycling pool) or Rab8 (which promotes the Golgi-plasma
membrane trafficking of SG).

In line with this possibility, we found decreased stimulated insulin release in cells transfected with the Rab8
T72A mutant, which cannot be phosphorylated by LRRK2 and increased basal insulin release in cells
transfected with the active Rab8 T72E/D phopho-mimetic mutants. Based on these data, we can hypothesise
that LRRK2 function is to control the number of SG available for the release. Under basal condition LRRK2
kinase activity is low and the vesicles remain in the reserve pool, under stimulated conditions LRRK2 kinase
activity is switched on, and phosphorylating key effectors, allow the vesicles to reach the plasma membrane
and release their burden. This model predicts that excessive LRRK2 activation (as detected in the active Rab8
T72E/D phopho-mimetic mutants) probably increases the pool of constitutive recycling vesicles, thus
increasing the basal release, but also depleted the reserve pool of vesicles necessary to sustain the stimulated
insulin secretion.

Our data on LRRK2 S935A mutant, also suggest the mechanism by which LRRK2 kinase activity is switched-
on during glucose stimulation. We found that after 5 minutes of treatment with 20 mM glucose, LRRK2
becomes transiently phosphorylated at Ser-935 and this phosphorylation is required to recruit the kinase at
membrane domains (we found enrichment of phospho-ser 935 LRRK2 protein at both plasma membrane and
vesicles compartments) where it can phosphorylate specific effectors and promote insulin secretion. In line
with this possibility, cells transfected with the phospho-dead S935A LRRK2 mutant, which fails to be recruited
to the plasma membrane under stimulated conditions, shows a secretory phenotype similar to that observed
with the pharmacological inhibition of LRRK2 kinase activity (no modification in the basal insulin release;
impaired glucose-stimulated insulin secretion). In agreement with our data, in neurons it has been
demonstrated that LRRK2 phosphorylation at residue Ser-935 promotes its interaction with 14-3-3 proteins,
which is required to recruit LRRK2 at the plasma membrane where the protein can dimerize and become
activated (Berger et al., 2010; Berwick et al., 2019; Nichols et al., 2010).

Our results are characterized by functional assays; further biochemical studies of in vitro kinases and binding
assays would be necessary to definitively confirm our hypotheses.
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Figure 6.1. Model for LRRK2 action in the pancreatic 8-cell. (A) Under basal conditions (low glucose), LRRK2 is uniformly
distributed at the cytosolic level, acting as a brake, and controlling the number of secretory vesicles available for release.
(B) Under stimulated conditions (hight glucose), LRRK2 is transiently phosphorylated on Ser-935. This
heterophosphorylation is required for LRRK2 recruitment to membrane compartments and its activation, where LRRK2
exerts its physiological function within the cell i.e., phosphorylate effector proteins (Rab8), thus promoting the glucose-
stimulated insulin secretion.

Our data on the BAC mouse model expressing the kinase active LRRK2 hG2019S mutant, confirmed the
relevance of LRRK2 on pancreatic B-cell function also in vivo.

The animal models clearly show a metabolic defect, characterized by hypoglycaemia as a result, at least in
part, of hyperinsulinemia. As LRRK2 seems to be expressed in other cells of the endocrine pancreas, the
secretion of additional hormones involved in glucose homeostasis should be assessed i.e., glucagon.

The altered blood insulin levels appeared to be linked to a direct effect of LRRK2 and its kinase activity on the
pancreas. Indeed, we observed larger islets area in the pancreas of BAC hG2019S mice compared to WT mice
and dysregulated insulin secretion in islets isolated from the animals.

The increase in islet dimensions observed in mice carrying the hG2019S mutation may be the result of
enhanced islet cell proliferation due to dysregulated LRRK2 kinase activity (Ballian et al., 2007). From previous
data on B-cell lines, we know that pharmacological inhibition of LRRK2 kinase activity affects neither cell
viability nor cell proliferation. However, whether the G2019S mutant may play a direct role in cell
proliferation remains to be established.

Alternatively, islets enlargement may be the consequence of adaptation to increased insulin resistance
(Mezza et al., 2019; Wang and Jin, 2009). In line with this hypothesis, a possible role of LRRK2 in insulin-
resistance has been recently described (Funk et al., 2019; Imai et al., 2020). LRRK2 deficiency in rodent
fibroblasts affects insulin-dependent translocation of glucose transporter type 4 (GLUT4). Similar molecular
alterations in fibroblasts from Parkinson's patients with the pathogenic G2019S LRRK2 mutation are also
reported (Funk et al., 2019).

Although we cannot exclude a compensatory effect due to insulin resistance, we favour the idea that
defective insulin release may be an early effect, since G2019S overexpression directly modulates the baseline
insulin release. A possibility is that altered insulin signalling occurs early in these mice, as kinase-active LRRK2
mutations directly affect insulin release and insulin action in these animals.
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Interestingly, insulin receptors are abundant in the basal ganglia and substantia nigra, the brain areas mostly
affected in PD, and alteration of insulin action have been reported in PD patients (Morris et al., 2014). An
essential regulatory role has been suggested for insulin in neuronal survival and growth, as well as in
dopaminergic transmission (D. Athauda and Foltynie, 2016; Cheong et al., 2020). Indeed, insulin modulates
both dopamine synthesis and uptake in the substantia nigra. Therefore, altered insulin release and signaling
may explain the dopamine deficiency observed in the striatum and basal ganglia of PD (Lima et al., 2014).

In conclusion, our findings on animal models strongly support the idea that there is a causal link between PD
and metabolic disorders such as T2D, and they suggest that LRRK2 might be directly involved in the
abnormalities of insulin signaling observed in PD. The use of established T2D drugs targeting insulin resistance
in the management of PD reinforces this association (Camargo Maluf et al., 2019; M. J. Kim et al., 2017,
Paudel et al., 2020; Zhu et al., 2019). Both T2DM and PD are common disorders that negatively impact
patients' quality of life. It is therefore extremely essential to investigate these diseases not only separately,
but also to study their associations and interactions.
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7. Materials and Methods
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7.1 Cells culture conditions and processing

Isolated human islets of Langerhans, isolated mouse islets of Langerhans, mouse BTC3 cells, and mouse N2a
cells were used for the experiments.

Isolated human islets of Langerhans. Human islets of Langerhans were isolated in Niguarda Ca’ Granda
Hospital (Milan, Italy) according to the procedure described by Ricordi et al. (Ricordi et al., 1988) in
conformity to the ethical requirements approved by the Niguarda Ca Granda Ethics Board. The isolated islets
were provided by cadaveric multiorgan donors with no medical history of diabetes or other metabolic
disorders. In this study, at least 3 different islets preparations were used. Human islets (80 + 10% purity) were
cultured in RPMI-1640 culture medium (ECB900, EuroClone) containing 5.5 mM glucose, 10% (v/v) heat-
inactivated fetal bovine serum (ECS0180L, EuroClone), 0.7 mM glutamine (ECB300, EuroClone), 50 units/mL
penicillin-streptomycin (ECB3001D, EuroClone). Islets were maintained in culture for 3 days in humidified
atmosphere containing 5% of CO; at 37 °C prior to the arrival in the laboratory.

Isolated mouse islets of Langherhans. Mouse islets of Langerhans were isolated by cannulating the bile duct
and clamping the duodenal end of the pancreas. Islets were isolated from WT/G2019S mice pancreas by
collagenase digestion followed by Histopaque density gradient and handpicking. Pancreata were perfused
with 2 mL of collagenase from Clostridium histolyticum (2 mg/mL; C9263, Sigma Aldrich) and digested at 37
°C in a water bath for 17,5 min. Undigested tissue was removed by filtration through a nylon mesh. After
centrifugation of the digested tissue, the islets were isolated on a gradient of Histopaque 1119 (11191, Sigma
Aldrich), Histopaque 1077 (10771, Sigma Aldrich), and Hanks’ Balanced Salt 1x solution (HBSS) containing
0.4% BSA. Islets were collected, passed through a 40 um strainer, and washed with HBSS. At the end of the
isolation, islets were handpicked into fresh media, and cultured overnight in RPMI supplemented with 10%
heat-inactivated fetal bovine serum, 1% L-glutamine, and 1% penicillin-streptomycin in humidified
atmosphere containing 5% of CO, at 37 °C.

Cell lines. BTC3 cells were kindly provided by Prof. Douglas Hanahan of Department of Biochemistry and
Biophysics, University of California, San Francisco. These are beta tumour cells obtained from transgenic mice
constitutively expressing the SV40 T Antigen (Tag) (Efrat et al., 1988). The Tag expression is controlled by the
insulin promoter and is responsible for the immortalization of these cells with a maintenance of a
differentiated phenotype for 50 passages in culture. Differentiated BTC3 cells produce both proinsulin | and
I, and efficiently process them into mature insulin, even if with a lower threshold for maximal stimulation
when compared to primary B-cells (Skelin, 2010). BTC3 cells were cultured in RPMI 1640 medium (ECB900,
EuroClone) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (ECS0180L, EuroClone), 50
units/mL penicillin-streptomycin (ECB3001D, EuroClone), and 1 mM L-glutamine (ECB300, EuroClone).

N2a cells (Neuro2a, ATCC CCL-131) were kindly provided by Prof. Giovanni Piccoli, Department of Cellular,
Computational, and Integrative Biology, Universita degli Studi di Trento, Italy. Cloned Neuro-2a cells,
generated from a spontaneous tumour of an albino mouse strain A, are a widely used in vitro model to
investigate neuronal differentiation, axonal growth, and to characterize different pathways involved in signal
transduction. This cell line is easily amplified and has a high transfection efficiency. N2a cells were cultured
in DMEM HG (Dulbecco’s Modified Eagle Medium High Glucose; ECMO0101L, Euroclone) supplemented with
10% fetal bovine serum (ECS0180L, EuroClone), 1% penicillin/streptomicin (ECB3001D, EuroClone), and 1% L-
glutamine (ECB300, EuroClone). Cells, both Btc3 and N2a, were cultured under sterile conditions in
humidified atmosphere containing 5% of CO, at 37 °C using tissue-culture treated supports.
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Reached the 80% confluence, cells were trypsinizated for 5 minutes with trypsin-EDTA (trypsin 0.5 g/L + EDTA
0.221 g/L - ECMO0920D, EuroClone). The resulting cells were counted and plated on tissue-culture treated
supports or cover slips, according to the desired density.

7.2 Pharmacological Treatments

The pharmacological treatments performed include:

- rel-3-[6-[(2R,65)-2,6-Dimethyl-4-morpholinyl]-4-pyrimidyl]-5-[(1-methylcyclopropyl)oxy]-1H-indazole
(MLi-2; 10 nM, 45 min; HY-100411/CS-634 TOCRIS). Selective LRRK2 kinase inhibitor.

- 5-(2-Fluoro-4-pyridinyl)-2-(phenylmethoxy)-N-3-pyridinylbenzamide (GSK2578215A; 200 nM, 45 min;
SMLO0660 Sigma Aldrich). Selective LRRK2 kinase inhibitor.

- Saponin (5-1252, Sigma-Aldrich). A 2% w/v stock solution in water was used and diluted in Phosphate-
buffered saline Low-Salts (PBS LS) to obtain a final 0.01% solution. The stock solution was prepared by
weighing 2 g of powder and by subsequently dissolving it in 100 mL of distilled H.,O. Used at low
concentrations and for short periods, saponin allows permeabilization of plasma membranes and enables
cytosol clearance, making the proteins associated with intracellular organelles easier to be detected.

7.3 Hormone immunoassay

For ex vivo glucose-stimulated insulin secretion (GSIS) on isolated human islets of Langerhans, 20 islets per
well were plated in a 96-multiwell and pre-incubated with Krebs-Ringer-HEPES (KRH) buffer containing 0.2%
BSA (A7030, Sigma-Aldrich) with 3.3 mM (basal release) or 16.7 mM (stimulated release) glucose
concentrations.

For mouse isolated islets of Langerhans, 10 islets per well were plated in a 96-multiwell and pre-incubated in
KRH-0.2% BSA solution for 1 hour at 37 °C in a 5% CO; incubator. The islets were then transferred for 45
minutes to low-glucose (3 mM, basal secretion) or high-glucose (28 mM, stimulated secretion) KRH- 0.2%
BSA buffer.

For BTC3 cells, 3x10* cells per well were plated in a 96-well and pre-incubated for 1 hour at 37 °Cin 1 mM
glucose KRH buffer plus 0.2% BSA. Then cells were incubated for 45 minutes in fresh 1 mM glucose KRH-0.2%
BSA buffer to assess the basal release. Afterward, stimulated release was evaluated in 20 mM glucose KRH-
0.2% BSA buffer for 45 minutes.

For all the GSIS experiments, the culture supernatants were collected after 45 minutes of static incubation
and stored at -20 °C. The basal insulin secretion, stimulated insulin secretion, and the total insulin content
were measured by means of a mouse or human insulin ELISA kit (Mercodia. 10-1247-01 for BTC3 and mice
islets; 10-1113-01 for human islets). Insulin secretion was expressed as a percentage of insulin content or as
fold over the basal release; values for released insulin in the supernatants were normalized to total BTC3
cells, mice or human islets insulin content.

For the detection of insulin in serum, blood samples were collected and centrifuged for 14 min at 4000 g at
4 °C. The serum insulin concentration was detected by mouse ELISA assay as described above.

77



7.4 Mice

Non-transgenic wild-type and BAC LRRK2 G2019S mice were used. The G2019S mutation, characterized by
an increased kinase activity of LRRK2 (Smith et al., 2006), is among the most common causes of familial PD
(Arbez et al., 2020). Therefore, LRRK2 G2019S mice models are commonly used in the field of PD research.
Specifically, the LRRK2 G2019S mouse BAC Tg is a transgenic animal overexpressing the G2019S LRRK2-
mutated protein in the brain, obtained by taking advantage of a bacterial artificial chromosome (Li et al.,
2010). Hemizygous mice develop an age-associated decrease in striatal dopamine, without loss of
dopaminergic neurons, behavioral motor deficits or brain abnormalities at least out to the age of 18 months.
The animal samples used in this work were kindly supplied by Prof. Giovanni Piccoli, Department of Cellular,
Computational, and Integrative Biology, University of Trento, Italy.

7.5 Vectors: amplification, purification, and transfection

The plasmids used in this work were kindly supplied by Prof. Giovanni Piccoli, Department of Cellular,
Computational, and Integrative Biology, University of Trento, Italy. Human LRRK2 full-length, LRRK2 914-end
(hereinafter termed as LRRK2AN-terminus), LRRK2 1-983 (hereinafter termed as LRRK2 N-terminus), LRRK2
S935A variant, and LRRK2 G2019S variant were inserted into the pDEST57 vector (N-terminal red fluorescent
protein-RFP tag, Invitrogen). hLRRK2 full-length and LRRK2AN-terminus were inserted in N-terminal Strep-
FLAG (SF-TAP) plasmid (Gloeckner et al., 2007) using the Gateway system (/nvitrogen). Instead, full-length
RFP and Strep-FLAG E193K variants were created via site-directed mutagenesis using the QuikChange
mutagenesis kit (Stratagene). LRRK2-target sequences were identified using Ambion-web-based Oligo-search
Software; one sequence (AAGTTGATAGTCAGGCTGAAT, AY792512: 58-79) was selected, synthesized, and
subcloned. Transduced cultures were included as controls for unspecific dsSRNA-mediated off-target effects
(Bauer et al., 2009). SynaptopHIluorin was obtained from rat synaptophysin1l cDNA and amplified by PCR. The
product was then inserted into the synaptopHluorin vector, thereby connecting it to pHluorin and replacing
the synaptobrevin region of synaptopHluorin (Granseth et al., 2006). The Rab8a-WT, Rab8a-T72A, Rab8a-
T72D, and Rab8a-T72E constructs were realized by Dr. Sabine Hilfiker, Institute of Parasitology and
Biomedicine "Lopez-Neyra," Consejo Superior de Investigaciones Cientificas, Granada, Spain. 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). ldentity of all constructs was verified by sequencing of the entire coding region (Madero-Pérez
et al., 2018).

The amplification of DNA vectors was performed in JM109 bacteria (genotype: endAl gIinV44 thi-1 relAl
gyrA96 recAl mcrB+ A(lac-proAB) el4- [F' traD36 proAB+ laclq lacZAM15] hsdR17(rK -mK +), an Escherichia
Coli strain.

Preparation of competent JM109 bacteria. Original JIM109 bacteria were cultured in 3 mL of lysogeny broth
(LB) overnight under constant agitation (125 g) at 37 °C. The day after, the bacterial culture was transferred
into a sterile plastic Erlenmeyer flask containing 100 mL of LB and were grown under agitation (220 rpm) at
37 °C. Since bacteria can be made competent only during the exponential growth, an aliquot of the bacterial
culture was taken every 30 minutes and their growth was analysed by spectrophotometry (600 nm). When
the measured optical density (OD) was around 0.6, bacteria reached the exponential growth phase and were
processed as follow:
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- 10 minutes centrifugation at 1700 g at 4 °C.

- Resuspension of the pellet in cold Transformation Buffer Japanese (TB JAP) solution and incubation in ice
for 10 minutes.

- 10 minutes centrifugation at 1400 g at room temperature (RT).

- Resuspension of the pellet in TB JAP supplemented with 7% (v/v) DMSO and incubation in ice for 10
minutes.

JM109 transformation, DNA extraction, and purification. DNA vectors were inserted into competent JM109
bacteria through a heat shock consisting in 30 minutes ice incubation, 1 minute at 42 °C, and 1 minute in ice
again. JM109 were then incubated at 37 °C for 60 minutes under constant agitation (220 rpm). Ampicillin (50
pg/mL) or kanamycin (30 pg/mL) were used for bacteria selection and added to the bacterial culture, which
was incubated overnight at 37 °C (for LRRK2 constructs the incubation was performed at RT to avoid
recombination phenomena). Transformed bacteria were then incubated at 37 °C (for LRRK2 constructs at RT)
overnight under agitation (220 rpm) for amplification. Finally, DNA vectors were extracted and purified using
the EuroGold Plasmid Miniprep kit (EMR500050, EuroClone), following the manufacturer’s protocol. The
concentration of the extracted cDNAs was quantified by gel electrophoresis.

Cell transfection N2a cells were transfected with the different constructs using Lipofectamine™ 3000
Reagent (Invitrogen) according to manufacturer’s instructions, meanwhile BTC3 cells were transfected by
electroporation, which was accomplished using a Bio-Rad Gene Pulser Il under optimized conditions (950 F
and 180 V).

7.6 Western Blotting

Cells were collected and lysed in RIPA buffer added with 0.01% SDS (only for human islets) supplemented
with 0.5 pug/mL aprotinin, 0.5 mg/mL PMSF, and 1x Roche inhibitors for 15 minutes at 4 °C followed by a 10-
minute centrifugation at 7400 g. After lysis, protein concentration was determined by Bradford assay using
Bradford Reagent (B6916, Sigma Aldrich). Samples were prepared by adding to the calculated volume of
lysates the B-mix 2x solution, containing the reducing agent B-mercaptoethanol, and the tracking marker
bromophenol blue. Samples were boiled on a dry plate at 100 °C for 45 seconds to unfold the 3D protein
structure and kept on ice until use. Polyacrylamide Gel Electrophoresis (PAGE) (9% gel) was used for protein
separation. The polyacrylamide gel was mounted vertically between two buffer chambers, then filled with
the running buffer. Samples and a prestained protein marker (EPS025500, EuroClone) were loaded and an
electric field of 100 V was applied to allow samples entering the running gel. Separation was performed at
60 V for about 3 hours. Separated proteins, according to their electrophoretic mobility, were
electrotransferred from the gel to a 0.45 pum pore size PDVF membrane (Immobilon®- P, IPVH00010,
Millipore). Briefly, PVDF membranes were activated by incubating them in methanol (15 seconds) and
deionized water (2 minutes), and then equilibrated for 5 minutes in the blotting buffer. The sandwich was
mounted into the transfer chamber filled with the blotting buffer. The electrotransfer was performed
overnight at 90 mA at 4 °C. The evaluation of protein transfer was performed by labelling the membranes
with a solution of 0.1% (w/v) Ponceau S in 5% acetic acid (P-7170, Sigma Aldrich).
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Immunodetection. For proteins detection, a chemiluminescent (ECL) assay was performed by using
antibodies conjugated to the horseradish peroxidase (HRP), a chemiluminescent substrate (luminol), and an
oxidizing agent (hydrogen peroxide). Immunodetection was performed according to the following protocol:

- Blocking phase: incubation of the membrane with the blocking buffer for 1 hour at RT to prevent non-
specific binding of the antibodies; the blocking buffer composition is strictly dependent on the antibody
used.

- Primary antibody staining: incubation of the membrane with the primary antibody diluted in the
incubation buffer on a plate-shaker; the timing and the buffer used for the labelling are strictly
dependent on the antibody.

- Secondary antibody staining: incubation of the membrane with the HRP-conjugated antibody diluted in
the blocking buffer for 1 hour at RT on a plate-shaker.

The ETA C 2.0 WESTAR kit (XLSO75, Cyanagen) was used as HRP-substrate. The luminol and the peroxide
solutions were mixed 1:1, then the membrane was incubated in the ECL solution for 5 minutes in the dark at
RT. The signal of the ECL-based reaction was detected with the Odyssey Fc. Imaging system (Li-Cor,
Biosciences). The optical density of the bands was quantified by using the Image Studio™ Lite software
(version 3.1, Li-Cor, Biosciences). Band intensity was quantified with the ImagelJ software.

Primary antibodies included:

- rabbit anti-LRRK2 1:500 (MJFF2, c41-2, abB1334A4, Abcam)

- rabbit anti-LRRK2-PS935 1:500 (VDD10(12), ab133450, Abcam)
- rabbit anti-RFP 1:250 (ab62341, Abcam)

- rabbit anti-GFP 1:500 (PA1-9533, Thermo Fisher)

- mouse anti-B-Actin 1: 10000 (NB600-501, Novus Biologicals)

- mouse anti-a-tubulin 1:2000 (T4026, Sigma-Aldrich)

- rabbit anti-Synapsin | 1:10000 (5297, Cell signaling)

- rabbit anti-S6 ribosomal protein 1:1000 (2217, Cell Signaling)

Secondary antibodies HRP-conjugated included:

- polyclonal anti-mouse 1gG 1:1000 (7076, Cell Signaling)
- polyclonal anti-rabbit IgG 1:1000 (7074, Cell Signaling)
- polyclonal anti-mouse IgG 1:5000 (P0447, Dako)
- polyclonal anti-rabbit IgG 1:5000 (P0448, Dako)

7.7 Co-immunoprecipitation.

The affinity pull-down assay was performed on N2a cells. 48 h after transfection, N2a cellular proteins were
extracted in RIPA lysis buffer supplemented with protease and phosphatase inhibitors (Calbiochem) for
1 hour at 4 °C. Samples were incubated on Strep-Tactin Superflow resin (/ba-Lifesciences) for 2 hours at 4 °C.
Resin was then incubated with a washing buffer. Interacting proteins were eluted in 2X Laemmli buffer at
55 °C for 10 minutes. Samples were analysed by western blotting performed on 10% SDS-PAGE gels. To
evaluate co-immunoprecipitation efficiency, the intensity of the co-immunoprecipitated protein was
normalized to the amount of LRRK2 variants immunoprecipitated.
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7.8 Immunochemistry

BTC3 cells, differently treated, were fixed with 4% paraformaldehyde for 20 minutes at RT. All antibodies
used for cells staining were diluted in a GDB 1x solution (50% GDB 2x + 50% deionized water). BTC3 cells
cultured on glass coverslips were labelled with guinea pig anti-insulin polyclonal antibody (1:250, A0564,
Dako), rabbit anti-LRRK2 antibody (1:50, MJFF2 c41-2, abB1334A4, Abcam) or rabbit anti-LRRK2-PS935
antibody (1:50, VDD10(12), ab133450, Abcam) for 2 hours. Cells were then incubated with rhodamine-
conjugated anti-guinea pig 1gG (1:150, Abcam), FITC-conjugated anti-rabbit 1gG (ab6717, Abcam) or
biotinylated-conjugated anti-rabbit 1gG (1:150, Jackson ImmunoResearch Laboratories) for 1 hour at RT.
Slides were mounted with Fluoroshield with DAPI (4',6-diamidin-2-phenylindole - F6057, Sigma Aldrich).
Samples were placed in an imaging chamber, and random fields were captured by epifluorescence and TIRF
(Total Internal Reflection Fluorescence) microscopy using an Axio Observer Z1 microscope, fitted with a 100
x 1.45 numerical aperture (NA) oil immersion objective and an Argon laser as a source of illumination. The
Imagel particle analysis plug-in was employed to quantify the number of fluorescent objects. For improving
the image quality prior to analysis, the background was subtracted, and the image were pre-processed using
the "unsharp mask" filter. The cell area (um?) and the number of sypHy-positive cluster, insulin-positive
granules or LRRK2 P-395-positive spots per cell were measured in a software-assisted manner. For each
experimental condition, up to ten cells were imaged in not less of three independent experiments and the
collected data were normalized to the cell area.

Human islets were dispersed into small clusters by disaggregating them with 1 mg/mL trypsin-EDTA
(ECM0920D, EuroClone) + 0.25 mg/mL DNAse | (18068015, Thermo Fisher) solution: the digestion was carried
out by pipetting up and down the cell suspension at 22 °C for 3 minutes. Once obtained a single cell
suspension, cells were seeded on glass coverslips, fixed, and labelled as above reported.

For morphological studies, animals were sacrificed by cervical dislocation, and pancreases from wild type and
transgenic mice were fixed in 4% (w/v) neutral-buffered formalin, processed, and embedded in paraffin
blocks. After microwave antigen retrieval (2x5 min in 10 mM citrate buffer, pH 6.0), 5-um-thick sections were
incubated for two hours with primary antibodies against hormones. The following antibodies were used:
guinea pig anti-insulin polyclonal (1:350, A0564, Dako), mouse anti-glucagon polyclonal (1:50, MAB1249,
Biotechne), and rat anti-somatostatin monoclonal (1:75, ab30788, Abcam). Staining with primary antibody
was followed by incubation for one hour with rhodamine-conjugated anti-guinea pig IgG, FITC-conjugated
anti-rat 1gG, and Cy5-conjugated anti-mouse IgG (1:150, Jackson ImmunoResearch Laboratories). Samples
were visualised using a Carl Zeiss Axiovert Z1 inverted fluorescence microscope equipped with a RetigaSRV
Fast CCD camera. Single stain immunofluorescence images were acquired using a 40x objective, deblurred,
and merged by using Image ProPlus Software (Media Cybernetics). Identical parameters (acquisition time and
gain) were maintained to acquire images from all sections. To quantify the islet’s area, the histological
sections were stained with fluorophores-conjugated antibodies directed against hormones. For each islet,
the area (um?), major axis (um), and minor axis (Lm) were measured in a software-assisted manner. For each
mouse, up to 5 sections and 30 fields (correspondent to 20-30 different islets) were imaged and analysed.
The analysis was performed in 1XxBAC-LRRK2-G2019S and WT mice (n=7 per each group).
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7.9 Reverse transcriptase PCR

Expression of LRRK2 protein in the endocrine pancreas was confirmed by reverse transcriptase-PCR using the
MultiScribe Reverse Transcriptase (Invitrogen). Total RNA from 9x10° BTC3 or 1500 isolated human islets of
Langerhans was extracted with Trizol (Sigma Aldrich). For cDNA synthesis, 2 ug of digested RNA was reverse
transcribed using random oligonucleotides (final concentration, 12.5 ng/uL) as primers and 200 Moloney
murine leukemia units. PFU Polymerase (Promega) was used as DNA polymerase. To confirm the absence of
genomic contamination in the RNA samples, reverse transcriptase negative controls were introduced in each
experiment (without Moloney murine leukemia virus reverse transcriptase). Cycling conditions were: 2
minutes at 95 °C; 30 seconds at 95 °C, 30 seconds at 60 °C, 1 minute at 72 °C, for 40 cycles; and a final
elongation at 72 °C for 10 minutes.

Primer description. Each primer was used at the final concentration of 0.5 uM:
Couple 1 (for human). Forward primer: TGGGAAATACTGGGAGTGGT; Reverse primer: ACCTGCAAAATCCCACACAT

Couple 2 (for mouse). Forward primer: CGTCCTCGGATGTTGGTAAT; Reverse primer: TAGTCCGCAATCTTCGCAAT

7.10 Cell viability by MTT assay

BTC3 cells were plated with a density of 3x10% in 96 multi-well and treated with specific LRRK2 inhibitors for
45 minutes. After treatment, cells were incubated with fresh medium containing 0.5 mg/mL MTT (3-(4,5-
dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide) (M5655, Sigma-Aldrich) for 4 hours in a 37 °C-5% CO;
incubator. After, a gently resuspension in 100 uL DMSO (276855, Sigma-Aldrich) was performed. Absorbance
was detected at 540 nm with the microplate TECAN infinite® F500 reader. Mean values and standard
deviations were based on three independent experiments.

7.11 Synaptic vesicle isolation and binding assay

Synaptic vesicles were isolated from rat brain using controlled-pore glass chromatography according to the
protocol described by Huttner et al. (Huttner et al., 1983). This part of experiments was performed in
collaboration with Prof. Franco Onofri, Department of Experimental Medicine, University of Genova, Italy.
RFP-LRRK2 WT and E193K proteins were purified from N2a transfected cells using the RFP-Trap A kit
according to manufacturer’s protocol. To evaluate LRRK2 fusion proteins binding to SVs (synaptic vesicles), a
high-speed sedimentation assay (Messa et al., 2010) was performed. SVs (5-10 ug total protein) were
incubated with RFP-LRRK2 WT or RFP-LRRK2 E193K for 1 hour at 0 °Cin dedicated buffer (220 mM glycine,
30 mM NaCl, 5 mM Tris/HCI, 4 mM Hepes, pH 7.4, 0.22 mM NaNs, 0.2 mM PMSF, 2 ug/mL pepstatin, and
100 pug/mL of bovine serum albumin). Then, LRRK2 SV-bounded was isolated by high-speed centrifugation
(400,000 x g for 45 min). Pellets were resuspended in Laemmli buffer 2x and analysed by Western blotting
with RFP antibodies. The fraction of SVs binding LRRK2 in comparison to known number of fusion proteins
was normalized on SV yield, determined by Western blotting with an anti-synaptophysin antibody (1:1000 -
Sigma-Aldrich).

7.12 Vesicle trafficking by Acridine Orange assay

The pH-sensitive dye acridine orange (AO) was used as a tool to monitor the trafficking of acidic glucose
insulin containing granules (GSs). BTC3 cells were loaded with 100 nM Acridine Orange (A-6014, Sigma-
Aldrich) in KRH buffer supplemented with 1 mM glucose at 37 °C for 15 minutes. The fluorescence intensity
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was detected after 30 minutes treatment with the specific LRRK2 inhibitors, both in basal and stimulated
conditions, with the microplate TECAN infinite® F500 reader (535/590 nm Ex/Em). Mean values and standard
deviations were based on three independent experiments

7.13 Time lapse microscopy by total internal reflection fluorescence microscopy
(TIRFM) and image analysis

TIRF microscopy limits the fluorophore excitation to a thin field of about 100 nm by exploiting the total
internal reflection phenomenon. The reflection generates a restricted electromagnetic field that extends for
a few hundred nanometers into the lower-index phase medium and declines sharply with the increasing
distance from the interface, leading to the visualization of a limited region in the proximity of the interface,
as the plasma membrane. TIRF microscopy was performed 48 hours after the cell transfection. The
microscope (Carl Zeiss Inc.) was equipped with an Argon laser and a 100x 1.45 numerical aperture (NA) oil
immersion objective. Green fluorescence was excited with 488-nm laser line and imaged through a band-
pass filter (Zeiss) onto a Retiga SRV CCD camera. Single-cell imaging under TIRF illumination was performed
at 1Hz for a total of thirty seconds, in a standard KRH solution at room temperature (25 °C). On each coverslip,
up to ten cells were imaged in not less than three independent experiments for each construct. Image-Pro
Plus Analyser Image Software (Media Cybernetics) was used to analyse TIRF images. A set of automated
image processing macro/subroutines based on existing algorithms of the Image-Pro Plus software (High Pass
Gaussian filtering, nearest neighbouring deconvolution, photobleaching correction) have been employed for
image processing. The corrected images were subsequently analysed by means of the Image-Pro Plus plug-
in software (tracking object) that allows the selection and quantification of fluorescent spots based on their
shapes, size, and intensity. We selected the following criteria to include individual structures in the analysis:
(1) mean area 0.02—1 um?, (2) minimal pixel intensity six-fold over the average cell fluorescence intensity, (3)
aspect (major/minor axis) 1-3, (4) velocity limit search radius 1 (micron/frame). Spots that showed up in the
same position in at least 6 frames of the movie were automatically excluded from the analysis. Data were
then exported in Microsoft Excel for further analysis. The fluorescence intensity (F) of each spot in the various
frames was normalized to the minimal pixel intensity (FO, calculated as defined above) and plotted against
time. A custom written macro has been used to automatically count the number of fusion events and the
whole cell fluorescence changes. Data collected from at least 20 cells for each construct were normalized to
the cell area. To quantify the vesicle density in the TIRF zone, the cells were incubated for 5 minutes with
50 mM NH4Cl; KRH solution, to label all synapto-pHluorin positive vesicles. Then, cells were fixed in
paraformaldehyde and imaged by TIRFM or epifluorescence. The number of vesicles was quantified as
described above and normalized for the cell area.

For insulin granules count, the Imagel particle analysis plug-in was employed to quantify the number of
fluorescent objects. For improving the image quality prior to analysis, the background was subtracted, and
the images were pre-processed using the "unsharp mask" filter. A 3.5 pixels radius and a 0.6 pixels mask
weight 0.6 were used. The area (um?) of the cells and the number of insulin-positive granules per cell were
measured in a software-assisted manner. For insulin granules size, we considered values between 0.015 and
0.5 um. On each slide, up to ten cells were imaged in not less of three independent experiments and the
collected data were normalized to the cell area.
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7.14 Statistical analysis and guidelines

All statistical analyses were performed with GraphPad Prism 9.0 on independent biological replicates. Data
are presented as means £ S.E. or S.D. of at least three independent experiments. The number of replicates
for each experiment is reported. Statistical analyses between two groups were assessed using the two-tailed
Student’s t-test or among multiple groups using the analysis of variance (ANOVA). A P value <0.5 was
considered statistically significant. All methods were performed in accordance with the relevant guidelines
and national regulations. All procedures involving animals were approved by Institutional and National
Agencies (authorization n. 793/2016-PR and 365 D.lgs 116/92-art.7, IRCCS San Martino-IST, PROT. n.
0005278/14).

7.15 Reagents and solutions

PFA 4% (Paraformaldehyde solution). Dissolve PFA powder in PO4pH 7.4 buffer (120 mM) at 50 °Cin a water
bath, then filter the solution. Store at -20 °C.

HBSS 4x (Hanks’ balanced salt solution 4x). 0.74 g CaCl, * 2H,0, 1.45 g D-Glucose, 9.5 g Hepes, 1.6 g KCL, 0.24
g KH,PO4 0.8 g MgS0,4 * 7H,0, 32 g NaCl, 1.4 g NaHCOs, 0.24 g Na;HPO,* 2H,0. Up to 1 L with deionized
water.

PBS LS (Phosphate buffer low salts). NaCl (150 mM), PO, buffer pH 7.4 (10 mM). Up to volume with deionized
water.

1 mg/mL Aprotinin. Dissolve Aprotinin (A4529, Sigma Aldrich) in deionized water. Store at -20 °C. A 1:1000
dilution was used for the experiments.

200 mg/mL PMSF (PhenylMethaneSulfonyl Fluoride). Dissolve PMSF (10837091001, Sigma Aldrich) in
Absolute Ethanol by heating. Store at -20 °C. A 1:200 dilution was used for the experiments.

25x Roche inhibitors. Dissolve one tablet of the cOmplete™ ULTRA Protease Inhibitor Cocktail (5892953001,
Sigma Aldrich) in PO4pH 7.4 buffer (100 mM). Store at -20 °C. A 1:25 dilution was used for the experiments.

SDS 10%. Dissolve SDS (Sigma. Cat# L4509-100G) in deionized water. Store at room temperature.

RIPA buffer (RadiolmmunoPrecipitation Assay). NaCl (150 mM), Tris-HCl pH 7.6 (50 mM), EDTA (1 mM), NP40
(1%), Deoxycholate (0.5%). Up to volume with deionized water.

2x B-mix. SDS-10% solution (50%), Glycerol (20%), Tris-HCI pH 8.9 (300 mM), B-mercaptoethanol (10%),
Bromophenol blue (10%).

9% polyacrylamide running gel. Bis-Acrylamide (10%), Tris HCI pH 8.9 (375 mM), 10% SDS solution (0.1%),
Tetramethylethylenediamine (TEMED) (0.05%), Ammonium persulfate (APS) (0.025%). Up to volume with
deionized water.

10% polyacrylamide running gel. Bis-Acrylamide (10%), Tris HCI pH 8.9 (375 mM), SDS-10% solution (0.1%),
Tetramethylethylenediamine (TEMED) (0.05%), Ammonium persulfate (APS) (0.025%). Up to volume with
deionized water.
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Polyacrylamide stacking gel. Bis-Acrylamide (4%), Tris HCl pH 6.8 (62.5 mM), 10% SDS solution (0.1%),
Tetramethylethylenediamine (TEMED) (0.1%), Ammonium persulfate (APS) (0.05%). Up to volume with
deionized water.

TBS pH 7.4 (Tris Buffer Saline). Dissolve Trizma® base (0.6%; T1503, Sigma Aldrich) and NaCl (1.20 %; S9888,
Sigma Aldrich) in deionized water. Adjust the pH to 7.4 with 10 N HCI.

Running buffer. Tris-Glycine 10x (1x), 10% SDS solution (0.1%). Up to volume with deionized water.
Blotting buffer. Tris-Glycine 10x (1x), Methanol (10%). Up to volume with deionized water.
1x blocking buffer. Non-fat dried milk (3% or 5%), TBS (1x), Tween 20 (0.1%).

KRH (Krebs Ringer Buffer). NaCl (125 mM), KCL (5 mM), MgS04 (1.2 mM), KH2PO4 (1.2 mM), Hepes-NaOH pH
7.4 (25 mM), CaCl; (2 mM). Up to volume with deionized water.

GDB 2x. NaCl (4 M), PO, buffer pH 7.4 (240 mM), Triton X-100 (6%), gelatine (0.2%). Up to volume with
deionized water. Store at -20°C.

LB (Lysogen broth). Dissolve Tryptone (1%; A1553, BioChemica), Yeast Extract (0.5%; A1552, BioChemica),
and NaCl (0.5%; S9888, Sigma Aldrich) in deionized water. Sterilize by autoclaving.

TB JAP. Dissolve PIPES (0.3%; P6757, Sigma Aldrich), CaCl; (0.22 %; 223506, Sigma Aldrich), KCl (1.86%; P3911,

Sigma Aldrich), and MnCl, (1.09%; 1375127, Sigma Aldrich) in deionized water; adjust the pH to 6.7 with
NaOH 1 N. Filter the solution with 0.22 um filter. Store at 4 °C.
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