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Abstract 

 

Parkinson’s disease (PD) is the second most common neurodegenerative 

disease of the modern era. Although PD aetiology is still uncertain, approximately 

10% of patients suffer from a monogenic form of PD.     

 Mutations in Leucine-rich repeat kinase 2 (LRRK2) are the most common 

cause of autosomal dominant, late onset familial PD and increase PD risk. LRRK2 

possesses dual Roc/GTPase and kinase domains, bridged by a COR scaffold. 

Given the robust association with PD and the presence of a “druggable” kinase 

activity, substantial efforts have been made to explore LRRK2 functions in health 

and disease. The current understanding of LRRK2 biology comes from the 

characterisation of knockout models or the manipulation of its kinase activity, 

especially since the most common pathological mutation is the G2019S in the 

kinase domain and kinase activity is associated with increased cellular toxicity.           

 Conversely, Roc has received less attention, probably because of the 

challenges related to the measurement of in vitro GTPase activity. Nevertheless, 

the cross-talk between the two enzymatic modules and the signalling properties of 

Roc make the GTPase domain a key element in determining the biochemical and 

cellular properties of LRRK2. Therefore, a thorough characterisation of the 

intramolecular mechanisms of LRRK2 regulation as well as the signalling 

cascades orchestrated by the kinase is of high priority to provide alternative 

therapeutic targets in those cases where kinase inhibition proves badly-tolerated 

or ineffective.           

 In this scenario, this project has focused on a comprehensive 

characterisation of the role of LRRK2-Roc in regulating protein biochemistry and 

the binding with the previously identified interactor p21-activated kinase 6 (PAK6). 

As a functional readout, two pathways convincingly linked to LRRK2, i.e. 

autophagy and neurite remodelling, have been investigated.  

 Specifically, we characterised a murine cellular model where endogenous 

Lrrk2 has been genetically engineered to disrupt guanine nucleotides binding in 

terms of Lrrk2 expression levels, basal autophagy and the ability to respond to 

specific autophagic stimuli. We observed that lack of nucleotide binding in Roc 
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affects protein steady-state levels and possibly the response to autophagy-

inducing treatments. The second part of the study was dedicated to the 

characterisation of the interaction between LRRK2 and PAK6. PAK6 regulates 

actin-cytoskeletal dynamics and it was demonstrated by our group to interact with 

Roc and to promote neurite outgrowth in vivo through its kinase activity in a 

LRRK2- and GTP-dependent manner. More recently, we demonstrated that the 

two proteins bidirectionally modulate each other and overexpression of PAK6 is 

able to rescue the defects in neurite outgrowth associated with the G2019S 

pathological mutation. We then went a step further and, in collaboration with Dr. 

Patrick Lewis at University of Reading, we evaluated the impact of PAK6 

pharmacological inhibition on autophagy, given the established role of LRRK2 and 

the importance of actin cytoskeleton in assisting the process, as well as the 

involvement of PAK6 homolog PAK1 in promoting autophagy through the 

AKT/mTOR/ULK1 axis. Our results show clear alterations in the autophagic 

markers analysed after treatment with an inhibitor of PAK6 kinase activity. 

Second, we characterised the effects of a de novo substitution in PAK6 in terms of 

kinase activity, localisation and neurite development as well as interaction with 

LRRK2, and the consequences of a PD mutation in Roc in terms of binding with 

PAK6. While the PAK6 variant does not affect the properties of the protein, the 

presence of a mutation in LRRK2-Roc impairs the interaction with PAK6, with 

possible consequences on downstream pathways.      

 Overall, our data suggest that any alterations in Roc have severe 

implications for the steady-state levels of the protein, its activities and binding with 

partners, with a predicted impact on its subcellular localisation and downstream 

signalling.  

 

 

 

 

 

 

 

 



5 
 

Riassunto in lingua italiana 

 

La malattia di Parkinson (MP) è la seconda malattia neurodegenerativa più 

comune dell’era moderna. Nonostante un’eziologia incerta, il 10% dei pazienti 

soffre di una forma monogenica di MP.      

 Mutazioni nel gene Leucine-rich repeat kinase 2 (LRRK2) sono la causa più 

comune di MP autosomica dominante ad insorgenza tardiva e aumentano il 

rischio di sviluppare la MP. LRRK2 possiede una duplice attività enzimatica: 

GTPasica nel dominio Roc e chinasica, collegate da un dominio COR. Date la 

robusta associazione con la MP e la presenza di un’attività chinasica modulabile 

dal punto di vista farmacologico, sono stati compiuti notevoli sforzi per esplorare il 

ruolo fisiopatologico di LRRK2. L’attuale comprensione della biologia di LRRK2 

proviene dallo studio di modelli knockout o dalla manipolazione dell’attività 

chinasica, dato che la mutazione patologica più comune è la G2019S nel dominio 

chinasico e l’attività chinasica è associata ad aumentata tossicità cellulare.  

 Al contrario, Roc ha ricevuto minore attenzione, probabilmente a seguito 

delle difficoltà nel misurare l’attività GTPasica in vitro. Tuttavia, l’interazione tra i 

due moduli enzimatici e le proprietà di signalling di Roc rendono il dominio 

GTPasico un elemento chiave nel determinare le proprietà biochimiche e cellulari 

di LRRK2. Una caratterizzazione completa dei meccanismi intramolecolari di 

regolazione e delle cascate di segnale orchestrate dal dominio chinasico è 

dunque un requisito essenziale per individuare strategie terapeutiche alternative 

qualora l’inibizione dell’attività chinasica fosse mal tollerata o inefficace.   

 Questo progetto si è focalizzato su una caratterizzazione globale del ruolo 

di Roc nel regolare le proprietà biochimiche di LRRK2 ed il legame con un 

interattore precedentemente identificato, p21-activated kinase 6 (PAK6). A livello 

funzionale, sono stati investigati due processi associati a LRRK2 in modo 

convincente: autofagia e rimodellamento dei neuriti.      

 Più precisamente, abbiamo caratterizzato un modello cellulare murino, in 

cui Lrrk2 endogena è stata ingegnerizzata geneticamente per impedire il legame 

dei nucleotidi guaninici, in termini di stabilità della proteina, autofagia basale e 

capacità di rispondere a stimoli autofagici. Abbiamo osservato che l’assenza di 

legame coi nucleotidi nel Roc influenza i livelli di Lrrk2 e la risposta all’induzione 
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del flusso autofagico. La seconda parte dello studio riguarda la caratterizzazione 

dell’interazione LRRK2-PAK6. PAK6 regola le dinamiche del citoscheletro di 

actina. Il nostro gruppo ha dimostrato che PAK6 interagisce con Roc e promuove 

la crescita dei neuriti in vivo grazie alla sua attività chinasica in dipendenza da 

LRRK2 e dal GTP. Di recente, abbiamo dimostrato che le due proteine esercitano 

una vicendevole modulazione e la sovra-espressione di PAK6 può recuperare i 

difetti nella crescita dei neuriti associati alla mutazione G2019S in LRRK2. 

Abbiamo quindi fatto un passo ulteriore e, in collaborazione con il Dr. Patrick 

Lewis all’Università di Reading, abbiamo valutato l’impatto dell’inibizione 

farmacologica di PAK6 sull’autofagia, visto il ruolo assodato di LRRK2 e 

l’importanza del citoscheletro di actina nel processo, così come il coinvolgimento 

dell’omologo di PAK6, PAK1, nel promuovere l’autofagia tramite l’asse 

AKT/mTOR/ULK1. I nostri risultati mostrano chiare alterazioni nei markers 

autofagici analizzati a seguito del trattamento con un inibitore dell’attività chinasica 

di PAK6. Abbiamo poi caratterizzato gli effetti di una sostituzione de novo in PAK6 

in termini di attività chinasica, localizzazione, sviluppo dei neuriti ed interazione 

con LRRK2, e le conseguenze di una mutazione patologica nel Roc in termini di 

legame con PAK6. Mentre la variante di PAK6 non influenza le proprietà della 

proteina, la mutazione nel Roc riduce l’interazione con PAK6.    

 Globalmente, i nostri dati suggeriscono che qualunque alterazione di Roc 

abbia severe conseguenze per i livelli basali di LRRK2, l’attività della proteina ed il 

legame con gli interattori, con un probabile impatto sulla localizzazione 

subcellulare e le cascate di segnale a valle.  
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1.   Parkinson’s disease 

 

201 years after the publication of “An Essay on the Shaking Palsy”, where 

James Parkinson very accurately described the disease now bearing his name 

(Parkinson, 1817; Parkinson, 2002), a significant progress has been made in the 

understanding of the genetic and biochemical defects underlying the second most 

common neurodegenerative disease worldwide (Deng et al., 2018). While 

Parkinson’s disease (PD) had been associated with the loss of cells in the 

substantia nigra pars compacta (SNpc) 100 years after its description, dopamine 

(DA) was identified as a neurotransmitter only in 1957 (Tretiakoff, 1919; Carlsson 

et al., 1957; Carlsson et al., 1958; Jankovic, 2008). A few years later, when DA 

levels were demonstrated to be reduced in the striatum of PD patients, levodopa, 

a precursor of DA, started to be administered which greatly improved the motor 

symptoms associated with PD (Ehringer and Hornykiewicz, 1960; Birkmayer and 

Hornykiewicz, 1961; Andén et al., 1970; Hornykiewicz et al., 2002; Jankovic, 

2008). Today, the neuropathology of the disease is very well defined. PD is 

characterised by the selective loss of DA neurons in the SNpc and, at later stages, 

in other specific brain regions, such as the cortex and the brainstem (Jellinger et 

al., 1991; Braak et al., 1998). The second, distinctive hallmark of the disease is 

the accumulation of cytoplasmic proteinaceous inclusions known as Lewy bodies 

(LBs) (Figure 1) and Lewy neurites in certain brain nuclei of individuals affected by 

Paralysis agitans, in recognition of Fredrich Lewy’s description of intraneuronal 

structures within both the somata and the neurites (Lewy, 1912). However, not all 

PD cases appear with LBs, and LBs can occur in diseases other than PD, such as 

dementia with LBs and other forms of parkinsonism (Gwinn-Hardy, 2002; Hardy 

and Lees, 2005). A brief overview of the non-conventional forms of PD will be 

given in section 1.1.         

 The discovery by Spillantini and colleagues of alpha-synuclein (α-syn) as 

the major component of LBs, back in 1997, represented a great revolution in the 

PD timeline (Spillantini et al., 1997). Soon after, at the beginning of the 21th 

century, the idea of PD as a prion-like pathology started to spread, particularly 

after the studies by Braak and colleagues reporting a reproducible pattern of 
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progression for parkinsonian pathology (Braak et al., 2003; Visanji et al., 2013). 

According to Braak’s model, the disease begins at the level of the vagus nerve 

and the olfactory structures, to then ascend until it finally reaches the cortex, in a 

progression that is determined by the differential susceptibility of the diverse 

neuronal populations. Although multiple studies have later contradicted this 

staging scheme (Jellinger et al., 2008; Parkkinen et al., 2008; Beach et al., 2009), 

which undoubtedly presents certain limitations, the body of evidence sustaining a 

transcellular transmission of α-syn is quite robust (Kordower et al., 2008; Li et al., 

2008; Desplats et al., 2009; Hansen et al., 2011; reviewed in Visanji et al., 2013).

 PD is very common in the elderly, with a prevalence of 1% among the 

individuals over 60 years and 4% in the population over 85 years (Eriksen et al., 

2005; Deng et al., 2013), although the onset of the disease can also occur at very 

young age, up to the third decade of life (Obeso et al., 2017). The precise 

aetiology of PD remains elusive and is very likely multifactorial, i.e. derived from a 

combination of genetic and environmental protective or predisposing factors 

(Eriksen et al., 2005; Obeso et al., 2017). For many years, certain lifestyles, e.g. 

farming, plus the exposure to specific environmental factors such as pesticides 

and/or toxins – e.g. MPTP, paraquat and maneb/mancozeb –, metals and 

solvents, have been associated with an increased risk of developing PD, even 

though a precise cause-effect relationship is still lacking (Pezzoli and Cereda, 

2013; Goldman, 2014; Obeso et al., 2017). More recently, given the early 

symptoms appearing at the level of the gut and the olfactory apparatus, a putative 

role for an infectious agent in initiating the disease was proposed. On the other 

hand, protective behaviours that lower PD risk have been identified, including 

cigarette smoking and caffeine intake (Obeso et al., 2017).     

 In addition to the abovementioned environmental factors, there is a relevant 

genetic component contributing to PD onset. In this regard, 2017 was important 

not only for being the bicentenary of James Parkinson’s publication, but also 

because it marked the 20th anniversary of the discovery of the first gene causing 

familial PD, i.e. SNCA, encoding α-syn (Polymeropoulos et al., 1997). This 

discovery opened a new era in PD research, with genetics taking centre stage, 

from the identification of novel genes mutated in familial forms of PD, to the 

generation of genetic models of the disease in parallel to the pre-existing toxin-
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based ones (rotenone, 6-OHDA, MPTP, paraquat) (Bové et al., 2005). Indeed, 

genetic animal models, although with their own limitations, gave an important 

pulse to the research in the field (Obeso et al., 2017).   

 

 

 

Notably, it appears now evident that genetic background contributes in 

determining the predisposition to PD at multiple levels, not restricted to the 

inheritance of gene mutations that cause monogenic forms of the disease. The 

overall susceptibility can indeed be defined by the combined occurrence in the 

genome of 1) very rare coding mutations within genes associated with Mendelian 

PD, 2) rare coding mutations acting as risk factors, and 3) risk factors identified by 

genome-wide association studies (GWAS), i.e. non-coding single nucleotide 

Figure 1. Pathological hallmarks of 

PD. (A) Comparison between the 

SNpc of a control and that of a PD 

patient, where a clear depigmentation 

– due to the loss of dopaminergic 

neurons – is observed (adapted from 

the U.S. National Library of Medicine, 

National Institutes of Health (NIH), 

https://medlineplus.gov/ency/article/00

0755.htm). (B) Representative 

immunohistochemical labelling of LB 

inclusions within neurons of the SNpc, 

that constitute a pathological hallmark 

of the disease (Dauer and 

Przedborski, Neuron, 2003).  

 

https://medlineplus.gov/ency/article/000755.htm
https://medlineplus.gov/ency/article/000755.htm
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polymorphisms (SNPs) in disease-associated loci that are very common and 

confer only a moderate risk of developing PD (“missing heritability” problem) 

(Keller et al., 2012; Gasser, 2015; Singleton and Hardy, 2016). The complex 

genetic architecture, in combination with the influence exerted by the environment 

and lifestyles, explains the large heterogeneity observed among PD patients in 

terms of both age of onset and clinical manifestations (Obeso et al., 2017). 

       

1.1   Clinical manifestations & diagnosis 

 

Clinicians usually group the prominent motor features of PD under the 

acronym TRAP: Tremor at rest, Rigidity, Akinesia (or Bradykinesia) and Postural 

instability. In addition to these, symptoms like flexed posture and freezing are 

more generally an indication of parkinsonism, defined as a clinical syndrome 

characterised by lesions in the basal ganglia, predominantly in the SNpc, of which 

PD represents the 80% of the cases (reviewed in Jankovic, 2008; International 

Parkinson and Movement Disorder Society). Non-motor symptoms – which can be 

present at different extents and in different combinations – include sleep 

disturbances, olfactory dysfunction, cognitive impairment, psychiatric symptoms 

and autonomic dysfunction, very often anticipating the occurrence of motor 

symptoms (Lang, 2011; Obeso et al., 2017; Deng at al., 2018).    

 Diagnosis is based on clinical evaluation and, in classical PD cases, 

confirmed post-mortem by pathological finding of neuronal loss in the SNpC and 

LBs on autopsy (Jankovic, 2008). The clinical criteria for diagnosing PD are 

represented by a combination of key motor features, associated and 

exclusive/specific symptoms, and the response to levodopa, as indicated by the 

UK Parkinson’s Disease Society Brain Bank and the National Institute of 

Neurological Disorders and Stroke (Gelb et al., 1999; Tarakad and Jankovic, 

2017). Regarding the severity of the phenotype, different rating scales are often 

employed, even though their reliability has not been fully evaluated due to the high 

heterogeneity of the disease (Jankovic, 2008). The differentiation among PD and 

other parkinsonian syndromes, grouped under the term “atypical parkinsonism”, is 

fundamental in planning the treatment and predicting the prognosis. Indeed, 
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patients affected by atypical parkinsonism are usually characterised by a worse 

prognosis and do not benefit from levodopa treatment. Examples of atypical 

parkinsonism are progressive supranuclear palsy (PSP), multiple system atrophy 

(MSA), and dementia with LBs (Trenkwalder and Arnulf, 2011). In the case of 

PSP, LB inclusions are not increased as compared to controls, further supporting 

the notion that PD and the parkinsonian spectrum of disorders can arise without α-

syn accumulation (Jellinger, 2003).  

 

1.2   PD therapeutics 

 

One of the major limitations in PD field is the current absence of a treatment 

able to halt or slow the progression of the disease (Jankovic et al., 2018). 

Levodopa remains the treatment with the highest efficacy in alleviating the motor 

symptoms (Birkmayer and Hornykiewicz, 1961; Andén et al., 1970; Lotia and 

Jankovic, 2016; Tarakad and Jankovic, 2017), but at a cost, i.e. the appearance of 

complications such as motor fluctuations and dyskinesia after prolonged use. To 

bypass this obstacle, emerging levodopa formulations aim at prolonging its effect 

and/or improving its delivery. In parallel, alternative strategies could be 

approached both as monotherapies or as adjuvant therapies. Among them, DA 

agonists or deep brain stimulation are currently employed with good success 

(Tarakad and Jankovic, 2017). In some cases, tremor can be ameliorated with 

botulinum toxin, which has been proven efficacious in the treatment of multiple 

neurologic and non-neurologic disorders (Jankovic, 2018). In the last years, the 

exploration of alternative routes based on gene therapy via adeno-associated viral 

(AAV) vectors for the silencing of SNCA, or carrying the DNA encoding human 

aromatic-L-amino-acid decarboxylase (AADC) – i.e. the last enzyme in DA 

production –, immunotherapy – mainly via the production of antibodies against α-

syn – or cell transplantation has also been undertaken. Despite the fact that these 

approaches are at the moment more encouraging in terms of safety rather than in 

terms of clinical efficacy, the efforts and investments in this area confer it a great 

potential from a therapeutic point of view (Zharikov et al., 2015; Lee and Lee, 

2016; Deverman et al., 2018; Lee et al., 2018).   
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1.3   Genetics of PD  

 

Although a clear definition of PD aetiology is still missing, and the vast 

majority of PD cases is likely caused by a combination between the exposure to 

environmental risk factors and a predisposing genetic background (Kalinderi et al., 

2016), about 15% of patients have family history and 5-10% suffer from a 

monogenic, Mendelian form of the disease (Deng et al., 2018). To date, 13 

disease-causing genes have been associated with parkinsonism. A summary of 

the known PARK genes, together with their protein product, the mode of 

inheritance and the associated clinical manifestation is listed in Table 1.  

 The very first genetic modification linked to PD was the G209A point 

mutation (A53T in the protein product) in the SNCA gene, located within the 

PARK1 locus on chromosome 4 (Polymeropoulos et al., 1997). Several other point 

mutations, together with duplications and triplications of the entire locus, were 

later added to the list of PD-causing alterations (Singleton et al., 2003; Chartier-

Harlin et al., 2004; Ibáñez et al., 2004; Singleton and Gwinn-Hardy, 2004; Deng 

and Yuan, 2014), with a clear genomic dosage-related phenotype, i.e. a more 

severe phenotype and a higher penetrance in the case of multiplications as 

compared to the effect of single mutations (Chartier-Harlin et al., 2004; Singleton 

and Gwinn-Hardy, 2004; Deng et al., 2018). Twenty years after Spillantini’s 

labelling of α-syn in LBs, there is still some uncertainty about the physiological 

function of α-syn, whereas its pathological accumulation in the form of toxic fibrils 

is better understood and of high interest for therapeutic design (Poewe et al., 

2017). More recently, mutations in CHCHD2/PARK22 and VPS13C/PARK23 – 

whose protein products are likely involved in mitochondrial metabolism – have 

been associated with different parkinsonian manifestations, i.e. autosomal 

dominant, late onset PD and autosomal recessive, early onset parkinsonism, 

respectively (Table 1) (Funayama et al., 2015; Lesage et al., 2016; Singleton and 

Hardy, 2016; Ferreira and Massano, 2017). Interestingly, Lesage and co-authors 

reported an effect of VPS13C loss of function in the mitochondria quality control 

system orchestrated by the previously identified PD-related proteins Parkin and 

PINK1 (PTEN-induced putative kinase 1). Mutations in PRKN/PARK2 were found 

https://doi.org/10.1016/j.arr.2014.04.002
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very early in 1998 to be the cause of severe, autosomal recessive juvenile 

parkinsonism. Parkin is an E3 ubiquitin ligase, participating to the degradation of 

proteins via the ubiquitin-proteasome system (UPS). Mitochondria quality control 

is guaranteed through selective autophagy of depolarised mitochondria 

(mitophagy), occurring when PINK1, a serine-threonine kinase encoded by 

PINK1/PARK6, recruits, phosphorylates and activates parkin on damaged 

mitochondria. In the same pathway we can position the adaptor protein FBXO7 

(FBXO7/PARK15). Another PARK locus causing early-onset PD is PARK7, where 

DJ-1 is located. DJ-1 has been shown to buffer oxidative stress. Finally, 

PARK14/PLA2G6 enters the list of mitochondria-related genes. PLA2G6 is a 

calcium (Ca2+) independent phospholipase particularly important for the 

homeostasis of mitochondrial membrane (Kitada et al., 1998; Bonifati, 2003; 

Shojaee et al., 2008; Paisán-Ruiz et al., 2009; Seirafi et al., 2015; Kalinderi et al., 

2016; Deng et al., 2018). 

One of the most intriguing aspects of the majority of neurodegenerative 

diseases, and one that applies to PD, is that, although displaying a large 

heterogeneity in terms of clinical manifestation, the molecular defects underlying 

the pathology can be grouped under a relatively small number of cellular 

pathways. In addition to the abovementioned control of mitochondrial 

homeostasis, a substantial number of PARK genes is involved in “cellular 

transport and trafficking”. Starting with the dominantly inherited forms, 

PARK17/VPS35 encodes a component of the retromer that is key for the transport 

of proteins from endosomes to the trans-Golgi network (TGN). Interestingly, 

VPS35 has been shown in association with multiple PD-related genes/proteins, 

including parkin. Similarly, moving to the recessive mode of inheritance, ATP13A2 

(ATP13A2/PARK9) is an ATPase involved in cargo sorting at the endo-lysosomal 

level, found to be mislocalised in PD. Of extremely high interest is also the set of 

proteins involved in clathrin-mediated endocytosis, specifically of synaptic vesicles 

(SVs), represented by the exclusively neuronal protein auxilin (DNAJC6/PARK19) 

and the phosphatase synaptojanin-1 (SYNJ1/PARK20) (Ramirez et al., 2006; 

Vilariño-Güell et al., 2011; Zimprich et al., 2011; Edvardson et al., 2012; Krebs et 

al., 2013; Quadri et al., 2013; Kalinderi et al., 2016; Cao et al., 2017; Deng et al., 

2018).  
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PARK 

SYMBOL 

GENE 

NAME 

PROTEIN 

PRODUCT 

MODE OF 

INHERITANCE 

CLINICAL 

MANIFESTATION 

PARK1 SNCA α-syn AD Early onset PD 

PARK2 PRKN Parkin AR Early onset PD 

PARK4 SNCA α-syn AD Early onset PD 

PARK6 PINK1 PINK1 AR Early onset PD 

PARK7 DJ-1 DJ-1 AR Early onset PD 

PARK8 LRRK2 LRRK2 AD Late onset PD 

PARK9 ATP13A2 ATP13A2 AR Parkinsonism 

PARK14 PLA2G6 PLA2G6 AR Parkinsonism 

PARK15 FBXO7 FBXO7 AR Parkinsonism 

PARK17 VPS35 VPS35 AD Late onset PD 

PARK19 DNAJC6 Auxilin AR Parkinsonism 

PARK20 SYNJ1 Synaptojanin-1 AR Parkinsonism 

PARK22 CHCHD2 CHCHD2 AD Late onset PD 

PARK23 VPS13C VPS13C AR Parkinsonism 

 

 

Table 1. List of PD-related genes. The name of the gene and the respective protein product 

associated with each PARK locus are indicated. The mode of inheritance and the clinical 

manifestation consequent to variations in each of the causative genes are also reported (AD= 

autosomal dominant; AR= autosomal recessive).  

 

Finally, leucine-rich repeat kinase 2 (LRRK2/PARK8) might be considered a 

unifying element in the frame of PD, as mutant LRRK2 represents the most 

common cause of familial PD cases, and it interacts at different levels with other 

PARK genes or with their protein products, e.g. α-syn, VPS35, ATP13A2, auxilin, 

synaptojanin-1 (Paisán-Ruiz et al., 2004; Zimprich et al., 2004; Henry et al., 2015; 

Islam et al., 2016; Inoshita et al., 2017; Mir et al., 2018; Nguyen and Krainc, 2018; 

Novello et al., 2018). A separate paragraph will be dedicated to a comprehensive 

discussion about LRRK2 and its relevance to PD.   

 Mutations in PD-causing genes are usually characterised by a high 

penetrance but a low frequency (Gasser, 2015). Therefore, in most cases, the 
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susceptibility to PD likely depends on a combination of risk factors rather than on 

the presence of single genetic variations. Figure 2 schematises the complex 

genetic architecture of PD. Coding mutations in GBA and LRRK2, with 

intermediate frequency in the population, were associated with an increased risk 

of developing PD (Sidransky et al., 2009; Gasser, 2015). Homozygous mutations 

in GBA, encoding the beta-glucocerebrosidase enzyme, cause a lysosomal 

storage disorder known as Gaucher’s disease, while increasing the risk of 

developing PD at the same extent of heterozygous variants (Deng et al., 2018). 

Similarly, heterozygous mutations in SPMD1 (encoding the sphingomyelin 

phosphodiesterase 1), where homozygous variations lead to Niemann-Pick 

disease, have been associated to PD-risk (Foo et al., 2013; Gan-Or et al., 2013; 

Schuchman and Desnick, 2017).  

 

Figure 2. Genetic architecture of PD. The overall predisposition to PD is either dictated by the 

presence of very rare mutations in genes associated with Mendelian forms of the disease or 

defined by the presence of SNPs conferring moderate to low risk that contribute to the definition of 

susceptibility (Gasser, Journal of Parkinson’s Disease, 2015).  
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In addition to these risk-increasing coding variants, the advent of genome-

wide association studies (GWAS) has helped in the identification of around forty 

loci carrying common SNPs, mainly located in noncoding regions, that mildly 

increase PD risk (Figure 3) (Nalls et al., 2014; Gasser et al., 2015; Kalinderi et al., 

2016; Singleton and Hardy, 2016; Chang et al., 2017; Deng et al., 2018).   

 

 

 

Figure 3. Graphical representation of PD genes and loci. A) The human genome is depicted as 

a circle, with numbers indicating the chromosomes. The genes containing causative mutations are 

in blue; red indicates genes where coding SNPs associated with moderate risk have been 

identified; the loci identified by GWAS, containing low risk alleles, are indicated in black and named 

by proximal gene symbols (Singleton and Hardy, Neuron, 2016). B) Using an analogous scheme, 

the loci identified through the latest GWAS meta-analysis are depicted around a circular genome. 

Black and gray indicate previously identified loci, whereas the red labels refer to novel associations 

with PD. Gray lines spanning multiple genes indicate the presence of multiple candidate genes 

within the same locus (Chang et al., Nature Genetics, 2017).  

 

Even considering the complete picture that has emerged to date regarding 

the genetics of PD, the estimates suggest that only one tenth of the heritable 

component has been unveiled (Keller et al., 2012; Singleton and Hardy, 2016). 

Thus, there is still a great burden of information residing in our DNA, which could 
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help in the detailed definition of those networks that are deregulated in disease 

and in the consequent design of more specific therapeutic approaches.  

 

2.   Leucine-rich repeat kinase 2 (PARK8) 

 

Among all the genetic contributors to the incidence of PD, LRRK2 certainly 

occupies a relevant place in that it represents the single most common cause of 

disease (Paisán-Ruiz et al., 2013). LRRK2 encodes a large, complex protein with 

dual GTPase and kinase activities, surrounded by multiple protein-protein and 

protein-lipid interaction domains, e.g. a WD40 domain in the C-terminal region 

(Figure 4) (Hatano et al., 2007; Piccoli et al., 2014; Vancraenenbroeck et al., 

2014; Lystad and Simonsen, 2016). The presence of a Roc (Ras of complex 

proteins) GTPase and COR (C-terminal of Roc) bidomain allocates LRRK2 in the 

family of ROCO proteins (Tomkins et al., 2018). Given this complex architecture, 

LRRK2 very likely plays both signalling and scaffolding roles during signal 

transduction. LRRK2 is expressed in multiple tissues and organs during 

development and adulthood, with moderate to high expression in the brain, heart, 

lungs, kidneys and circulating immune cells (Biskup et al., 2007). Not surprisingly, 

considered the elevated levels and the proposed function in the immune response 

(Greggio et al., 2012; Härtlova et al., 2018), variations within the LRRK2 locus 

have been associated with multibacillary leprosy and inflammatory bowel disease 

(IBD) (reviewed in Cogo et al., 2017). In addition, PD-patients carrying the 

G2019S mutation in LRRK2 were demonstrated to develop certain types of cancer 

with a higher frequency with respect to non-carriers (Agalliu et al., 2015). Within 

the brain, both neurons and glial cells express LRRK2, particularly in the striatum, 

which receives the dopaminergic projecting fibres from the SNpc (West et al., 

2014).           

 We will now provide an overview of LRRK2 genetics, biochemistry and 

biology, and comment on the therapeutic potential of targeting LRRK2 in PD. 

Some aspects that are particularly relevant to the scope of this thesis will be 

discussed in greater detail in the following chapters.  
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Figure 4. LRRK2 domain architecture and biochemistry. Schematic representation of LRRK2 

with domain organisation and disease segregating mutations. The catalytic core is surrounded by 

interaction domains. The coloured asterisks refer to the alterations in the enzymatic activities and 

the consequent functional outcomes associated with the pathological mutations. The main 

autophosphorylation and phosphorylation sites, as well as the kinases and phosphatases mediating 

this event, are also indicated. Phosphorylation at Ser910/Ser935 induces the binding of 14-3-3 

proteins. (Adapted from Cogo and Greggio, The Neuroscience of Parkinson’s Disease, accepted for 

publication).  

 

2.1   LRRK2 genetics  

 

 The attention towards the PARK8 locus arose for the first time in 2002 from 

the discovery by Funayama and collaborators of a large Japanese kindred 

affected by an autosomal dominant form of PD. The “Sagamihara family”, named 

after the Japanese region of origin, was carrying changes in a novel PD locus, 

indeed termed PARK8, mapping on chromosome 12 (Funayama et al., 2002). 

Two years passed before the publication of two back-to-back studies identifying 

LRRK2 as the candidate gene within that locus (Paisán-Ruiz et al., 2004; Zimprich 

et al., 2004), encoding the homonymous protein. LRRK2 is also named dardarin 

after the Basque term “dardara”, meaning tremor, since one of the first families 

recognised to carry PARK8 mutations was from Basque origins.    
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 The heterogeneity that has previously been described within the totality of 

PD cases holds true also among individuals that carry mutations in the same 

gene. Indeed, this family displayed a wide clinical-pathological spectrum, ranging 

from typical PD to dementia and amyotrophy, pure nigral degeneration and a 

diffuse pathology composed by LBs, tau – whose accumulation is a hallmark of 

Alzheimer’s disease – and ubiquitin-positive inclusions (Zimprich et al., 2004; 

Ballatore et al., 2007). Since this initial discovery, multiple aminoacid substitutions 

were proposed as disease-causing mutations. However, a clear segregation has 

been demonstrated for only seven of them, distributed within the catalytic 

tridomain of LRRK2, namely N1437H, R1441C, R1441G, R1441H, Y1699C, 

G2019S and I2020T (Figure 4) (Paisán-Ruiz et al., 2004; Zimprich et al., 2004; 

Goldwurm et al., 2005; Zabetian et al., 2005; Greggio and Cookson, 2009; Ross 

et al., 2009; Aasly et al., 2010). The most common mutation is the G2019S, found 

in 5% of familial cases and 2% of apparently idiopathic PD in Caucasian 

populations. However, these frequencies can raise up to 40% of familial cases 

and 13%-40% of sporadic cases in those ethnic groups where the degree of 

consanguinity is high, such as Ashkenazi Jewish and North African Berber Arab 

populations (Hernandez et al., 2016). Importantly, an individual carrying a 

mutation does not necessarily develop PD, as the penetrance is age-dependent, 

incomplete and variable according to the mutation. For example, in the case of the 

G2019S substitution, the penetrance varies between 25% and 42.5% at age 80, 

meaning that the probability of manifesting the disease for these subjects is 

relatively low compared to carriers of the R1441G mutation, whose penetrance 

reaches 95% in later life (Hernandez et al., 2016). Focusing on the risk factors, i.e. 

the coding variants within LRRK2 that increase the predisposition to idiopathic PD, 

the R1628P and G2385R substitutions represent the most common susceptibility 

variants, increasing the risk of PD of about twofold (Farrer et al., 2007). Additional 

variants, associated with a lower increase in lifetime risk of PD (odd-ratio ~1.2), 

are represented by noncoding variants in the promoter region of LRRK2, that have 

been uncovered by GWAS (Simón-Sánchez et al., 2009). The latter mutations are 

likely to act by influencing the levels of expression, demonstrating the pleomorphic 

nature of PARK8 as a risk locus (Singleton and Hardy, 2011; Singleton and Hardy, 
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2016), i.e. a genomic region harbouring variants that increase disease risk by 

different mechanisms (Roosen and Cookson, 2016).    

 

2.2   LRRK2 biochemistry 

 

The dual enzymatic activity of LRRK2 is a peculiarity possessed by only 

three proteins in the human proteome (Tomkins et al., 2018). As mentioned 

above, LRRK2 belongs to the family of ROCO proteins, characterised by the 

presence of a Roc-COR bidomain, where Roc exerts the enzymatic role by acting 

as a GTPase, while COR functions as a platform for dimerization (reviewed in 

Civiero et al., 2017a). The other enzymatic activity in the protein is a serine-

threonine kinase, autophosphorylating at multiple sites and phosphorylating 

several cellular substrates. The most relevant, bona fide autophosphorylation site 

is Ser1292. Located at the junction between the LRR and Roc domains, Ser1292 

is employed as a faithful indicator of LRRK2 kinase activity (Sheng et al., 2012). 

Since mutations in LRRK2 segregate with PD, and the common G2019S 

substitution within the kinase domain increases kinase activity of ~2-3 fold 

(Greggio and Cookson, 2009), this activity has been extensively investigated and 

pursued as a promising therapeutic target. After more than ten years of research, 

an impressive number of interactors and substrates have been nominated for 

LRRK2. The list of LRRK2 interactors accounts approximately 450 proteins back 

in 2015 (Figure 5) (Manzoni et al., 2015), and it is growing daily. A possible and 

appealing explanation for these numbers is the so called “date-hub hypothesis” 

(Manzoni, 2017), according to which LRRK2 role might be extremely flexible 

depending on the macromolecular complexes it forms in different cell-types, 

developmental stages and under specific stimuli. This hypothesis is likely in that it 

takes into account the high degree of complexity of the protein, together with its 

differential expression across tissues.       

 The increase of in vitro kinase activity associated with the G2019S mutation 

probably depends on structural reasons. Indeed, the presence of a serine in the 

activation loop of the kinase domain was suggested to lock the kinase in a more 

active state (Jaleel et al., 2007; Greggio and Cookson, 2009). Instead, for several 
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years, no effect in terms of in vitro kinase activity towards a number of putative 

substrates was measured for the other pathogenic mutations in the kinase 

(I2020T), Roc (R1441C/G) and COR (Y1699C) domains (Greggio and Cookson, 

2009). Surprisingly, the development of the first antibody against Ser1292 

autophosphorylation revealed that, in addition to the G2019S, the majority of 

pathogenic mutants show an augmented activity as compared to the wild type 

(WT) when autophosphorylation is assessed in the cellular context (Sheng et al., 

2012).  

  

 

 

Figure 5. The complexity of LRRK2 interactome. Graphical representation of LRRK2 linked to its 

candidate interactors (depicted as black dots). Colours symbolise the different methods adopted to 

detect the interaction (Manzoni et al., PeerJ, 2015).  

 

Another turning point in LRRK2 research occurred in 2016, with the 

validation by Steger and collaborators of a subset of Rab GTPases as bona fide 

substrates of LRRK2 kinase activity (Steger et al., 2016). This work confirmed the 

2-3 fold increased kinase activity of the G2019S, but also showed, in analogy to 

LRRK2 autophosphorylation on Ser1292, that the level of Rab8 and Rab10 



24 
 

phosphorylation in cells but not in vitro is greatly enhanced by the majority of 

LRRK2 pathogenic mutations. In addition to that, they showed that the impact of 

mutations located outside the kinase domain is even greater with respect to the 

G2019S (Steger et al., 2016). This pointed how in vitro assessment of enzymatic 

activity can provide limited information and needs to be interpreted with caution. 

The presence of domains mediating protein-to-protein interactions in 

addition to the catalytic core suggests that LRRK2 may also play a scaffolding role 

during signal transduction. Although PD-segregating mutations sit in the catalytic 

core of the protein and affect either the kinase (G2019S and I2020T) or the 

GTPase (R1441C/G/H and Y1699C) activities (Figure 4), the presence of multiple 

scaffolding modules emphasises the importance of studying full-length LRRK2 

within its physiological environment. Indeed, it is likely that different mutations 

result in different but converging gain-of-function mechanisms, with many of them 

requiring a more complex cellular machinery (co-factors, interactors, 

compartmentalisation) that cannot be mimicked in vitro with recombinant proteins. 

The gain-of-function mechanism proposed for PD-mutations is supported by the 

possibility to rescue the neurotoxic phenotype associated with mutant LRRK2 

(G2019S, Y1699C and R1441C) by genetically inactivating the kinase activity 

through substitution of key catalytic residues (Greggio et al., 2006; Smith et al., 

2006; Greggio and Cookson, 2009).       

 The other fundamental platform in the signalling towards downstream 

targets is represented by the Roc/GTPase domain. Although for many years 

LRRK2-Roc has received limited attention, in part due to technical challenges of 

measuring GTPase activity in vitro, early observations pointed how mutations in 

the Roc-COR domain lowered GTP hydrolysis (reviewed in Taymans, 2012). The 

consequence for this is a prolonged permanence in the GTP-bound state, and, in 

turn, a sustained signalling. Very recently, an elegant work from Wim Versées’s 

group – conducted on a bacterial homolog of LRRK2, i.e. the Roco protein from 

Chlorobium tepidum – shed important light into the G-protein cycle of ROCO 

proteins, with possible implications for LRRK2 and PD-associated mutations. They 

showed that ROCO proteins cycle between a monomeric and a dimeric form 

depending on the nucleotide load. More specifically, ROCO proteins are dimers 

when in the nucleotide-free or GDP-bound forms, while switching into monomers 
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upon GTP-binding. The result is a monomer to dimer cycle during GTP hydrolysis 

(Deyaert et al., 2017a). Notably, due to the prohibitive molecular weight of LRRK2, 

the poor yields achieved from the purification of the full-length protein and the 

elevated conservation maintained within the ROCO protein family, multiple 

structural and functional studies have focused on bacterial or amoeboid homologs 

of LRRK2 (Gotthardt et al., 2008; van Egmond et al., 2008; Gilsbach et al., 2012; 

Kortholt et al., 2012; Rudi et al., 2015; Deyaert et al., 2017b). Meanwhile, the 

dimeric nature of LRRK2 has been extensively described in the literature before. It 

was indeed shown very early in 2008 (Greggio et al., 2008), and later on 

confirmed by electron microscopy (EM) (Civiero et al., 2012). Interestingly, in 

2011, Daniëls and colleagues proposed that pathological mutations in the Roc-

COR bidomain, namely R1441C/G and Y1699C, weaken dimerization and 

consequently lower LRRK2 GTPase activity (Daniëls et al., 2011). Another 

important milestone in the field of LRRK2 research dates back in 2016, when 

Guaitoli and collaborators generated the first model of dimeric LRRK2 based on 

cross-linking experiments and EM maps (Guaitoli et al., 2016). According to this 

model, LRRK2 dimerization occurs via the interaction of two Roc-COR domains 

and it is the dimeric state that renders LRRK2 an active serine-threonine kinase. 

Importantly, the tightly packed, homodimeric nature of LRRK2 has been further 

confirmed through Cryo-EM analysis (Sejwal et al., 2017). A further level of 

complexity is added by the observation that dimeric, active LRRK2 predominantly 

localises at membranes (Berger et al., 2010; reviewed in Civiero et al., 2017a).  

 The role of Roc as a signalling output is additionally supported by the notion 

that a large number of interactors map within this domain. Among them, the actin-

cytoskeleton regulator p21-activated kinase 6 (PAK6), was shown to interact with 

GTP-loaded Roc (Beilina et al., 2014; Civiero et al., 2015; Civiero et al., 2017b), 

indicating that the binding of some cellular effectors is guanine nucleotide-

dependent, similar to the canonical mechanism for small GTPases.    

 Finally, LRRK2 is a phospho-protein, able to autophosphorylate at multiple 

sites (Greggio et al., 2009; Kamikawaji et al., 2009; Gloeckner et al., 2010; Sheng 

et al., 2012) but at the same time finely tuned by heterologous phosphorylation. 

Importantly, casein kinase 1α (CK1α) and the IkB family of kinases phosphorylate 

a cluster of serines located at the N-terminus of LRRK2, including Ser910 and 
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Ser935 (Figure 4) (Chia et al., 2014). These sites are relevant for a handful of 

reasons: first, Ser910 and Ser935 are often exploited as an indirect indication of 

LRRK2 kinase inhibition. Indeed, although not being autophosphorylation sites, 

these residues become dephosphorylated as a consequence of LRRK2 kinase 

inhibition (Dzamko et al., 2010; Deng et al., 2011; Zhao et al., 2012), probably 

mediated by an indirect, feedback effect on a kinase or a phosphatase regulated 

by LRRK2-dependent phosphorylation. Monitoring the phospho-state of Ser910 

and Ser935 as a readout of LRRK2 activation state has proven a particularly 

useful tool, especially given the technical challenges in the detection of phospho-

Ser1292, related to the low tone of autophosphorylation at Ser1292 in 

combination with the poor sensitivity of the antibodies against this site. Second, 

phosphorylation at Ser910 and Ser935 triggers the binding of 14-3-3 proteins, 

which is important to regulate the subcellular localisation of LRRK2, its kinase 

activity and substrates/interactors availability (Nichols et al., 2010). 

Phosphorylation is counter-regulated by phosphatases, the most validated one 

being PP1 (Figure 4) (Lobbestael et al., 2013). 

 

2.3   LRRK2 pathobiology 

 

In terms of function, LRRK2 has been linked to multiple cellular processes, 

including autophagy, endo-lysosomal pathways, cytoskeletal dynamics, synaptic 

vesicle trafficking and inflammation (Figure 6), although the detailed molecular 

mechanisms have not been fully uncovered yet.     

 Given the role of LRRK2 in multiple human diseases, invertebrate and 

rodent models have been generated over the past decade to gain a better 

understanding of LRRK2-mediated pathways and processes. Murine models 

remain the gold standard for the in vivo modelling of most human diseases, due to 

the striking sequence similarity between human and mouse genomes – about 

85% of identity in coding regions – (Batzoglou et al., 2000). However, the pattern 

of expression throughout the brain, as well as the biochemical properties of 

murine and human LRRK2 were shown to display substantial differences, possibly 

ascribable to the less conserved regions of the protein (West et al., 2014; 
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Langston et al., 2018). These differences need to be taken into account especially 

when testing compounds for therapeutic purposes. Initially, Lrrk2 knockout (KO) 

mice were developed in order to investigate the physiological roles of LRRK2 in 

neurons and non-neuronal cells. Indeed, although pathogenic mutations in LRRK2 

lead to a gain of function in the protein product (Blauwendraat et al., 2018), these 

models gave pivotal hints about the biology of murine Lrrk2. In particular, they 

informed that the loss of Lrrk2 impacts on autophagy in peripheral organs (Herzig 

et al., 2011; Tong et al., 2012), a phenotype that turned useful to evaluate the 

safety issues related to Lrrk2 kinase inhibition.  

 

 

 

Figure 6. Proposed functions of LRRK2 in different brain cells. LRRK2 was associated with 

multiple processes in brain cells, in support of the statement that PD is not exclusively a neuronal 

pathology (Cogo and Greggio, The Neuroscience of Parkinson’s Disease, accepted for publication). 

 

Disappointingly, the transgenic mice expressing mutant Lrrk2 or over-

expressing mutant forms of the human protein do not display obvious PD-related 
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phenotypes, such as loss of dopaminergic neurons, accumulation of α-syn in LBs 

or motor deficits, but only mild defects in DA neurotransmission, which might be 

interpreted as preclinical symptoms of PD (reviewed in Volta and Melrose, 2017; 

Xiong et al., 2017). One of the main issues associated with the modelling of age-

related pathologies is that animal models do not develop neurodegenerative 

phenotypes due to a relatively short lifespan as compared to humans. 

Nevertheless, animal models represent powerful tools in the reconstruction of the 

pathways that are physiologically relevant and potentially deregulated during 

pathology. In addition to the mouse, Drosophila melanogaster and Caenorhabditis 

elegans have been exploited to model LRRK2 biology. Both organisms possess 

only one LRRK-like protein, namely dLRRK and Lrk-1, respectively. Also in this 

case, KO models turned useful in understanding the molecular pathways where 

LRRK2 homologs – and potentially LRRK2 itself – are involved but, more 

interestingly, the overexpression of endogenous or human LRRK2 in the fly or in 

the worm was very often associated with a clear PD phenotype. On the other 

hand, zebrafish LRRK2 models (zLRRK2) are to date underdeveloped and poorly 

characterised (reviewed in Xiong et al., 2017).     

 We will now emphasise those LRRK2-mediated pathways that might be 

particularly relevant for PD, and give a brief overview about the role exerted by 

LRRK2 at the synapse through a strict interplay with cytoskeletal components, and 

in regulating the inflammatory response, protein translation and the autophagy-

lysosomal pathway. Additional sections within the following chapters will be 

dedicated to an extensive discussion of LRRK2 contribution in the regulation of 

autophagy and cytoskeletal dynamics, and the possible link between the two 

pathways.   

 

2.3.1   LRRK2 at the synapse  

 

Neurons require a highly specialised machinery to maintain an efficient 

vesicle traffic, given that the distance between the cell body and the dendrites or 

axons can be extremely long if compared to the typical distances covered within 

the compartments of non-neuronal cells. This machinery is represented by the 

vesicles, together with the cytoskeletal elements providing the physical tracks to 
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move across the cellular compartments. In this frame, the actin cytoskeleton plays 

an essential role in shaping pre- and postsynaptic elements, controlling the traffic 

of neurotransmitter-containing SVs at the presynapse and receptor-containing 

endosomes at the postsynapse, to mediate synaptic plasticity (i.e. long-term 

potentiation and depression) (Cingolani and Goda, 2008). While the role of 

LRRK2 in shaping neuronal processes will be discussed later, we will now focus 

on underlining the contribution of the actin cytoskeleton in supporting the exo-

endocytic machinery.        

 The importance of LRRK2 in orchestrating cellular traffic was reinforced 

after the validation of Rab GTPases as substrates of LRRK2 kinase activity 

(Steger et al., 2016; Lis et al., 2018; Liu et al., 2018; Madero-Pérez et al., 2018; 

Purlyte et al., 2018). Multiple lines of evidence suggest a role for LRRK2 at the 

synapse. In this context, LRRK2 could either exert its scaffolding role, acting as a 

bridge between vesicles and the cytoskeleton that permits the assembly of local 

signalling, and/or influence the activity of the synaptic machinery via 

phosphorylation of substrates in the different compartments. Recently, LRRK2 

was shown to interact both physically and functionally with vesicles and actin at 

the presynapse (Parisiadou and Cai, 2010; Cirnaru et al., 2014). The binding 

between LRRK2 and SVs is mediated by the interaction with actin and a number 

of presynaptic proteins including Endophilin A (Matta et al., 2012), synapsin I 

(Cirnaru et al., 2014), Rab5a (Yun et al., 2015), N-ethylmaleimide sensitive fusion 

(NSF) protein (Belluzzi et al., 2016), auxilin (Nguyen and Krainc, 2018) and the 

microtubule (MT)-binding protein Futsch (Lee et al., 2010). These studies 

demonstrated how the rate of SV cycling and fusion (Matta et al., 2012; Cirnaru et 

al., 2014; Yun et al., 2015; Belluzzi et al., 2016; Nguyen and Krainc, 2018), the 

release of neurotransmitter (Cirnaru et al., 2014), and the development of 

synapses (Lee et al., 2010) are influenced by the kinase activity of LRRK2 or its 

homologs. Therefore, LRRK2 phosphorylates presynaptic components, 

consequently modulating the exo-endocytic machinery, and the presence of 

mutant LRRK2 very likely affects the process. In support of this notion, defects in 

the trafficking of DA receptor were observed in striatal neurons in presence of 

G2019S-Lrrk2 (Rassu et al., 2017), which could depend on deregulated actin 

dynamics. Interestingly, a work from Cai’s group in which they performed a 
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comprehensive characterisation of the dendritic morphology in developing spiny 

projecting neurons (SPNs), revealed substantial alterations that are also 

suggestive of impaired actin mobilisation. They indeed found a significant 

decrease in dendritic spines and increase in dendritic filopodia in Lrrk2-KO brains 

as compared to the WT littermates, with morphological alterations in the spines 

and hyperphosphorylated cofilin – a protein that is part of the cascade ultimately 

leading to actin polymerisation (Ostrowska and Moraczewska, 2017) – within the 

first postnatal days (Parisiadou et al., 2014). Accordingly, a complementary study 

in G2019S-Lrrk2 SPNs demonstrated that these neurons possess larger spines, 

accompanied by an augmented postsynaptic activity, during development 

(Matikainen-Ankney et al., 2016). Phenotypically, the G2019S knockin (KI) mouse 

exhibits hyperactivity at young ages. This is paralleled by an increased release of 

glutamate and DA in the striatum, that however declines with age (Longo et al., 

2014; Volta et al., 2017). It is important to underline how pre-symptomatic LRRK2 

mutation carriers similarly exhibit augmented DA turnover in comparison to 

manifest idiopathic PD patients (Sossi et al., 2010), suggesting the G2019S KI 

mouse might represent a valuable pre-symptomatic model to investigate early 

pathogenic mechanisms of PD. 

 

2.3.2   LRRK2 in the regulation of inflammation and protein translation 

 

The role of LRRK2 in the immune system was first shown in 2010, when 

Gardet and co-authors demonstrated that LRRK2 expression is particularly 

elevated in human immune cells and can additionally be induced by IFN-  

stimulation in intestinal tissues upon Crohn’s Disease inflammation (Gardet et al., 

2010). The high expression of LRRK2 both in circulating and tissue immune cells, 

together with its upregulation after the recognition of microbial patterns, were later 

confirmed by multiple studies (Hakimi et al., 2011; Cook et al., 2017). In parallel to 

this, genetic evidence further reinforced the link between LRRK2 and 

inflammation, with different GWAS indicating that common variants in the LRRK2 

locus increase the risk of developing IBD (Franke et al., 2010) and leprosy (Zhang 

et al., 2009).            

 In the brain, the resident macrophages acting as the first line of defence of 
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the innate immune system are represented by microglia. After the association of 

LRRK2 with PD, several studies focused on the understanding of the role 

mediated by LRRK2 in this particular cell population. The early studies were 

mainly conducted in primary microglia from mouse brain and suggested that Lrrk2 

deficiency attenuates inflammatory response (Moehle et al., 2012) through a 

mechanism involving cAMP/protein kinase A (PKA) signalling (Russo et al., 2015; 

Greggio et al., 2017). More recent studies performed on resident microglia failed 

to detect Lrrk2 (Kozina et al., 2018). These findings might imply that the nigral 

neuronal loss observed in mice systematically injected with lipopolysaccharide 

(LPS) – and exacerbated by the presence of mutant LRRK2 – may be triggered by 

peripheral circulating inflammatory molecules or infiltrated T cells and/or 

monocytes rather than by dysfunctional microglia (Kozina et al., 2018).   

 Of interest, a few studies interrogated the existence of a link between 

LRRK2 and α-syn aggregation. Multiple experiments showed that LRRK2 KO can 

modulate aggregation, whereas the G2019S mutation can fuel it, leading to a 

phenotype that is reverted by kinase inhibition (Volpicelli-Daley et al., 2016; 

Schapansky et al., 2018; reviewed in Lewis, 2018). In this regard, a couple of 

studies suggested the contribution of a strong microglial component in the process 

(Schapansky et al., 2015; Maekawa et al., 2016).     

 In myeloid cells, LRRK2 was found to regulate phagocytosis, through a 

process involving the modulation of actin cytoskeleton (Parisiadou and Cai, 2010), 

via interaction with and phosphorylation of the regulatory protein WAVE2 (Kim et 

al., 2018). Recent data from Max Gutierrez’s lab demonstrate a role for LRRK2 in 

inhibiting Mycobacterium tuberculosis phagosome maturation in macrophages via 

the class III PI3K/Rubicon complex, further supporting the notion that LRRK2 is a 

key checkpoint in the cellular control of microorganism infection (Härtlova et al., 

2018).  

A few works investigated the impact of LRRK2 on transcriptional regulation 

and it is interesting to point the close correlation with its role in mediating the 

inflammatory response. Once again, Lrrk2 knockdown (KD) proved fundamental in 

modelling the physiological roles of the protein. Indeed, several studies reported a 

reduction in NF-kB transcriptional activity and a consequent decrease in the 

release of signalling cytokines after Lrrk2 KD (Gardet et al., 2010; Kim et al., 2012; 
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Russo et al., 2015; Wandu et al., 2015), as well as a decrease in the nuclear 

translocation of the transcription factor NFAT (Liu et al., 2011). Later on, the 

reduced responsivity of cells lacking Lrrk2 has been correlated with an increase in 

the expression of CX3CR1, a receptor known to promote migration of microglial 

cells while suppressing their inflammatory activity (Ma et al., 2016).   

 At the very beginning of the investigation of LRRK2 role in protein 

synthesis, the fruit fly Drosophila melanogaster represented a valuable model. 

Loss of function models lacking the fly homolog dLRRK display a reduction in 

phosphorylation and an increase in activation of 4E-BP1, a key negative regulator 

of protein translation. The opposite observation was made in presence of 

pathological mutations, that were therefore suggested to induce an abnormal 

activation of specific synthesis pathways (Imai et al., 2008; Tain et al., 2009). 

 Along the same lines, the ribosomal protein s15 was recently recognised 

as a substrate of LRRK2/dLRRK kinase activity in human neurons and 

Drosophila. The functional consequence of phosphorylation by LRRK2/dLRRK is 

an increase in protein synthesis, that was augmented in presence of PD-

mutations (Martin et al., 2014a). Interestingly, the treatment with the cap-

dependent translation inhibitor 4EGI-1 is able to rescue this phenotype (Martin et 

al., 2014b).           

 Back in 2012, G2019S-Lrrk2 was proposed to promote transcription after a 

genome-wide characterisation of mRNA expression in KO and G2019S-Lrrk2 

mouse models (Nikonova et al., 2012), even though the data regarding this 

putative function are conflicting (Devine et al., 2011). Finally, pathogenic LRRK2 

was also shown to modulate translation via interference with microRNA-mediated 

translational repression (Gehrke et al., 2010).   

Taking all of these data into consideration, we can identify two major sets of 

functions: one, suggestive of a more generalised action of LRRK2 on the 

transcriptional/translational machinery, and a second, more restricted, directed 

towards NF-kB and its downstream targets. The fact that the diseases associated 

with mutations/variants in LRRK2 – PD, multibacillary leprosy and IBD (Cogo et 

al., 2017) – are characterised by a very strong immune component, does not 

therefore seem accidental.  
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2.3.3   The role of LRRK2 in the autophagy-lysosomal pathway  

 

LRRK2 was firstly reported to play a role in macroautophagy (hereafter 

referred to as autophagy) back in 2008, when Plowey and co-authors reported this 

pathway to be involved in the neurite shortening associated to G2019S-LRRK2 

pathological mutation in differentiated SH-SY5Y cells (Plowey et al., 2008).  

 After the first report supporting a role for LRRK2 in the autophagic process, 

multiple studies followed, aiming at unravelling the molecular details of this 

regulation. The findings by Plowey et al. were indeed later confirmed both in 

primary midbrain cultures from mice overexpressing human G2019S-LRRK2 and 

in iPSCs derived from idiopathic and LRRK2-PD patients. Both models displayed 

reduced neurite complexity accompanied by autophagic abnormalities in the aged 

brain (Ramonet et al., 2011; Sánchez-Danés et al., 2012). In parallel, knocking 

down LRRK2 in human stable cell lines was shown to increase the autophagic flux 

(Alegre-Abarrategui et al., 2009). The great number of studies that followed 

returned controversial information about the direction in which LRRK2 is regulating 

autophagy. For example, kidneys derived from KO mice showed an age-

dependent, bi-phasic alteration of degradative pathways, including autophagy 

(Tong et al., 2010; Tong et al., 2012). By looking at the ratio LC3-I/LC3-II and at 

the levels of p62 – two validated markers for autophagosome formation and 

degradation, respectively  (Tanida et al., 2008; Bjørkøy et al., 2009) –, as well as 

at α-syn accumulation, the authors highlighted an initial increase in autophagic 

activity, correlating with a higher clearance of α-syn at young ages, and a following 

decrease in autophagy with α-syn and lysosomal protein accumulation at 20-

months (Tong et al., 2012). To further complicate the picture, Herzig and 

collaborators characterised in parallel a different KO model displaying lysosomal 

accumulation in kidneys and lungs without alterations in the autophagosomal 

marker LC3 at early stages (Herzig et al., 2011). More recently, Jie Shen’s lab 

generated a double KO mouse model lacking both Lrrk1 and Lrrk2. Interestingly, 

the animal developed an age-dependent degeneration of dopaminergic neurons, 

with accumulation of autophagic vacuoles (Giaime et al., 2017), suggestive of an 

at least partial compensation between the two homologs. When looking at the 

hyperactive forms of Lrrk2, introduction of the G2019S mutation in the 
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endogenous murine gene did not lead to obvious histopathological changes 

(Herzig et al., 2011). Mechanistically, LRRK2 overexpression was initially 

proposed to promote the autophagic flux by activating a Ca2+-dependent protein 

kinase kinase-  (CaMKK- )/ adenosine monophosphate (AMP)-activated protein 

kinase (AMPK) pathway, involving NAADP receptors (such as two pore channel 2, 

TPC2), with a concomitant alkalinisation of lysosomal pH (Gómez-Suaga et al., 

2012). A subsequent work demonstrated how the inhibition of TPC2 could rescue 

the alterations of lysosomal morphology in G2019S-LRRK2 patient fibroblasts 

(Hockey et al., 2015). In agreement with these findings, a similar phenotype was 

observed in primary astrocytes from transgenic mice overexpressing G2019S-

Lrrk2. These cells display enlarged lysosomes with impaired activity and 

upregulation of ATP13A2, which could be rescued by inhibiting Lrrk2 kinase 

activity (Henry et al., 2015).       

 Given the importance of LRRK2 kinase activity in mediating toxicity 

(Greggio et al., 2006; Smith et al., 2006), multiple studies, conducted in different 

cell lines, investigated the effects of kinase inhibition on the autophagic pathway, 

often returning apparently opposite outcomes. The literature indeed reports that i) 

on one hand, the lack of kinase activity induces autophagy through an mTOR 

(mammalian target of rapamycin)-independent, Beclin-1-dependent pathway while 

ii) on the other side, the increase in autophagosomal markers observed after 

LRRK2 inhibition is suggested to be partly related to an impaired fusion with the 

lysosome (Manzoni et al., 2013a; Saez-Atienzar et al., 2014; Manzoni et al., 

2016). Surprisingly, the removal – usually via KD – of LRRK2 kinase activity or its 

increase – achieved in most cases through expression of the G2019S form – led 

in some studies to the same phenotype. This statement is exemplified by a work 

in immune cells where LRRK2 silencing led to defective induction of autophagy 

and impaired degradation of substrates (Schapansky et al., 2014), paralleled by a 

study reporting similar findings after G2019S-LRRK2 overexpression in 

concomitance with proteasomal inhibition (Bang et al., 2016). Similarly, analysis of 

patient-derived fibroblasts bearing LRRK2 mutations highlighted i) an increased 

basal autophagy in presence of the G2019S substitution (Bravo-San Pedro et al., 

2013), and, conversely, ii) deficits in the ability to respond to starvation and/or 

mTOR inactivation (Manzoni et al., 2013b). At the beginning of the year, a very 
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interesting work by Jeremy Nichol’s lab revealed that p62 is an interactor and a 

substrate of LRRK2 kinase activity, and that p62 phosphorylation leads to 

increased neurotoxicity (Kalogeropulou et al., 2018). This work confirmed an 

interaction that had already been observed back in 2016 (Park et al., 2016). In 

addition, LRRK2 was demonstrated to exert an inhibitory function on the more 

selective chaperone-mediated autophagy (CMA), with an increase in the levels of 

LAMP2A as a response (Orenstein et al., 2013).     

 In parallel to these studies conducted in cellular systems and mouse 

models, a substantial branch of the literature describes a connection between 

autophagy and LRRK2 in non-mammalian animal models such as Caenorhabditis 

elegans and, once more, Drosophila melanogaster. Interestingly, both organisms 

support a role for LRRK2 in autophagy. Expressing mutant human LRRK2 in the 

worm exerts an inhibitory action on autophagy, that potentiates the physiological, 

age-dependent impairment of the autophagic flux (Ferree et al., 2012; Saha et al., 

2015). The fruit fly permitted to uncover a specific branch of autophagy happening 

at the synapse, highly dependent on the LRRK2/dLRRK substrate EndophilinA, 

that mediates the curvature of the autophagosomal membrane (Soukup et al., 

2016; Soukup and Verstreken, 2017). Of interest, dLRRK loss of function (upon 

the introduction of missense mutations in the protein) fully recapitulates the 

phenotype observed in mouse models, i.e. a global impairment of the endo-

lysosomal system, with accumulation of autophagosomes and enlarged 

lysosomes unable to degrade their content, as well as early endosomes filled with 

mono-ubiquitylated cargo proteins. Notably, the lysosomal abnormalities 

correlated to the lack of dLRRK can be compensated by the overexpression of a 

constitutively active form of the small GTPase Rab9, which promotes retromer-

dependent recycling from late endosomes to the Golgi (Dodson et al., 2014). This 

evidence supports the relevance of Rabs as substrates of LRRK2 kinase activity, 

and the potential impact of a general deregulation in vesicle trafficking on cell 

homeostasis. A simplified schematic of the putative roles of LRRK2 in the 

autophagy-lysosomal pathway is depicted in Figure 7.  
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Figure 7. Putative roles of LRRK2 in the autophagy-lysosomal pathway. (A) LRRK2 likely 

regulates autophagy at multiple levels. (B) Removal of LRRK2, its kinase activity or expression of 

mutant forms of the protein result in an increase in the autophagic flux together with an 

accumulation of enlarged lysosomes (Cogo and Greggio, The Neuroscience of Parkinson’s 

Disease, accepted for publication).  

 

 

2.4    LRRK2 as a therapeutic target 

 

 The “druggable” nature of LRRK2 as a kinase attracted much attention as a 

candidate therapeutic target for PD in the last fifteen years. In addition, 

autophosphorylation at Ser1292 and phosphorylation of specific Rabs are 

currently being evaluated as biomarkers to test the efficacy of inhibition (Wang et 

al., 2017a; Lis et al., 2018). Based on the well-established association between 

LRRK2 kinase activity and cellular toxicity (Greggio et al., 2006; Smith et al., 

2006), and the increased phosphorylation of substrates displayed by pathogenic 

LRRK2 (Steger et al., 2016), multiple drug discovery programs targeting LRRK2 

are currently active. This intense work led to the generation of more than 100 

inhibitors, some of which are highly potent and selective, as reviewed in Taymans 
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and Greggio, 2016. The greatest progress in this regard comes from the DNL201 

molecule developed by Denali Therapeutics, that very recently entered and 

successfully passed a phase I clinical trial in a randomised study performed in 

healthy volunteers (http://investors.denalitherapeutics.com/news-releases/news-

release-details/denali-therapeutics-announces-positive-clinical-results-lrrk2#ir-

pages). This result is extremely promising in the perspective of additional trials 

with patient versus control cohorts. However, studies performed in non-human 

primates highlighted potential safety issues associated with the abundance of 

LRRK2 in peripheral organs, lungs in primis (Fuji et al., 2015). Fortunately, the on-

target side effects associated with LRRK2 kinase inhibition outside the central 

nervous system (CNS) are reversible.      

 Given the dual enzymatic activity of LRRK2, an alternative route, equally 

attractive but less explored due to the difficulties in generating highly selective 

compounds, is the design of inhibitors targeting the GTPase activity of LRRK2 (Li 

et al., 2015). To this respect, acting on the modulation of specific interactions that 

are deregulated in disease conditions might represent a more finely tuned strategy 

to reduce the probability of undesired side effects.  

The past fifteen years of research have undoubtedly led to enormous 

progress in the understanding of LRRK2 physiopathology. On the other hand, 

several aspects are still debated in the community, likely reflecting the complexity 

of the protein, its still unclear splicing pattern and its genomic and/or proteomic 

interactions, that are very likely tissue specific. These factors, in combination with 

environmental stresses and a certain lifestyle, are probably key to drive the 

process that ultimately leads to the onset of PD. As a general consideration, 

understanding the shared pathways between LRRK2 and idiopathic PD cases will 

give important insight on the translatability of genetic models, with remarkable 

implications in terms of prevention and/or patient management.  

.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
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3.   The central role of Roc in LRRK2 physiopathology 

 

The contribution of the Roc domain to PD pathogenesis is supported by the 

fact that several mutations map within this domain (i.e. N1437H and 

R1441C/G/H). In addition to mutations that clearly segregate with PD, further 

substitutions were proposed during the years to be disease-associated. One 

example is the R1441S variation, that confirms the nature of Arg1441 as a 

mutational hotspot (Mata et al., 2016). In addition to them, the Roc domain also 

contains mutations that have been identified only in individuals but not in families, 

namely the I1371V substitution, as well as protective variants, such as the 

R1398H (Giordana et al., 2007; Nixon-Abell et al., 2016).     

 The presence of a phosphate-binding, P-loop motif between aminoacids 

1341 and 1348 enables LRRK2 to bind guanine nucleotides – GTP and GDP – 

with similar affinity in the µM range, and LRRK2 possesses a GTPase activity that 

can be measured in vitro. As previously mentioned, pathological mutations tend to 

decrease the rate of GTP hydrolysis, and this is in some cases accompanied by 

an increase in GTP binding (reviewed in Nguyen and Moore, 2017). Importantly, 

while mutations in the Roc do not affect kinase activity in vitro, with the only 

exception of N1437H (Aasly et al., 2010), they behave quite differently in cells, 

where they increase phosphorylation of substrates to a greater extent as 

compared to mutations in the kinase domain (Steger et al., 2016). This evidence 

might support the idea that the GTPase activity of the Roc domain regulates 

LRRK2 kinase activity. As a proof of concept, the removal of key residues in the 

P-loop region of Roc – via introduction of the hypothesis-testing K1347A or 

T1348N mutations – was demonstrated to have a deleterious effect on both GTP 

binding and kinase activity (Biosa et al., 2013), indicating that possibly GTP-

binding capacity is the actual requirement for LRRK2 kinase activity (Taymans et 

al., 2011). In the past, LRRK2 has been classified as an unconventional GTPase. 

Nevertheless, there is some evidence supporting its interaction with classical 

regulatory proteins for small GTPases, namely ARFGAP1 and ARHGEF7 (Haebig 

et al., 2010; Xiong et al., 2012). An alternative model that was proposed is that of 

LRRK2 acting as a G-protein activated by nucleotide-dependent dimerization 
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(GAD), on the basis of the structure of bacterial ROCO proteins (Gotthardt et al., 

2008), even though also this hypothesis has some limitations. For example, 

isolated, monomeric Roc maintains GTPase activity (Liao et al., 2014). Further 

investigation is therefore required to gain better understanding about the 

regulation of LRRK2 GTPase cycle.       

 If it is true, on one side, that the Roc/GTPase domain can impact on the 

modulation of kinase activity, plenty of literature sustains a cross-regulation 

between the two catalytic cores of the protein. The kinase domain, indeed, 

autophosphorylates Roc at multiple sites, including T1343, T1348, S1403, T1404, 

T1410, T1491, and T1503 (West et al., 2007; Greggio et al., 2008; Gloeckner et 

al., 2010). The exact effect of each autophosphorylation event on LRRK2 GTPase 

activity is not clear yet. A recent study performed with isolated Roc suggests that 

autophosphorylation enhances GTP hydrolysis and promotes dimerization (Liu et 

al., 2016). In addition, GTPase activity could be modulated by heterologous 

phosphorylation. PKA, for example, phosphorylates S1444, creating a docking site 

for 14-3-3 proteins whose binding leads to a decrease in kinase activity. 

Importantly, phosphorylation on this residue is impaired by the presence of PD-

mutations on R1441 (Muda et al., 2014).      

 From a functional point of view, GTP binding and GTPase activity were 

associated to induced neuronal toxicity (West et al., 2007). Another key feature of 

Roc is that it likely acts as a “molecular hub” in the initiation of signalling 

cascades, based on the large number of interactors binding to this domain 

(Gandhi et al., 2008; Cho et al., 2014; Law et al., 2014; Parisiadou et al., 2014; 

Civiero et al., 2015; Schreij et al., 2015; Athanasopoulos et al., 2016 are some 

examples), that is also important in the process of dimerization (reviewed in 

Civiero et al., 2017a).         

 Based on all these properties, the GTPase domain of LRRK2 appears an 

exceptionally good candidate for therapeutic targeting, with the implication that a 

clearer picture of the complex intramolecular regulation of enzymatic activities and 

scaffolding regions, and the way in which Roc contributes to LRRK2-linked 

phenotypes is required. This could potentially offer an alternative approach to 

kinase inhibition, in those cases where the treatment is not well tolerated or not 

beneficial. Despite the fact that the pharmacological targeting of GTPases is 
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certainly challenging because of the low selectivity of compounds, there are some 

reports of molecules with positive effects on LRRK2 toxicity (Li et al., 2015). 

However, the modulation of specific interactions that are deregulated in disease 

conditions seems a more finely tuned strategy to reduce the probability of 

undesired side effects. In a review paper published in 2015, Cromm and co-

authors discuss a multiplicity of alternative routes for the targeting of small 

GTPases (Figure 8) (Cromm et al., 2015). Keeping in mind that LRRK2 is not 

small and demonstrates divergence from the canonical behavior of the small 

GTPases, the advances in terms of drug discovery that come from the field of 

small GTPases might be, at least partially, translated to LRRK2.   

 

 

 

 

Figure 8. Strategies for targeting small GTPases. In addition to the interference with nucleotide 

binding, multiple therapeutic routes could be undertaken to target GTPases, such as post-

translational covalent modification and/or intervention on the interaction with binding partners, e.g. 

effectors or regulators (Cromm et al., Angewandte Chemie International Edition, 2015).  
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4.   Aim of the project 

        

In this frame, this PhD project has focused on the understanding of how 

LRRK2-Roc domain influences the properties of the entire protein, from different 

perspectives and through several approaches.     

 First, this thesis will discuss the consequences of genetically depleting 

LRRK2 nucleotide binding capacity at the endogenous level. We indeed 

performed a characterisation of isogenic, genetically engineered RAW264.7 WT, 

Lrrk2-KO and T1348N-Lrrk2 cell lines. These lines – murine blood macrophages – 

have been generated by the Michael J. Fox Foundation (MJFF) in collaboration 

with ATCC. Given the abundance of Lrrk2 expression in this cellular system, we 

had the opportunity to analyse for the first time the effects of the lack of 

endogenous GTPase activity. This system constitutes a useful tool to gain insight 

regarding the signalling outputs of this complex protein. In particular, we will 

comment on how the lack in GTP-binding affects Lrrk2 steady-state levels and 

describe some functional data obtained by evaluating autophagy in these cell 

lines.           

 The second part of the thesis will be dedicated to the role of Roc as a 

signalling output. In this regard, we aimed at further characterising the previously 

established interaction between LRRK2-Roc and the actin-cytoskeleton regulator 

PAK6, which might potentially be relevant in the pathogenesis of PD (Civiero et 

al., 2015; Civiero et al., 2017b). We will provide some data describing the impact 

of LRRK2 pathological mutations and PAK6 variants in the formation of the 

complex. Also, we will give an overview of preliminary data obtained from the 

investigation of a potential role for the LRRK2-PAK6 complex in the autophagic 

pathway.  

Given the limited attention that LRRK2-Roc has received in the past fifteen 

years as compared to the kinase domain (Nguyen and Moore, 2017), there is still 

some dearth of knowledge about the intra- and intermolecular signalling 

mechanisms of LRRK2. Moreover, the challenges associated with the study of a 

large and relatively slow GTPase significantly delayed any progress in this regard. 

This is the reason why we believe such a complex and fundamental question 

needs to be addressed from multiple points of view. 
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5.    Materials and Methods 

5.1   Constructs and chemicals  

 

3xFlag-PAK6 WT was previously cloned (Civiero et al., 2015), and the 

S236L variant was generated using the Quick-Change II site-directed 

mutagenesis kit (Stratagene). GFP-LRRK2 WT and mutants cloned in pDEST53 

(Life Technologies) were previously described (Greggio et al., 2006). 2xmyc-GFP 

cloned into a pCMV-2xmyc vector adapted from a pCMV-tag-3B (Stratagene, La 

Jolla, CA, USA) as previously described (Greggio et al., 2007) and 3xFlag-GFP 

were used as negative controls in the pull-down assays. For neurite tracing, 

pEGFP (Novagen) was employed. For the pharmacological treatments, the 

following compounds were employed (working concentrations are in brackets): 

cycloheximide (CHX, 1ng/µl, Santa Cruz Biotechnologies, sc-3508), Torin-1 

(200nM, Cayman Chemicals, CAY10997), PAKs PF-3758309 (10µM, MedChem, 

HY-13007), LRRK2 IN-1 (5µM, Division of Signal Transduction Therapy, School 

of Life Sciences, University of Dundee, UK).  

 

5.2   Animals 

 

C57BL/6 Lrrk2 WT and (mouse) G2019S-Lrrk2 BAC mice were obtained 

from Jackson Laboratory [B6.Cg-Tg(Lrrk2*G2019S)2Yue/J]. Housing and handling 

of mice were done in compliance with national guidelines. All animal procedures 

were approved by the Ethical Committee of the University of Padova and the 

Italian Ministry of Health (license 1041/2016-PR). 

 

5.3   Mammalian cell cultures, treatment and transfection 

5.3.1   Stable cell lines 

 

RAW264.7 and H4 cells purchased from ATCC, as well as HEK293T cells 

(Life Technologies), were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, Life Technologies) supplemented with 10% foetal bovine serum (FBS, 
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Life Technologies). Cell lines were maintained at 37°C in a 5% CO2 controlled 

atmosphere. 0.25% trypsin (Life Technologies), supplemented with 0.53mM 

EDTA, was employed to generate subcultures. Twenty-four hours after plating, 

when at 80% confluency, cells were subjected to the various treatments. 

RAW264.7 cells were treated with 1ng/µl CHX for the duration indicated in 

paragraph 7.2. Starvation was performed through an over-night incubation in a 

serum-free medium, followed by a 2-hour pulse in Hank’s Balanced Salt Solution 

(HBSS, Life Technologies). Torin-1 treatment was either performed for 150 

minutes or aligned with the duration of the other treatments when adopted as a 

control. H4 cells underwent treatment with PF-3758309 for the doses and times 

indicated in the figures. The final working concentration was 10µM for 4 hours. IN-

1 treatment was performed for 4 hours. DMSO vehicle was included as a negative 

control.  

 

5.3.2   Transfection 

 

HEK293T were transiently transfected with plasmid DNA using 

polyethylenimine (PEI, Polysciences). Briefly, a DNA:PEI ratio of 1:2 was 

employed. To assay PAK6 cellular autophosphorylation and the activation in 

presence of LRRK2 overexpression, a total amount of 4μg DNA was dissolved in 

250μl of OPTI-MEM (Life Technologies) and the respective amount of PEI was 

added to 250μl of OPTI-MEM. After 5 minutes the two solutions were mixed 

together and incubated for 20 minutes to allow the formation of DNA/PEI 

complexes. The mix was then added to the cells that had previously been plated 

in 6-well plates (Sarstedt) and experimental procedures were carried out after 48-

72 hours. For the purification procedure and the subsequent kinase or pull-down 

assays, cells were plated onto 150mm dishes and transfected with 40μg of DNA 

dissolved in 1ml of OPTI-MEM and 80μl of PEI added to 1ml. In the case of the 

GFP control constructs, which display a higher efficiency in terms of both 

transfection and expression, only 10μg DNA were transfected, to obtain 

comparable purification yields.    
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5.3.3   Primary neuronal cultures   

 

Primary cortical neurons were obtained from E16-18 (embryonic days 16-

18) or postnatal between day 0 and 1 (P0-P1) mice with the Papain Dissociation 

System (Worthington Biochemical Corporation). High-density (750-1000 

cells/mm2) and medium-density (150-200 cells/mm2) neuronal cultures were 

plated onto 6-well plates or on 12mm glass coverslips in 24-well plates, 

respectively, and grown in Neurobasal medium (Life Technologies) supplemented 

with 5% FBS, 2% B27 supplement (Invitrogen), 0.5mM Glutamine (Life 

Technologies), penicillin (100Units/ml) and streptomycin (100μg/ml) (Life 

Technologies), and 2.5μg/ml fungizone (Life Technologies), in a 5% CO2 

atmosphere at 37°C. After 7 days, 50% of the Neurobasal medium was removed 

and replaced with fresh one. For neurite tracing, transfections with 3xFlag-PAK6 

WT or S236L and EGFP were performed at day in vitro (DIV) 3 using 

Lipofectamine 2000 (Life Technologies). Neurons were fixed at DIV7. The EGFP-

PAK6 co-transfection was visualised by immunofluorescence under a 

fluorescence microscope (Leica 5000B) and the EGFP staining was submitted to 

neurite complexity analysis using the NeuronJ plugin in ImageJ (Meijering et al., 

2004). For Western Blot analysis, neuronal samples were harvested in RIPA 

(Radio Immuno Precipitation Assay) Buffer (Cell Signaling Technology) and 

processed as described below. 

 

5.4   Western Blot 

 

For Western Blot (WB) analysis, after a double wash in Dulbecco’s 

Phosphate Buffered Saline (DPBS), stable cells were harvested in RIPA Buffer 

(Sigma Aldrich) supplemented with protease inhibitors (Halt™ protease inhibitor 

cocktail, Thermo Scientific) and phosphatase inhibitors (Halt™ phosphatase 

inhibitor cocktail, Thermo Scientific). Neurons and total brain lysates were 

harvested in RIPA Buffer (Cell Signaling Technology) supplemented with protease 

inhibitors (Halt™ protease inhibitor cocktail, Thermo Scientific) and phosphatase 

inhibitors (Halt™ phosphatase inhibitor cocktail, Thermo Scientific). 10 to 30µg of 
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total protein samples were resolved on NuPAGE, Novex precasted Bis-Tris 4–

12% gels (Invitrogen), in MOPS running buffer, NuPAGE, Novex precasted Bis-

Tris 12% gels (Invitrogen) in MES running buffer (Invitrogen) or 7.5% Tris-glycine 

polyacrylamide gels in SDS/Tris-glycine running buffer, according to the size-

resolution required. The resolved proteins were transferred to 

polyvinylidenedifluoride (PVDF) membranes (Bio-Rad), through a Trans-Blot® 

Turbo™ Transfer System (Bio-Rad). PVDF membranes were subsequently 

blocked in Tris-buffered saline plus 0.1% Tween (TBS-T) plus 5% non-fat milk for 

1 hour at 4°C and then incubated over-night at 4°C with primary antibodies in 

TBS-T plus 5% non-fat milk. Membranes were then washed in TBS-T (3x10 

minutes) at room temperature (RT) and subsequently incubated for 1 hour at RT 

with horseradish peroxidase (HRP)-conjugated α-mouse or α-rabbit IgG. Blots 

were then washed in TBS-T (4x10 min) at RT and rinsed in TBS-T, and 

immunoreactive proteins were visualised using ECL (GE Healthcare). 

Densitometric analysis was carried out using the Image J software. The antibodies 

used for WB are as follows: rabbit α-LRRK2 (MJFF2 c41-2, ab133474, abcam, 

1:300 to 1:1000), mouse α- -actin (A1978, Sigma-Aldrich, 1:20000), mouse α-

ubiquitin (P4D1, sc-8017, Santa Cruz Biotechnology, 1:500), rabbit α-ULK1 

(D8H5, 8054, Cell Signaling Technology, 1:500), rabbit α-phospho-ULK1 (Ser757, 

6888, Cell Signaling Technology, 1:500), rabbit α-SQSTM1/p62 (5114, Cell 

Signaling Technology, 1:500), mouse α-p62 (610833, BD Transduction 

Laboratories, 1:1000), rabbit α-LC3B (NB100-2220, Novus Biologicals, 1:5000), 

rabbit α-PAK6 (HPA031124, Prestige® Sigma-Aldrich, 1:1000), rabbit α-phospho-

PAK4/5/6 (SAB4504052, Sigma-Aldrich, 1:1000), mouse α-GAPDH (TA150046, 

OriGene, 1:10000), α-Flag® M2-HRP (A8592, Sigma-Aldrich, 1:20000).   

 

5.5   Cellular Thermal Shift Assay  

 

The Cellular Thermal Shift Assay (CETSA) was performed based on the 

protocol described by Jafari et al., 2014 and Axelsson et al., 2016. Briefly, 7 

million cells per genotype (WT versus T1348N-Lrrk2) were detached with trypsin, 

subjected to a double wash in DPBS and resuspended in DPBS supplemented 
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with protease inhibitors before being harvested through a sequence of 4 

freeze/thaw steps in liquid nitrogen. Subsequently, the lysate was carefully 

resuspended and 50µl aliquots were prepared in PCR strips. The samples were 

subjected to a gradient of temperatures – 37 to 62°C – for 5 minutes on a T100™ 

Thermal Cycler (BioRad). A 4°C sample was prepared following the same protocol 

to act as the reference for normalisation. Similarly, a 95°C sample was the control 

for complete aggregation. The separation between the soluble and the insoluble 

components was performed via a centrifugation step at 4°C and 16300g for 30 

minutes. Supernatants were collected without disturbing the pellet and prepared 

for gel electrophoresis and WB by addition of Sample Buffer (by dilution of a 4X 

stock solution: 200mM Tris-HCl pH 6.8, 8% SDS, 400mM DTT, 40% glycerol and 

0.4% Bromophenol Blue). Data were fitted using the Boltzmann sigmoid (Niesen 

et al., 2007) equation within GraphPad Prism.        

 

5.6   Semi-quantitative PCR   

 

 Prior to moving to quantitative PCR (qPCR), an optimisation step was 

performed through standard, semi-quantitative PCR in a T100™ Thermal Cycler 

(BioRad). Total RNA was extracted from WT, KO and T1348N-Lrrk2 cells using 

the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s recommendations. 

cDNA was obtained by retro-transcription with the ImProm-II™ Reverse 

Transcription System (Promega). The WT samples were then used for the 

optimisation step. A gradient, semi-quantitative PCR was performed with the 

Wonder Taq polymerase (EuroClone). For Lrrk2 amplification, primers (indicated 

as LQ) were designed at the N-terminus of the LRR domain, where the epitope 

recognised by the MJFF2 antibody is located. Three housekeeping genes – Actb 

(coding for -actin), Tfrc (transferrin receptor) and Pcx (pyruvate carboxylase) – as 

well as a control primer pair for Lrrk2 (indicated as LS) were included. The 

sequences of forward (Fw) and reverse (Rv) primers are listed below.  

 

Lrrk2 – LQ:  

Fw: AAGTCCAACTCAATTAGTGTAGGGGAAGT 
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Rv: AGATAGGTCTAACGACGTGATGTGTTCT 

 

Lrrk2 – LS:  

Fw: GCAGGTCGTGAGGAATTCTACAGC 

Rv: CCAACCACAGGCTGATCTCGG 

 

Actb: 

Fw: TACCACCATGTACCCAGGCATT 

Rv: ACTCATCGTACTCCTGCTTGCTGA 

 

Tfrc: 

Fw: TATAAGCTTTGGGTGGGAGGCA 

Rv: AGCAAGGCTAAACCGGGTGTATGA 

 

Pcx: 

Fw: ACTGGCAGGTAGTTGCTCACATATTCA 

Rv: ACATGACCTAGTGTGGAGGGCAA 

 

The PCR reaction was conducted as follows: one initial denaturation step at 

95°C for 4 minutes, followed by 29 cycles of denaturation at 95°C for 1 minute, 

annealing at either 56.3°C, 57.7°C or 60°C for 1 minute and extension at 72°C for 

1 minute. A final extension step was applied at 72°C for 10 minutes. Amplified 

cDNA was resolved via electrophoresis on 2.5% agarose gels and visualised by 

the Molecular Imager® Gel Doc XR+ (BioRad).  

 

5.7   Immunocytochemistry and confocal microscopy 

 

For immunocytochemistry (ICC), cells were cultured onto 12mm glass 

coverslips in 12- or 24-well plates that had previously been coated with poly-L-

lysine (Sigma-Aldrich). RAW264.7 cells were fixed after the described treatment 

using 4% paraformaldehyde (PFA) and subsequently subjected to staining. 

Transfected HEK293T cells were fixed in PFA after 2 days. Neurons were fixed at 
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DIV7, as previously described. The antibodies used for ICC are the following: 

rabbit α-LC3B (NB100-2220, Novus Biologicals, 1:200), rabbit α-SQSTM1/p62 

(ab91526, abcam, 1:200), rabbit α-PAK6 (HPA031124, Prestige® Sigma-Aldrich, 

1:300), mouse α-GFP (11814460001, Roche, 1:200) and fluorescent secondary 

antibodies (α-rabbit Alexa-568 and α-mouse Alexa-488, Life Technologies, both 

1:200). Phalloidin 647 (ab176759, abcam) was employed for the staining of 

filamentous actin (F-actin), as per manufacturer’s instructions. Proteins were 

afterwards visualised by confocal microscopy (Zeiss LSM700). 

 

5.8   Protein purification from mammalian cells  

 

For the purification protocol, cells were plated onto 150mm dishes, 

transfected with 40μg plasmid DNA and solubilised after 48-72 hours in 1ml of 

Lysis Buffer supplemented with 1% Triton® X-100 or 0.5% Tween® 20 (Sigma-

Aldrich) and protease inhibitor cocktail. All the non-commercial buffer utilised, 

together with their composition and the application for which they have been used 

are listed in Table 2. After clearing of the lysate by centrifugation at 20000g for 30 

minutes at 4°C, the supernatants were incubated for 2 hours with 40µl of anti-

Flag® M2 Affinity Gel (Sigma-Aldrich) at 4°C.      

 For kinase assays, resins were subsequently washed twice with each of the 

Washing Buffers (WBu) supplemented with Tween® 20 (Table 2). Centrifugation 

steps (7500g x 1 minute) were performed between washes to pellet the resin. 

Proteins were eluted in 200µl WBu5 by competition with an excess of 3xFlag 

peptide at a final concentration of 150ng/µl. The samples were centrifuged to 

collect supernatants and resins separately.      

 For pull-down-assays, one wash per each of the Triton® X-100-

supplemented WBus was performed (Table 2). A final wash in the buffer used for 

the pull-down reaction (Pull-down Buffer, Table 2) was applied.  
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BUFFER NAME COMPOSITION APPLICATION 

Tween® 20 Lysis 

Buffer 

20mM Tris-HCl pH 7.5, 150mM NaCl, 

1mM EDTA, 2.5mM sodium 

pyrophosphate, 1mM -

glycerophosphate, 1mM sodium 

orthovanadate, 0.5% Tween® 20, 

protease inhibitor cocktail 

Kinase assays 

Tween® 20 WBu1 20mM Tris-HCl, pH 7.5, 500mM NaCl, 

0.5% Tween® 20 

Kinase assays 

Tween® 20 WBu2 20mM Tris-HCl, pH 7.5, 300mM NaCl, 

0.5% Tween® 20 

Kinase assays 

Tween® 20 WBu3 20mM Tris-HCl, pH 7.5, 150mM NaCl, 

0.5% Tween® 20 

Kinase assays 

Tween® 20 WBu4 20mM Tris-HCl, pH 7.5, 150mM NaCl, 

0.1% Tween® 20 

Kinase assays 

Tween® 20 WBu5 20mM Tris-HCl, pH 7.5, 150mM NaCl, 

0.02% Tween® 20 

Kinase assays 

Kinase Assay Buffer 25mM Tris-HCl, pH 7.5, 5mM -

glycerophosphate, 0.1mM sodium 

orthovanadate, 2mM DTT, 10mM 

MgCl2, 0.02% Tween® 20 

Kinase assays 

Triton® X-100 Lysis 

Buffer 

20mM Tris-HCl pH 7.5, 150mM NaCl, 

1mM EDTA, 2.5mM sodium 

pyrophosphate, 1mM -

glycerophosphate, 1mM sodium 

orthovanadate, 1% Triton® X-100, 

protease inhibitor cocktail 

Pull-down assays 

Triton® X-100 WBu1 20mM Tris-HCl, pH 7.5, 500mM NaCl, 

1% Triton® X-100 

Pull-down assays 

Triton® X-100 WBu2 20mM Tris-HCl, pH 7.5, 300mM NaCl, 

1% Triton® X-100 

Pull-down assays 

Triton® X-100 WBu3 20mM Tris-HCl, pH 7.5, 150mM NaCl, 

1% Triton® X-100 

Pull-down assays 

Triton® X-100 WBu4 20mM Tris-HCl, pH 7.5, 150mM NaCl, 

0.1% Triton® X-100 

Pull-down assays 

Triton® X-100 WBu5 20mM Tris-HCl, pH 7.5, 150mM NaCl, 

0.02% Triton® X-100 

Pull-down assays 
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Pull-down Buffer 50mM Tris-HCl, pH 7.5, 1mM EDTA, 

0.27M sucrose, 5mM sodium 

pyrophosphate, 1mM sodium 

orthovanadate, 1% Triton® X-100 

Pull-down assays 

Pull-down WBu 50mM Tris-HCl, pH 7.5, 1mM EDTA, 

0.27M sucrose, 5mM sodium 

pyrophosphate, 1mM sodium 

orthovanadate, 1% Triton® X-100, 

0.5M NaCl 

Pull-down assays 

HBSP+ 20mM HEPES, pH 7.4, 150mM NaCl, 

0.005% Tween® 20 

Surface plasmon 

resonance 

 
 
 

5.9   Pull-down assays 

 

After the purification step (performed as previously described), bait proteins 

on the resins were incubated with lysates overexpressing the prey proteins, as 

discussed in the Results sections. The pull-down reaction was conducted over-

night in the Pull-down Buffer. The following morning, resins were washed three 

times with the Pull-down Buffer supplemented with 0.5M NaCl (Pull-down WBu, 

Table 2) and processed for WB analysis.  

 

5.10   In vitro kinase assays 

 

Purified 3xFlag-PAK6 WT or S236L were eluted in Kinase Assay Buffer 

(Table 2) and incubated for 1 hour at 30°C in the presence of 33P-ATP (1µCi) and 

10µM cold ATP. The incorporated 33P-ATP was detected by autoradiography by a 

Phospho-Imager system (Cyclone, Perkin-Elmer). Total protein loading was 

checked by staining the same membranes with the Coomassie Brilliant Blue 

staining for PVDF. 
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5.11   Surface plasmon resonance 

 

 To conduct the surface plasmon resonance (SPR) experiments, 3xFlag-

PAK6 was obtained by large scale purification followed by elution with Flag-

peptide in Tween® 20-supplemented buffers as previously described. Similarly, 

double-tagged Strep/Flag-LRRK2 was purified by affinity with the Strep-Tactin® 

Superflow® system (IBA) and the Strep-tag purification Buffer Set as in Gloeckner 

et al., 2009. The Roc-COR WT, R1441C and Y1699C fragments purified from E. 

coli were kindly provided by Dr. Arjan Kortholt. 20µM proteins were resuspended 

in HBSP+ running buffer (Table 2) supplemented with 10mM EDTA and 0.5mM 

DTT to unload any residual nucleotide bound to the proteins. After a 20-minute 

incubation on ice, the buffer was exchanged through Zeba Spin Desalting 

Columns, 40K MWCO (Thermo Scientific) and substituted by HBSP+ 

supplemented with 0.5mM MgCl2 and 250μM GppCp (Jena Bioscience). CM5 

Biacore Sensor chips (GE Healthcare) were prepared by standard chemical 

immobilisation. Equivalent response levels (RU) were reached in the different 

chips in order to obtain comparable values among the measurements. For each 

run, 5 measurements were conducted in Single Cycle Kinetics mode on a 

Biacore™ X100 system (GE Healthcare). The dissociation step was performed 

with 2M MgCl2. 

 

5.12   Data analysis software  

 

Relative band intensities were measured with the freeware ImageJ 

software. Total protein levels were normalised over the loading control – -actin – 

whereas the phospho/total ratios were calculated as the relative abundance of 

phospho- over total protein, previously normalised to their respective loading 

controls. Graphs and statistical analysis were realised using GraphPad PRISM 5. 
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Chapter 4 

Nucleotide-binding capacity is important for 

Lrrk2 stability  
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6.   Introduction  

6.1   The role of Roc in the autophagic function of Lrrk2 

 

 The term “autophagy” was initially introduced by Christian de Duve in 1963 

to indicate the degradation of cytoplasmic material in the lysosome, but the 

molecular characterisation of the process only began in the early ’90s, with the 

report of autophagic bodies accumulation in the yeast vacuole after nutrient 

deprivation and depletion of proteinases by Ohsumi and colleagues (de Duve, 

1963; Takeshige et al., 1992). Nowadays, autophagy is a well-recognised process 

through which intracellular components and organelles, either self or foreign, are 

delivered to the lysosome for degradation and recycling (Yu et al., 2017), and the 

mechanisms underlying this process start to be uncovered in greater detail. 

Nevertheless, the more the understanding of autophagy advances, the more its 

complexity and dynamic nature are recognised, including the existence of several 

so called “non-canonical” ways, parallel to the “canonical” pathways, that cells 

undertake to degrade the materials they need to eliminate and/or recycle. To give 

a brief overview, autophagy initiates with the activation of the ULK (Unc-51 Like 

Autophagy Activating Kinase) kinase complex – composed of ULK1, ULK2, 

ATG13, RB1CC1/FIP200 – and its translocation at specific sites on the 

endoplasmic reticulum (ER) (Figure 9) (Hurley and Young, 2017; Yu et al., 2017). 

This can be accomplished essentially through two ways: the first one, through 

release of mTOR inhibition, via dephosphorylation of ULK1 Ser757 in 

mouse/Ser758 in human; the other one, by the activating phosphorylation on 

ULK1 Ser555 in mouse/Ser556 in human, mediated by AMPK (Khan and Kumar, 

2012; Papinski and Kraft, 2016). ULK1 activation constitutes an early event able 

to transduce pro-autophagic signals through phosphorylation of many substrates. 

Among them, one of the most important is Beclin-1, which is part of the class III 

phosphatidylinositol 3-kinase complex I. This phosphorylation is pivotal for 

activating the complex and promoting autophagy, thanks to the production of 

phosphatidylinositol 3-phosphate (PI(3)P) (Hurley and Young, 2017). This initial 

series of finely tuned events leads to the formation of the autophagosome, a 

double-membrane bound organelle containing the material(s) to be degraded, 
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which ultimately fuses with the lysosome (Yu et al., 2017). The lipidation of LC3 by 

conjugation with phosphatidylethanolamine (PE) for recruitment and insertion into 

the autophagosomal membrane is adopted as a marker for the progression of 

autophagy (Tanida et al., 2008), whereas the reduction in the levels of the cargo 

protein p62 – a ubiquitin-binding scaffold recognising and binding proteins for the 

sequestration into the autophagosome  (Kalogeropulou et al., 2018) –  is generally 

accepted as an indicator of the fusion with the lysosome and consequent 

degradation of the waste materials (Bjørkøy et al., 2009).  

The influence of LRRK2 on the autophagic pathway, as well as the 

contribution of the kinase activity to the process, have been robustly characterised 

in the last decade (reviewed in Manzoni, 2017), although a detailed picture of the 

molecular events orchestrated by LRRK2 is still lacking. On the contrary, there is 

no current understanding about the impact of Roc/GTPase activity on the process. 

We decided to perform a comprehensive characterisation of a cellular model 

where endougenous Lrrk2 is unable to bind guanine nucleotides, therefore 

deprived of GTPase activity, exploiting the autophagic pathway as a readout i) to 

investigate the cellular impact of GTP binding loss and ii) to potentially dissect the 

influence of the two catalytic activities on Lrrk2-mediated pathways. 

 

Figure 9. Schematic of the autophagic flux. Release of mTOR inhibition on ULK1, ULK1 

activation by AMPK and/or activation of the Beclin-1 complex initiate autophagosome formation. 

Autophagy progresses till the final fusion of autophagosomes with lysosomes and the digestion of 

the cytoplasmic material that needs to be degraded (adapted from the Babraham Institute website).  
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7.   Results  

7.1  The T1348N mutation in Roc impacts on Lrrk2 steady-state 

levels 

  

In order to gain a better understanding about the impact of LRRK2 GTPase 

activity in regulating the biochemical properties of the protein and LRRK2 cellular 

functions, we decided to exploit the multiple advantages of the isogenic 

RAW264.7 murine macrophage cell lines, recently generated by the MJFF in 

collaboration with ATCC. These cells have been engineered with the Zinc Finger 

Nuclease Technology for gene editing (Geel et al., 2018). In addition to the 

parental (WT) line, a Lrrk2-KO and a Lrrk2-KI leading to a mutation in a key 

aminoacid (T1348N) that disables nucleotide binding are available. We initially 

evaluated the expression levels of Lrrk2 in the three different cell lines, since it 

was already known from the literature that ectopic expression of GTP-binding 

deficient mutants of LRRK2 is significantly reduced with respect to the WT 

(Taymans et al., 2011; Biosa et al., 2013). When looking at the basal expression 

profile of T1348N-Lrrk2, we indeed observed an average 8-fold reduction in 

comparison with the levels of WT-Lrrk2 (Figure 10), suggesting that the mutation 

is affecting the steady-state levels of the protein. One possibility to consider is that 

the reduced intensity of the staining could depend on the fact that the T1348N 

mutation interferes with the binding of the antibody to its epitope. However, the 

mapping site of the epitope recognised by the antibody (close to LRR region, as 

shown in Davies et al., 2013), combined with the fact that GTP-binding deficient, 

tagged construct detected with antibodies directed against the tag display a similar 

behaviour (Biosa et al., 2013), make this hypothesis unlikely.     
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Figure 10. The T1348N mutation impairs Lrrk2 steady-state levels in RAW264.7 cells. (A) 

Representative WB and (B) quantification of total Lrrk2 over -actin (n=2 independent experiments; 

n=3 technical replicates per experiment; mean ± SEM; one-way ANOVA with Turkey’s multiple 

comparison test; *P≤0.05). 

 

Given the absence of mechanistic data explaining the reasons at the basis 

of such a strong reduction, we then sought to understand how the T1348N 

mutation impacts on Lrrk2 steady-state levels.      

      

7.2  CHX treatment did not reveal significant alterations in WT 

versus T1348N-Lrrk2 half-life 

 

We initially hypothesised that the strategic position of the mutation, located 

in a key residue within the P-loop in the active site of the Roc domain (Nguyen 

and Moore, 2017), could account for the differential stability with respect to WT-

Lrrk2, by affecting the rate of degradation of the protein. To compare the half-lives 

of WT versus T1348N-Lrrk2, we decided to pharmacologically block protein 

synthesis using CHX. After drawing a calibration curve with increasing 

concentrations of the compound – from 1 to 50ng/µl – we decided to employ 

1ng/µl CHX for the following treatments, since it was the lowest dose that we 

proved effective without being lethal to our system. We thus followed the 

degradation of one specific pool of proteins over time, collected the samples at 

different time points, and analysed the degradation profile of Lrrk2 via WB. Based 

on data from the literature reporting an approximate half-life of 9 hours for 
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ectopically expressed LRRK2 (Wang et al., 2008), we initially performed a 24-hour 

time-course, evaluating Lrrk2 expression after 3, 6, 12 and 24 hours. As a 

negative control, we selected -actin, whose half-life is reported to be at least 48 

hours (Antecol et al., 1986). The results obtained from this experiment are 

reported in Figure 11. Surprisingly, we did not observe any decay in Lrrk2 levels 

for any of the genotypes in our experimental conditions. As a positive control for 

CHX treatment, we probed our membranes for ubiquitin, which is commonly 

adopted to monitor the overall response of the cell to treatments involving 

degradation pathways. As expected, the pool of ubiquitinated proteins significantly 

decreased over time, although not reaching the zero, compatibly with the 

presence of longer-lived proteins (Figure 12).  

 
 

 
 

Figure 11. WT and T1348N-

Lrrk2 are stable after a 24-

hour treatment with 1ng/µl 

CHX. (A) Representative WB 

depicting the time-course for 

WT (top panel) and T1348N-

Lrrk2 (bottom panel). -actin 

was employed as a loading 

control, given its long half-life. 

(B) Protein content was 

normalised over time=0 (n=3 

independent experiments; n=3 

technical replicates per 

experiment). 
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Figure 12. The pool of ubiquitinated proteins confirms the efficacy of CHX treatment. The 

probing of membranes with an α-ubiquitin antibody was exploited as a positive control for CHX 

treatment. As shown from the representative WB, the total pool of cellular proteins decreased over 

time, despite the fact that certain populations remained stable, coherently with a longer half-life. 

Interestingly, high-molecular weight species display, on average, shorter half-lives compared to low-

molecular weight proteins. 
 

 

Therefore, after excluding the presence of technical issues impacting on 

the outcome of the experiment, we wanted to investigate the possibility that 

endogenous Lrrk2 possesses a longer half-life in our experimental model. For this 

reason, we set up a second round of treatment, prolonging the exposure of cells 

to CHX up to 48 hours (time points: 0, 6, 12, 18, 24 and 48 hours). Also in this 

case, we did not observe any significant decay in WT nor in T1348N-Lrrk2 levels, 

as depicted in Figure 13. However, we could appreciate a partial destabilisation of 

the T1348N mutant at the latest time point.      
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7.3   WT and T1348N-Lrrk2 display different denaturation profiles 

 

One possible explanation for the dramatic loss of T1348N-Lrrk2 in our 

RAW264.7 mutant cell line is that the aminoacidic substitution and/or the 

permanent apo- (i.e. depleted of nucleotide binding) state of Lrrk2 could interfere 

with the appropriate folding of the protein.       

 The approach we selected to employ to test our “misfolding hypothesis” is 

the recently developed CETSA technique (Axelsson et al., 2016; Jafari et al., 

2014) to monitor the thermal stability of WT and T1348N-Lrrk2. Briefly, we 

compared the denaturation profiles of whole lysates from WT and T1348N-Lrrk2 

RAW264.7 cell lines, subjected to a gradient of temperatures as described in the 

Materials and Methods section, to maintain any of the interacting molecules that 

have an influence on the stability of Lrrk2. Even though additional replicates are 

Figure 13. T1348N-Lrrk2 is 

partially destabilised after 48 

hours of treatment with 1ng/µl 

CHX. (A) Representative WB 

depicting the time-course for 

WT (top panel) and T1348N-

Lrrk2 (bottom panel). -actin 

was employed as a loading 

control, given its long half-life. 

(B) Protein content was 

normalized over time=0 (n=3 

independent experiments; n=2-3 

technical replicates per 

experiment; unpaired t-test; 

*P≤0.0479). 
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mandatory to calculate precise and statistically robust values in terms of 

temperature of aggregation (Tagg50 = the temperature at which 50% of the protein 

is lost in the insoluble fraction) for WT and T1348N-Lrrk2, our preliminary data 

indicate a different trend between the curves obtained by looking at the proteins 

within their cellular environment (Figure 14). In particular, while the WT protein 

displays the expected sigmoidal behaviour, with an approximate Tagg50 of about 

43°C, the T1348N mutant shows a more variable and drastic “on-off” trend, 

supporting the idea of an at least partial unfolding of the protein.  

 

 

 

Figure 14. WT and T1348N-Lrrk2 possess different thermal stability profiles. (A) Preliminary 

data (n=2 independent experiments) indicate a different behaviour between the two proteins, with 

possible implications for the melting temperature. Longer exposures revealed the presence of high 

molecular weight aggregates in the T1348N mutant but not in the WT samples (data not shown). 

(B) The graph shows the denaturation curve for WT and T1348N-Lrrk2 (n=2 independent 

experiments). While WT-Lrrk2 displays a typical sigmoid trend, with an apparent temperature of 

aggregation (Tagg50) around 43°C, the fitting for the T1348N is ambiguous, meaning that an estimate 

of Tagg50 based on these data would be inaccurate. Data were fitted using the Boltzmann sigmoid 

(Niesen et al., Nature Protocols, 2007) equation within GraphPad Prism.    
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 Another possible explanation for the reduced levels of T1348N-Lrrk2 could 

reside in an instability at the mRNA level. Although we believe this hypothesis is 

less likely, we have no elements to exclude that the mutation is impacting on the 

transcript rather than on the protein, or even that it is affecting both levels.   

 Therefore, in parallel to the previously described approaches, we designed 

and validated through standard, semi-quantitative PCR a set of primer pairs that 

we will use to compare the expression profile of Lrrk2 in all three the cell lines 

(WT, Lrrk2-KO, T1348N-Lrrk2) through qPCR. In particular, we have designed a 

primer pair for Lrrk2 on the N-terminal region of the LRR domain, where the 

epitope recognised by the MJFF2 antibody is located (Davies et al., 2013). In 

addition, based on the literature and on the commercially available platforms for 

high-throughput gene expression analyses on murine datasets, we selected three 

genes with variable expression to act as housekeeping controls: Actb (coding for 

-actin), Tfrc (transferrin receptor) and Pcx (pyruvate carboxylase). As a positive 

control for our reaction, we included a primer pair that we had in house and that 

was designed for the amplification of Lrrk2 in standard, semi-quantitative PCR, 

which leads to a larger product. The result obtained from the validation is depicted 

in Figure 15. In particular, we subjected the samples (400ng cDNA obtained from 

WT RAW264.7 cells) to a gradient of temperatures, in order to select the best 

condition for the annealing of the primer pairs. The bottom panel shows 

comparable efficiencies of amplification between 56.3 and 57.7°C for all the 

primer pairs tested. Also, the products were of the expected size, i.e. around 200 

base pairs (bp). When increasing the temperature up to 60°C, we could still obtain 

good amplification yields, although observing the formation of primer dimers. 

Therefore, we are now planning to move to the qPCR reaction performing the 

annealing step at 58°C, since at that temperature we obtained the cleanest bands 

without the formation of primer dimers.   
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7.4   The T1348N mutation in Lrrk2 impacts on p62 levels   

             

Given the established role of LRRK2 in autophagy (Tong et al., 2012; 

Manzoni et al., 2013a; Manzoni et al., 2013b; Manzoni et al., 2016; Giaime et al., 

2017; reviewed in Roosen and Cookson, 2016; Manzoni, 2017), we decided to 

adopt this process as a functional readout to investigate whether and how the lack 

of nucleotide-binding, hence GTPase activity, influences the signalling properties 

of Lrrk2.           

 We initially wished to assess whether the mutation was affecting basal 

autophagy. We therefore evaluated via WB a panel of key autophagic markers 

that are useful indicators of the progression of the autophagic flux at different 

steps: 1) the activating, pro-autophagic de-phosphorylation of ULK1 on Ser757, 

which is an index of mTOR inactivation, 2) the lipidation of LC3, crucial event in 

the early stages of autophagosome formation and 3) the levels of p62, which 

normally decrease at later stages because of the degradation of autophagic 

materials (Klionsky et al., 2016). Our preliminary data indicate no major 

differences in the levels of basal autophagy, but point towards a significant 

accumulation of p62 in absence of Lrrk2 GTPase activity, as highlighted in Figure 

Figure 15. Optimisation of the 

conditions for qPCR through 

semi-quantitative PCR. 400ng 

cDNA per sample were 

subjected to a gradient PCR 

reaction (the temperatures are 

indicated in the picture) as 

described in the Material and 

Methods section (- = negative 

control; BA = Actb/ -actin; PC = 

Pcx/pyruvate carboxylase; TR = 

Tfrc/transferrin receptor; LS = 

Lrrk2/Lrrk2 for semi-quantitative 

PCR; LQ = Lrrk2/Lrrk2 for 

qPCR). 
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16. This could be suggestive of a blockade in the autophagic flux.  

 We next wondered whether the absence of GTPase activity could become 

relevant in the mediation of the response to stress conditions. We therefore 

induced autophagy either by nutrient deprivation – achieved by an over-night 

starvation in serum-free media, followed by a 2-hour pulse with HBSS – or by 

inhibition of mTOR kinase activity through the use of the highly selective Torin-1 

compound. Up to date, our preliminary data highlighted some interesting 

observations, that deserve further validation. In terms of LC3 lipidation, we could 

observe a response to both treatments in WT cells, despite the high level of basal 

activation that was already evident in the previous set of experiments (Figure 16; 

Figure 17A, left panel). However, this basal level appeared higher in KO cells, 

where autophagy-inducing treatments were unable to significantly increase the 

level of LC3-II (Figure 17A, middle panel). On the other hand, the T1348N mutant 

cells exhibited a peculiar behaviour, as they could respond to starvation but not to 

the treatment with Torin-1 (Figure 17A, right panel). In all cases, we noticed that 

the induction of autophagy was leading to a conversion of LC3-I into LC3-II rather 

than a mere accumulation of LC3-II, therefore we decided to quantify lipidated 

LC3 as a ratio between the two forms (Figure 17B).  

With respect to ULK1, phospho-ULK1 and p62 we did not appreciate 

substantial differences in the response among the genotypes. As expected, both 

starvation and mTOR inhibition via Torin-1 led to an almost complete 

dephosphorylation of ULK1. Interestingly, the behaviour of p62 was coherent but 

opposite between the two stimuli: it tended to accumulate with starvation while 

decreasing after Torin-1 treatment, as summarised in the representative Figure 

18. 
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Figure 16. Loss of GTP-binding impacts 

on p62 levels in basal conditions. (A) 

Representative image of the impact of 

T1348N-Lrrk2 mutation on the autophagic 

markers analysed. As shown from the 

quantification in (B), the only significant 

alteration registered relates to the levels of 

p62, (n=2 independent experiments for 

p62; n=5 independent experiments for all 

the other markers; n=3 technical replicates 

per experiment; mean ± SEM; one-way 

ANOVA with Turkey’s multiple comparison 

test; *P≤0.05; **P≤0.01. Within each 

biological replicate, values were 

normalised over the WT sample. To take 

into account the variability of the WT 

measurements during statistical analysis, 

SEM was manually calculated and included 

in the graphs).  
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Figure 17. LC3 lipidation appears differentially impaired in KO and T1348N-Lrrk2 RAW264.7 

cell lines in response to stress stimuli. (A) Representative WBs illustrating the differential ability 

of RAW264.7 cells to respond to nutrient deprivation and/or mTOR inhibition. (B) Quantification of 

the ratio between LC3-II and LC3-I (n=2 independent experiments for WT and KO cell lines; n=1 for 

T1348N-Lrrk2 RAW264.7 cells; n=3 technical replicates per experiment; mean ± SEM; one-way 

ANOVA with Turkey’s multiple comparison test; *P≤0.05; **P≤0.01). 
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Figure 18. Starvation and Torin-1 trigger autophagy with different specificity and in a 

different time scale. (A) Representative WBs depicting the diverse behaviour in terms of p62 after 

nutrient deprivation and treatment with Torin-1, even though both stimuli activate the mTOR 

pathway, as shown by ULK1 de-phosphorylation in (B). (C) Quantification panel (n=2 independent 

experiments for WT and KO cell lines; data for T1348N-Lrrk2 RAW264.7 cells were not included 

due to low quality WBs; n=3 technical replicates per experiment; mean ± SEM; one-way ANOVA 

with Turkey’s multiple comparison test; *P≤0.05; **P≤0.01). 

 

 

7.5    RAW264.7 are highly reactive cells     

  

As a complementation to the data we have just described, we sought to 

perform some immunofluorescence analysis on our RAW264.7 cell lines, in 

absence or presence of a stress stimulus. We initially chose starvation in order to 

check whether i) the alteration in the levels of p62 observed in WB in basal 

conditions was accompanied by a subcellular re-localisation of the protein; ii) we 

could reproduce the differential response to starvation in terms of LC3 lipidation in 

absence and presence of Lrrk2 using a different technique. Figure 19 shows a 

panel of representative pictures obtained for LC3 (A) and p62 staining (B), 

respectively. As exemplified from the first panel of pictures, the staining for LC3 

was very diffuse and difficult to interpret in all the conditions tested. In addition, 

nutrient deprivation, although inducing a change in cell morphology, did not lead to 

the expected increase in LC3 puncta, which is normally observed when autophagy 

is induced (Pugsley, 2017). With respect to p62, even though there seems to be a 

partial reorganisation of the protein in the T1348N mutant, the unexpectedly 
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elevated intensity of the staining even at basal, i.e. non-stimulated conditions, 

hampers the comparison among genotypes, as well as between untreated versus 

treated conditions. Therefore, a conclusion we could draw based on this 

experiment, which is further supported by the high levels of basal LC3 lipidation 

shown in Figures 16 and 17, is that a constant, hyperactive condition might 

conceal certain differences in the handling of autophagy among the genotypes, 

being an obstacle to the study of this process in this cell line.  

Figure 19. Immunofluorescence staining of (A) LC3 and (B) p62 in WT, Lrrk2-KO and 

T1348N-Lrrk2 cell lines. Representative images depicting LC3 and p62 cellular distribution, in 

green. DAPI is in blue. Scale bars: 10µm. 
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8.   Discussion 

 

As expected, the use of RAW264.7 cell lines has proven useful in order to 

gain a better understanding of the importance of nucleotide binding, hence 

GTPase activity, in Lrrk2 cellular function. The results reported in this chapter led 

us to hypothesise that the ablation of guanosine nucleotide binding for Lrrk2 may 

affect the stability of the protein, confirming previous reports from the literature 

regarding ectopically expressed LRRK2 (Taymans et al., 2011; Biosa et al., 2013). 

This could be due to multiple reasons.       

 We firstly hypothesised that the differential expression could coincide with a 

more rapid rate of degradation in the case of T1348N-Lrrk2, which we tested 

through CHX treatment. Surprisingly, in our experimental conditions, we could 

appreciate a significant reduction in T1348N-Lrrk2 as compared to the WT 

counterpart only after 48 hours of treatment. In addition to that, we did not observe 

the expected decay in Lrrk2 levels over time that is the consequence of protein 

degradation. Despite the fact that literature reports a half-life of 9 hours for 

exogenously expressed LRRK2 (Wang et al., 2008), some works indicate a much 

longer half-life (~38 hours for WT-LRRK2) (Orenstein et al., 2013). Indeed, it has 

to be noted that the treatment with CHX is a technically challenging experiment, in 

that it is cell-type and construct-specific. Therefore, one very simple explanation is 

the half-life of endogenous Lrrk2 in RAW264.7 cell might be longer than 24-hours. 

However, there are additional possibilities that we need to take into account in the 

interpretation of the results. First, considering that we are employing low doses of 

the compound due to the sensitivity of the system – higher concentrations and/or 

longer times are extremely toxic to the cells – it could be that protein synthesis is 

only partially blocked. An alternative option we are currently testing could be that, 

due to structural reasons and/or the inability of binding nucleotides, only a fraction 

of the T1348N mutant is properly folded, while the remaining is rapidly degraded, 

and we could not follow this population due to the technical challenges of the 

experiment with CHX. To check for this, we plan to use specific combinations of 

drugs to individually block the cellular degradation pathways, i.e. the UPS, 

macroautophagy and CMA (Orenstein et al., 2013; Ciechanover & Kwon, 2015). 

We expect to see an accumulation of T1348N-Lrrk2 up to WT levels when 
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blocking its preferential way of degradation. In addition, blocking global protein 

synthesis likely affects overall cellular homeostasis and may therefore complicate 

data interpretation. In this regard, we initially considered to perform 35S pulse 

chase assays, however it turned not to be a feasible option due the difficulty in 

immunoprecipitating endogenous Lrrk2. 

The results obtained from the CETSA seem to, at least partially, support 

this “misfolding hypothesis”. If we cannot definitely conclude that T1348N-Lrrk2 is 

unproperly folded, since we have conducted the assay with the whole lysate, i.e. 

in presence of endogenous ligands and/or binding partners, the “on-off” behaviour 

of the mutant protein may suggest that T1348N-Lrrk2 is maintained in solution by 

the presence of chaperones assisting the folding. According to this hypothesis, 

once the Tagg50 of the chaperone is reached, mutant Lrrk2 rapidly switches 

towards the insoluble fraction. These data are still preliminary, and further 

investigation is required to confirm our hypothesis. For example, we need to 

repeat the CETSA in different conditions – e.g. with the purified proteins, in 

presence of nucleotide-unloading agents, chaperone inhibitors etc. – to rule out 

the exact mechanistic details of the process. However, this result supports the 

hypothesis that the lack of GTP-binding is affecting the stability of T1348N-Lrrk2 

either by exerting a direct impact on the protein structure or by interfering with the 

intramolecular signalling towards the kinase domain, the interaction with binding 

partners and, possibly, the quaternary structure of Lrrk2 itself.    

 In parallel to the investigation at the protein level, we are also planning 

qPCR experiments to check for mRNA expression. We do not expect to observe 

significant differences in the transcripts, since such a small modification in the 

genome might not impact on mRNA levels. However, regulation of mRNA stability 

is a very complex process operated at multiple steps (Wu and Brewer, 2012), and 

we need to exclude the possibility that the mutation is located in a key position for 

the binding of regulatory elements.  

As a functional readout, we looked at autophagy, given the established role 

of LRRK2 in this process (Roosen and Cookson, 2016; Manzoni, 2017). We 

initially evaluated basal autophagy, by assessing markers of different steps via 

WB, with the aim of obtaining a complete picture of the pathway. As described in 

paragraph 7.4, we only detected significant alterations in the levels of p62, which 
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was found to accumulate in T1348N-Lrrk2 as compared to WT and KO controls. 

Since p62 decrease is generally considered as an indication of the 

autophagosome degradation in the lysosome (Bjørkøy et al., 2009), this might 

suggest a blockade of the autophagic flux. However, autophagy is a highly 

dynamic process and multiple experiments are needed before drawing definite 

conclusions. In general, this finding is particularly interesting given that p62 has 

been recently described as a substrate of LRRK2 kinase activity (Kalogeropulou et 

al., 2018). Further investigation is required to uncover the mechanistic details of 

how GTPase activity is impacting on the pathway.      

 When we induced autophagy through alternative approaches – starvation 

and Torin-1 – we observed that KO cells display basally high levels of LC3, 

coherently with literature reports regarding the characterisation of cellular and 

animal models lacking LRRK2 or its homologs (Tong et al., 2012). Conversely, the 

results obtained from the T1348N cell line were more surprising. Indeed, these 

cells could efficiently lipidate LC3 in response to nutrient deprivation, but failed to 

do so after the treatment with Torin-1. This result seems to collide with the mTOR-

independent regulation of autophagy by LRRK2 and the abnormal response to 

starvation observed in fibroblasts bearing PD-mutations in LRRK2 (Manzoni et al., 

2013b; Manzoni et al., 2016), and might imply that Roc integrity is participating to 

the dynamics of the process through a more articulated mechanism. However, it is 

important to underline that, in most cases, we observed a decrease in LC3-I rather 

than an increase in LC3-II after autophagy-inducing treatment. This is not 

surprising, since the literature reports that LC3-I tends to decrease during short 

starvation periods and to disappear during longer periods of nutrient deprivation 

(Mizushima and Yoshimori, 2007). Given the high level of basal activation that we 

observed in these cell lines through different methodologies, it is possible that the 

autophagosome turnover is particularly high, and for this reason we were not able 

to detect a significant increase of lipidated LC3. We are currently performing some 

EM analysis on untreated samples, as well as on samples where we induced 

and/or blocked the autophagic flux, in order to check for any ultrastructural 

alterations in the autophagosomal appearance. On the other side, the differential 

response observed in terms of p62 between the two treatments was very 

reproducible among the genotypes. In particular, p62 tended to accumulate with 
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starvation, while being rapidly degraded after Torin-1 treatment. One simple 

possibility is that the starvation protocol has not fully induced macroautophagy. To 

double check for this, it is possible to follow the degradation of alternative cargo 

proteins, e.g. NBR1 (neighbour of BRCA1 gene), or to monitor the cascades 

initiated by mTOR inactivation and/or AMPK activation, exploiting specific 

phospho-antibodies against the members of the pathway. However, this result is 

not surprising, if we consider that the specificity and the time scale of the two 

stimuli are very different, and points out how the choice of a treatment in place of 

a different one, and the consequent interpretation of the results, must be 

extremely careful. Indeed, while Torin-1 is specifically inhibiting mTOR kinase 

activity, nutrient deprivation induces autophagy by activating a broader range of 

pathways – e.g. serum starvation initiates the mTOR cascade, whereas glucose 

starvation promotes AMPK-mediated signalling (Chen et al., 2014; Hardie and Lin, 

2017). Finally, the immunofluorescence analysis revealed a basal condition of 

stress/hyperactivation in our cell lines, that strengthens the evidence of elevated 

LC3 lipidation as shown by WB. This is coherent with their macrophagic nature, 

since macrophages always maintain an active autophagic/phagocytic machinery 

to readily face any inflammatory threat within the body (Vural and Kehrl, 2014; 

Bah and Vergne, 2017), but has to be taken into account as it could hamper a 

detailed study of the autophagic process in this cell line.   

Overall, our data suggest that a functional GTPase domain is essential for 

the stability of Lrrk2, but in terms of basal autophagic machinery is only affecting 

the levels of p62. Conversely, its integrity might be fundamental in the ability to 

respond to specific stimuli and in the activation of certain pathways.  
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Chapter 5 

Exploring the GTP-binding domain of LRRK2 

as a platform for signalling outputs  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 
 

9.    Introduction  

9.1 LRRK2 at the crossroad between autophagy and cytoskeletal 

dynamics 

 

In the previous chapters, we have comprehensively discussed the 

relevance of LRRK2 in autophagy-related cascades. We mentioned how LRRK2 

is likely acting as a negative regulator of autophagy, influencing different steps of 

the pathway. Indeed, either its knockout or the inhibition of its kinase activity 

promote autophagosome formation, while enlarged lysosomes accumulate, in a 

phenotype that is shared among LRRK2 pathological mutations (Tong et al., 2012; 

Manzoni et al., 2013a; Dodson et al., 2014; Henry et al., 2015). Despite a quite 

clear phenotypical characterisation, however, the molecular signalling underlying 

this effect is only partially understood. In this regard, one still unresolved question 

is related to the contribution of other domains, in addition to the kinase, in the 

determination of signal specificity. For example, besides the dual, cross-talking 

enzymatic activity, LRRK2 possesses a WD40 domain that might acquire 

particular relevance in this pathway being a common motif among many 

autophagic proteins due to its ability to bind phosphoinositide (Lystad and 

Simonsen, 2016). An additional degree of complication adds up if we consider the 

well-established relation of LRRK2 with the cytoskeleton.    

 The association between LRRK2 and cytoskeletal elements has been 

reported multiple times (Parisiadou and Cai, 2010). Initially, Gandhi and co-

authors demonstrated the interaction between Roc and tubulins (Gandhi et al., 

2008), proposing a link of LRRK2 with microtubules (MTs). MTs are essential in 

guaranteeing the trafficking between the cell body and the periphery and in 

mediating synaptic plasticity (Parisiadou and Cai, 2010; Kapitein and Hoogenraad, 

2015). Later on, this connection was reinforced by the evidence of a co-

localisation between LRRK2 and III-tubulin in mouse brain (Lin et al., 2009) and 

the phosphorylation of mouse-purified -tubulin by recombinant human LRRK2 

(Gillardon, 2009). This phosphorylation, occurring at T107, was shown to be 

significantly increased by the G2019S mutation, and was suggested to enhance 

MT stability in the presence of MT-associated proteins (Gillardon, 2009). LRRK2 
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has also been associated with tubulin acetylation. Back in 2014, LRRK2-KO 

models were shown to display increased -tubulin acetylation, suggesting that 

LRRK2 binding to MTs might interfere with the process (Law et al., 2014). 

Interestingly, R1441C and Y1699C-LRRK2 selectively bind deacetylated MTs in 

vitro and this was proposed to explain, at least partially, the impairment in axonal 

transport observed in primary neurons and in Drosophila, given that prevention of 

MT deacetylation was sufficient to rescue this phenotype (Godena et al., 2014). 

LRRK2 also interacts with tau and promotes its phosphorylation via cyclin-

dependent kinase 5 (Cdk5) (Shanley et al., 2015). Of note, mutant G2019S-

LRRK2 – but not WT – markedly enhances neuron-to-neuron transmission of tau 

in mice (Nguyen et al., 2018), supporting the pathological evidence that a 

subgroup of LRRK2 patients exhibit tau pathology (Rajput et al., 2006)..  

 In addition to MTs, LRRK2 also binds actin in vitro and promotes its 

polymerisation (Meixner et al., 2011). As previously mentioned, in neurons actin is 

fundamental for neurite outgrowth and synapse formation and maintenance 

(Parisiadou and Cai, 2010). LRRK2 phosphorylates moesin, one of the ERM 

proteins that, together with ezrin and radixin, connects the actin cytoskeleton to 

the plasma membrane (Jaleel et al., 2007). ERMs are localised at the actin-rich 

sites in filopodia, where they orchestrate neurite outgrowth by organising filopodia 

architecture (Mangeat et al., 1999). Importantly, when neurons isolated from 

G2019S-LRRK2/Lrrk2 mouse models are cultured in vitro, they display a reduced 

neuritic complexity as compared with the non-transgenic counterpart (MacLeod et 

al., 2006; Sepulveda et al., 2013; Civiero et al., 2017b) and both phosphorylated 

ERMs and F-actin-enriched filopodia are increased in G2019S-LRRK2 neurons, 

which might be a partial justification for such defects (Parisiadou et al., 2009).  

 In the context of defining the outgrowth and complexity of the neuritic 

network, a particularly relevant role is covered by PAK6. PAK6 is a guanine 

nucleotide-dependent interactor of LRRK2-Roc, that was initially identified through 

a high-throughput proto-array screening conducted by our lab in collaboration with 

Dr. Mark Cookson at NIH (Beilina et al., 2014), and subsequently validated with 

multiple techniques (Civiero et al., 2015; Civiero et al., 2017b). PAKs are serine-

threonine kinases with key roles in signal transduction. The family is subdivided 

into type I PAKs (PAK1-3), that are activated by Rho GTPase binding, and type II 
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PAKs (PAK4-6) that are re-localised – but not activated – by GTPases to specific 

signalling sites and locally activated by binding with SH3 domains and consequent 

release of pseudo-substrate inhibition (Civiero and Greggio, 2018). One of the 

best-established roles of PAKs is related to actin cytoskeleton remodelling via the 

LIM kinase (LIMK)-cofilin pathway. Activated PAKs phosphorylate LIMK1, in turn 

phosphorylating cofilin. The functional meaning of this phosphorylation is the 

inhibition of cofilin actin-severing activity. Therefore, PAKs initiate a 

phosphorylation cascade ultimately leading to the stabilisation of F-actin (Minden, 

2012; Civiero et al., 2015). Interestingly, PAK6 displays high and almost exclusive 

expression in the brain, particularly in the dopaminergic fibres of the SNpc 

(Mahfouz et al., 2016). Pak6 knockout mice are viable and fertile, whereas double 

Pak5/Pak6 KO models exhibit cognitive and locomotor activity defects, as well as 

neurite shortening (Nekrasova et al., 2008). Previous work from the lab 

demonstrated that active PAK6 stimulates neurite complexity in vivo in the 

striatum in a LRRK2-dependent manner, indicating a cooperation between the two 

kinases in actin-dependent neurite-remodelling (Civiero et al., 2015). More 

recently, we showed that the two proteins bidirectionally modulate each other, 

since PAK6 can influence LRRK2 phospho-state in a pathway involving the 

phosphorylation of the common interactor 14-3-3  (Civiero et al., 2017b). Indeed, 

phosphorylation of 14-3-3  by PAK6 induces loss of affinity for LRRK2 phospho-

Ser935, which is left unprotected and can be readily dephosphorylated (Figure 20) 

(Civiero et al., 2017b). Of note, phosphorylation of Ser910/935 and, consequently, 

14-3-3 binding, are reduced in the majority of LRRK2 pathogenic mutants, a 

biochemical state that can be phenocopied by LRRK2 pharmacological inhibition 

(Nichols et al., 2010). Intriguingly, dephosphorylated LRRK2 redistributes into MTs 

and vesicle-related structures (Nichols et al., 2010; Kett et al., 2012). Moreover, 

PAK6 overexpression is able to rescue the defects in neurite outgrowth associated 

with the G2019S-LRRK2 pathological mutation through this pathway (Figure 21) 

(Civiero et al., 2017b). This set of data highlights the importance of 14-3-3s in 

influencing LRRK2 cellular redistribution and substrates/partners availability, 

suggesting a possible explanation of the reason why Roc-COR pathogenic 

mutants phosphorylate substrates, e.g. Rab proteins, to a higher extent as 

compared to the G2019S mutant (Steger et al., 2016), which is structurally 
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affecting the kinase domain, and indeed has consequences also on in vitro kinase 

activity. In addition, it supports the idea that LRRK2 is very likely involved in the 

regulation of multiple pathways, according to its compartmentalisation and the 

macro-complexes in which it is integrated, as well as to the cell-type in which it is 

expressed. In this regard, expression of G2019S-LRRK2 in microglia was shown 

to retard the response to brain injury via exerting a negative regulation on focal 

adhesion kinase (FAK), with a consequent impairment in microglial motility (Choi 

et al., 2015). This idea of LRRK2 behaving as a multifaceted protein hints at a 

broader regulation of the cellular traffic and, more specifically, the autophagic 

pathway, involving a strict interplay between vesicles and the cytoskeletal 

machinery.       

 

Figure 20. Interplay between LRRK2, PAK6 and 14-3-3γ. (A) Active PAK6 (i.e. WT and the 

hyper-active S531N mutant) but not a kinase-dead form (K436M) can pull-down endogenous 14-3-

3s. (B) PAK6 phosphorylates 14-3-3  in vitro at S59. (C) ICC in HEK293T cells confirms that WT, 
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but not kinase-dead PAK6 phosphorylates 14-3-3  in cells. (D) Overlay assays prove that 14-3-3  

phosphorylated by PAK6 loses affinity for LRRK2. (E) The cellular consequence of PAK6 kinase 

activity on LRRK2 is the dephosphorylation of P-Ser935 and the impaired binding of 14-3-3 , as 

demonstrated by immunoprecipitation and overlay assays (adapted from Civiero et al., Frontiers of 

Molecular Neuroscience, 2017b). 

 

 

 

Figure 21. G2019S-Lrrk2 neurite shortening is restored by PAK6-mediated 14-3-3γ 

phosphorylation. (A) Representative images of primary neurons from nTg and BAC G2019S-Lrrk2 

mice transfected with an empty vector or 3xFlag-PAK6 S531N together with YFP-14-3-3  WT and 

the non “phosphorylatable” S59A form. mCherry was employed to trace neurites. (B) Neurite 

number and length were quantified with the NeuronJ plugin from ImageJ (n=3 independent cultures; 

n=30-40 neurons traced; mean ± SEM; two-way ANOVA with Turkey’s multiple comparison test; 

*P≤0.05 and **P≤0.01) (adapted from Civiero et al., Frontiers of Molecular Neuroscience, 2017b).  
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That microfilaments and MTs play essential roles in coordinating the 

delivery of membranes first and shaped vesicles later during autophagy is 

nowadays well acknowledged, even though the mechanistic details of the process 

have not been fully uncovered yet. Despite the first indications from yeast that 

actin cytoskeleton only participates to selective forms of autophagy (Reggiori et 

al., 2005; reviewed in Monastyrska et al., 2009), studies conducted in mammalian 

cells suggest that it is also required for the autophagic response to starvation 

(Aguilera et al., 2012). Interestingly, the KO of Atg7 – a key autophagy gene 

whose protein product is involved in the pathway of LC3 lipidation (Xiong, 2015) – 

in mouse causes severe defects in actin organisation (Zhuo et al., 2013). In 

addition, recent work in mammalian models attributes to the actin cytoskeleton the 

important tasks of i) providing and supporting the membranes for the formation of 

the autophagosome, ii) loading the growing phagophore with the materials that 

need to be digested and iii) guiding, in cooperation with MTs, the shaped 

autophagosomes to the lysosomes throughout the cell (reviewed in Kruppa et al., 

2016; Kast and Dominguez, 2017). In this scenario, LRRK2 might contribute to the 

regulation of autophagy not only through a direct action on the autophagic 

machinery (e.g. by phosphorylation of key autophagic components, like the 

membrane curvature inducing protein EndophilinA – Soukup and Verstreken, 

2017), but also in a more indirect way involving the remodelling of actin 

cytoskeleton. It is indeed known that an actin scaffold helps shaping the 

autophagosome, and that the severing protein cofilin takes part in actin 

redistribution (Mi et al., 2015). Thus, LRRK2 pathological mutations might lead to 

an aberrant activation of the PAK6/LIMK1/cofilin pathway, with defects in 

microfilament recruitment and/or mobilisation and, eventually, consequences on 

autophagosome formation. In addition to this, PAK1 has been implicated in 

autophagy and, in particular, either downregulation or inhibition of its kinase 

activity have been identified as the trigger of the AKT/mTOR/ULK1 cascade (Dou 

et al., 2016; Wang et al., 2016; Wang et al., 2017b). Even though PAK6 has yet to 

be associated to this event, we cannot exclude the involvement of the LRRK2-

PAK6 axis in multiple, parallel pathways ultimately converging to the same cellular 

process. 
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10.    Results  

 

The robust results generated in our laboratory in support of a key role for 

the LRRK2-PAK6 complex in shaping the neuronal network (Civiero et al., 2015; 

Civiero et al., 2017b), with possible implications for PD, led us to pursue the 

investigation of possible additional pathways in which the complex is involved, as 

well as the mechanisms that might underlie the deregulated processes during 

pathology. As an initial confirmation of the close interplay between these two 

proteins, we obtained some preliminary data suggesting that the expression of 

both Lrrk2 and Pak6 increases from DIV9 to DIV14 in primary murine cortical 

neurons (Figure 22A). Moreover, when we compared Lrrk2 and Pak6 expression 

levels during postnatal mouse development in WT versus BAC-G2019S brains, 

we similarly observed a coupled pattern of expression, with a maximum for both 

proteins at P28 in the range of time analysed. Strikingly, Pak6 levels were 

dramatically reduced in BAC-G2019S brains (Figure 22B and C), pointing towards 

a possible negative regulation on Pak6 expression operated by Lrrk2. Considered 

the role of PAK6 in promoting neurite outgrowth, this observation might, at least 

partially, justify the reduced length and complexity of the neurites observed in 

neurons cultured from these mice (Figure 21). In such a scenario, during these 

years I had the possibility to begin the exploration of the involvement of the 

LRRK2-PAK6 complex in multiple cellular processes and analyse different 

biochemical aspects of the interaction. In particular, we first aimed at further 

characterising the physiological role(s) of PAK6, by investigating its possible 

involvement in a novel pathway, i.e. autophagy. Second, we performed a 

biochemical, cellular and functional characterisation of the LRRK2-PAK6 complex 

in presence of a putative de novo mutation in PAK6. Finally, we evaluated how the 

presence of a PD mutation in LRRK2 affects the binding with PAK6. The following 

paragraphs will provide an overview of our work in different contexts and through 

the use of several models and techniques.  
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10.1 Exploring the role of the LRRK2-PAK6 complex in the 

autophagic pathway  

10.1.1   Pharmacological inhibition of PAKs alters autophagic markers   

 

 The fact that a functional cytoskeleton is essential for a proper autophagic 

flux (Kast and Dominguez, 2017), the influence exerted by the LRRK2-PAK6 

complex in regulating actin dynamics (Civiero et al., 2015; Civiero et al., 2017b), 

the established role of LRRK2 and the possible impact of PAK6 on the autophagic 

pathway (Dou et al., 2016; Wang et al., 2016; Manzoni, 2017), led us to wonder 

whether PAK6 plays a role in the autophagic process and whether this is LRRK2-

Figure 22. Lrrk2 and Pak6 show 

overlapping expression profiles in 

mouse brain. Preliminary data 

from time courses of Lrrk2 and 

Pak6 expression in (A) primary 

cortical neurons and (B) whole brain 

lysates from postnatal day 0 to 

postnatal day 28 reveal compatible 

patterns of expression for the two 

proteins (n=1). (C) The trend of Pak6 

expression -normalised to Gapdh - 

over time is maintained but the BAC-

G2019S brains show reduced levels 

of Pak6 at all time points.  
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dependent.           

 Using a pharmacological approach with the small ATP analogue PF-

3758309 (hereafter referred to as PAKs PF) active against type II PAKs, we have 

initially evaluated the autophagic response of H4 cells (human brain neuroglioma) 

to different doses of inhibitor. We selected this cell line given that it was previously 

shown to constitute a good model to follow autophagy (Manzoni et al., 2013a; 

Manzoni et al., 2016), and it endogenously expresses PAK6 (Figure 23).  

 

 
 

 
We initially subjected H4 cells to either 2.5 or 10µM PAKs PF for 90 

minutes, and included 200nm Torin-1 as a positive control. Figure 24 shows how 

inhibition of type II PAKs with the highest dose of PAKs PF, i.e. 10µM, induces an 

alteration in the monitored autophagic markers, particularly in LC3 lipidation. Of 

note, 10µM corresponds to the dose that was previously shown to effectively 

inhibit PAK6 in a number of cell systems (Civiero et al., 2017b). Since the results 

obtained from this initial treatment looked promising, we followed this up and 

performed an additional dose-response experiment with additional inhibitor doses 

to evaluate whether 10µM was the optimal concentration to adopt in our 

experimental conditions. We therefore tested 1, 2.5, 5 and 10µM PAKs PF and 

observed a dose-dependent response to the treatment by H4 cells (Figure 25A). 

The interpretation of this experiment is partially impeded by some technical 

issues. First, the negative control is unexpectedly activated in terms of autophagy, 

as can be appreciated by the high levels of LC3-II. Second, the treatment with 

Torin-1, predicted to act as a positive control, did not give the expected response, 

especially for ULK1 dephosphorylation, which is expected to be completely 

Figure 23. Endogenous expression of 

PAK6 in H4 cells. Antibodies against total 

PAK6 and the autophosphorylation Ser560 

residue in PAK6 (Ser474 in PAK4, Ser602 in 

PAK5) were employed for the detection. The 

lower band in the top left gel is likely to be 

phospho-PAK4. 



90 
 

abolished. However, when we plotted LC3-II levels normalised to -actin against 

the employed dose of PAKs PF inhibitor, we could clearly appreciate the 

concentration-dependent behaviour, suggesting that we were observing an 

autophagic response proportional to the degree of PAKs inhibition (Figure 25B).   

  

      
 
 

Once established 10μM PAKs PF as a working condition, we wondered 

whether the duration of the treatment could also influence the autophagic 

response. We therefore performed a time-course experiment subjecting H4 cells 

to different times of treatment (from 1 to 4 hours). We indeed inferred that the 

alteration in the autophagic markers induced by 10μM PAKs PF increases over 

time, since after 4 hours of treatment we could appreciate a clear 

Figure 24. Inhibition of PAKs 

induces LC3 lipidation. (A) WB 

showing the impact of type II PAKs 

inhibition on the autophagic markers 

analysed. In particular, 10μM PAKs 

PF promotes the production of LC3-II. 

Quantification of LC3 and p62 is 

shown in (B) (n=3 technical 

replicates; mean ± SEM; one-way 

ANOVA with Turkey’s multiple 

comparison test; *P≤0.05; **P≤0.01; 

***P≤0.001).  
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dephosphorylation of ULK1, a neat degradation of p62 and a sharp LC3-II band as 

compared to controls (Figure 26). 

 
 

 
 
 
 
 

Figure 25. 10µM PAKs PF induces alterations in 

autophagic markers. Representative (A) WB and (B) 

histogram related to LC3-II/ -actin increase in dependence 

of the dose of PAKs PF inhibitor administered to H4 cells. 

Cells were treated with increasing concentrations of PAKs 

PF to establish i) the working dose and ii) the possible 

presence of an impact on the autophagic pathway. Torin-1 

was employed as a positive control for autophagy 

induction (n=2 independent experiments; n=3 technical 

replicates per experiment; mean ± SEM; normalisation 

over the mean of DMSO control samples was employed to 

compare values between different gels; one-way ANOVA 

with Turkey’s multiple comparison test; **P≤0.01).  
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Figure 26. PAKs PF treatment has a time-dependent effect on autophagic markers. H4 cells 

show a clear alteration in ULK1 phosphorylation, LC3 lipidation and p62 levels after a 4-hour 

treatment with PAKs PF. (A) Representative WB with the relative quantification shown in (B). Torin-

1 was employed as a positive control for autophagy induction (n=2 independent experiments; n=3 

technical replicates per experiment; mean ± SEM; one-way ANOVA with Turkey’s multiple 

comparison test; ***P≤0.001). 

 

 

10.1.2   LRRK2 and PAK6 likely exert independent effects on autophagy   

 

Finally, we wanted to address whether the effect of PAKs inhibition on the 

autophagic process was dependent on LRRK2. We therefore looked at the 

consequences of single and combined inhibition of LRRK2 and PAK6 kinase 

activities, employing LRRK2 IN-1 together with PAKs PF. Interestingly, we 

observed that the two proteins appear to influence autophagy through two 

different pathways: while LRRK2 inhibition operates via Beclin-1, as previously 
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reported (Manzoni et al., 2016), our data suggest that PAK6 is involved in the 

mTOR/ULK1 cascade, as PAK6 inhibition causes dephosphorylation of ULK1, 

which is absent when LRRK2 kinase activity is pharmacologically blocked (Figure 

27). Interestingly, in terms of LC3 lipidation, a combination of the two compounds 

resulted in an intermediate phenotype with respect to the single treatment.  

 

 
 

Figure 27. PAK6 and LRRK2 kinase inhibition induces autophagy through parallel pathways. 

Representative image of single and combined inhibition of PAK6 and LRRK2 kinase activity with 

PAKs PF and IN-1, respectively, showing that the two proteins have a different impact on the 

autophagic markers analysed (n=4 independent experiments; n=3 technical replicates per 

experiment).  

 
 

10.2   Biochemical, cellular and functional characterisation of the 

de novo S236L substitution in PAK6  

 

In the context of the LRRK2-PAK6 interaction, we had the possibility to 

collaborate in a very exciting project aimed at the identification of a de novo, 

causative mutation leading to a form of infantile parkinsonism, in collaboration with 

Simone Martinelli’s group at the Istituto Superiore di Sanità in Rome. The young 

subject displayed clear motor symptoms at 6 months of age and severe 

neurological deterioration at 10 months of age. After exclusion of the known 

variants in known juvenile parkinsonism/dystonia-associated genes, whole exome 
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sequencing (WES) revealed three de novo substitutions within candidate genes 

having an established role in the nervous system, namely CHRNA6 and PAK6, or 

highly expressed in cultured neurons, i.e. HIBADH. CHRNA6 codes for the α6 

subunit of neuronal nicotinic acetylcholine receptors (Albuquerque et al., 2009) 

while HIBADH encodes a mitochondrial 3-hydroxyisobutyrate dehydrogenase 

enzyme, which is highly expressed in the liver, kidney, muscle, and cultured 

neurons (Murín et al., 2008). The missense change in PAK6 leads to the S236L 

mutation. Despite the poor conservation of the residue, the predicted weak impact 

of the aminoacid variation and its position in the N-terminal region far away from 

the kinase domain, given the interaction between PAK6 and LRRK2 and the 

established association of LRRK2 with PD (Civiero et al., 2015), we characterised 

the effects of the S236L substitution in terms of kinase activity, binding to LRRK2, 

subcellular localisation and impact on neurite outgrowth.  

 

10.2.1   Biochemical and cellular characterisation of S236L-PAK6 

 

Given that PAK6 ability of mediating neurite outgrowth depends on its 

kinase activity (Civiero et al., 2015), we initially tested whether the S236L mutation 

interferes with PAK6 kinase activity. To do so, we performed in vitro kinase assays 

using purified proteins to measure autophosphorylation activity with radiolabelled 

33P-ATP in vitro or assessed autophosphorylation of PAK6 Ser560 – which is a 

reliable indicator of PAK6 activation status (Civiero et al., 2015) – in HEK293T 

cells. As shown in Figure 28A-B, both assays demonstrated that WT and mutant 

PAK6 display similar catalytic activity, which is in line with the location of Ser236 

outside of the kinase domain. The next step was to evaluate whether S236L-

PAK6 interferes with the binding to LRRK2 as compared with WT-PAK6, using 

pull-down assays. We therefore immunopurified 3xFlag-tagged WT or S236L-

PAK6, as well as 3xFlag-GFP as a negative control, and incubated them with a 

cell lysate overexpressing GFP-LRRK2. As shown in Figure 28C-D, we did not 

observe any differential binding between LRRK2 and WT or S236L-PAK6. Since 

LRRK2 is required to promote PAK6 activation in cells (Civiero et al., 2015), we 

then measured the activation state of S236L-PAK6 compared to WT in the 

presence of LRRK2 overexpression in HEK293T cells. WB analysis with anti-
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phospho-Ser560 did not reveal any aberrant activation in S236L-PAK6 (Figure 

28E-F).  

 

 

 

Figure 28. Biochemical characterization of S236L-PAK6. (A) S236L-PAK6 does not display 

differential kinase activity compared to WT in vitro. Recombinant 3xFlag-PAK6 WT and S236L were 

purified and subjected to kinase assays in vitro upon the addition of 33P-ATP-Mg2+. PAK6 kinase 

activity was measured by monitoring the incorporation of 33P. (B) Mutant PAK6 does not show 

aberrant activation compared to WT. 3xFlag-PAK6 WT and S236L were transfected in HEK293T 
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cells and PAK6 activation was monitored by WB analysis of cell lysates with an α-phospho-Ser560 

antibody. (C-D) WT and mutant PAK6 display similar affinity for LRRK2. 3xFlag-PAK6 WT, S236L 

or control 3xFlag-GFP bound to M2-Flag agarose beads were incubated with cell lysates 

expressing GFP-LRRK2. After washing, interaction was revealed by WB with α-LRRK2 antibody. 

Quantification of bound LRRK2 normalised by pulled-down PAK6 is shown in (D) (n=3 independent 

experiments; n=3 technical replicates per experiment; mean ± SEM; one-way ANOVA with Turkey’s 

multiple comparison test). (E-F) Phosphorylation tone of mutant PAK6 in cells does not show any 

difference compared to WT in the presence of LRRK2. 3xFlag-PAK6 WT and S236L were 

transfected in HEK293T cells together with GFP-LRRK2 and PAK6 activation was monitored by 

probing cell lysates with α-phospho-Ser560 antibody. Quantifications of phospho-PAK6 normalised 

by total protein are shown in F (n=3 independent experiments; n=3 technical replicates per 

experiment; mean ± SEM; unpaired t-test) (adapted from Martinelli et al., in preparation). 

 

Finally, the subcellular distribution of WT and S236L-PAK6 were similar, as 

well as the degree of co-localisation with F-actin both in absence and presence of 

LRRK2 overexpression (Figure 29). 

 

Figure 29. Cellular localization of S236L-PAK6. (A) Mutant PAK6 does not show differential 

cellular localisation compared to WT. 3xFlag-PAK6 WT and S236L were transfected in HEK293T 
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cells and their localisation analysed using an antibody against PAK6 (red). Cells were co-stained 

with phalloidin to mark F-actin (cyan). DAPI stains nuclei in blue. Scale bar is 20 µm. (B) Expression 

of LRRK2 does not induce re-localisation of WT neither of mutant PAK6. 3xFlag-PAK6 WT or 

S236L were co-transfected with GFP-LRRK2 (green) in HEK293T cells and their localisation was 

assessed using antibodies against PAK6 (red). GFP is in green, phalloidin in cyan. DAPI stains 

nuclei in blue. Scale bar is 20 µm (adapted from Martinelli et al., in preparation). 

 

 

10.2.2   The S236L substitution in PAK6 does not affect neurite outgrowth  

 

Since PAK6 promotes neurite outgrowth and branching in its active 

conformation (Civiero et al., 2015), we next investigated whether S236L-PAK6 

affects this process. Primary cortical neurons were transfected with 3xFlag-PAK6 

WT or S236L together with GFP, or with GFP only as a control, and the 

fluorescent signal from GFP was exploited to trace the processes. Coherently with 

the previous observations that S236L-PAK6 does not alter kinase activity, we did 

not observe any significant differences in the number of neurites and in the total 

neurite length in primary neurons overexpressing S236L-PAK6 compared with 

cells expressing the WT protein or the GFP vector (Figure 30). 
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Figure 30. The S236L substitution in PAK6 does not influence its ability to promote neurite 

outgrowth. (A) Representative images of primary neurons transfected with GFP together with 

3xFlag-PAK6 WT or 3xFlag-PAK6 S236L and GFP alone as a control. Scale bar is 30µm. (B) 

Quantification of neurite length and number by two-way ANOVA with Bonferroni post-hoc test for all 

variants. Data were collected from two independent cultures. Around 50 transfected neurons were 

traced in total (bars represent the mean  SEM) (adapted from Martinelli et al., in preparation). 

 

 

10.3  How do Roc-COR pathological mutations impact on the 

interaction with PAK6? 

  

 Given the robustly confirmed interaction between LRRK2 and PAK6 

(Beilina et al., 2014; Civiero et al., 2015; Civiero et al., 2017b) and their 

established role in shaping the neuritic network, both in physiological (WT versus 

KO models) and pathological (WT versus BAC-G2019S models) conditions, we 

subsequently focused on a more “pathologically-relevant” scenario. Indeed, we 

are currently assessing whether and how Roc-COR mutations influence the 

interaction. 

 

10.3.1   The variability of pull-down assays makes them inadequate to detect 

differences in the interaction between mutant LRRK2 and PAK6  

 

 Firstly, to compare the binding affinity of WT and mutant – R1441C and 

Y1699C – LRRK2 towards PAK6, we set up a pull-down assay between immuno-

purified 3xFlag-PAK6 from HEK293T cells and HEK293T cell lysates over-

expressing either 2xmyc-GFP, GFP-LRRK2 WT, GFP-LRRK2 R1441C or GFP-

LRRK2 Y1699C. With this assay, we confirmed that GFP-LRRK2 WT, R1441C 

and Y1699C, are able to interact with PAK6. However, we did not appreciate a 

significant difference in the interaction between GFP-LRRK2 WT and mutants 

(Figure 31), which could be partially due to the high variability we observed during 

this experiment. Indeed, in contrast to the interaction between WT-LRRK2 and 

WT or S236L-PAK6 where we have obtained very reproducible data among the 

replicates, this was not the case when comparing the binding between WT-PAK6 

and mutant LRRK2, indicating that the strategic location of the mutations could 
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potentially have a subtle effect on the binding, but the experimental setup was not 

sensitive enough to reveal statistically significant differences. 

 

 

 
Figure 31. Pull-down assays are not sensitive enough to detect variations in the binding 

between LRRK2 and PAK6. (A) 3xFlag-PAK6 WT bound to M2-Flag agarose beads was 

incubated with cell lysates expressing 2xmyc-GFP, GFP-LRRK2 WT, R1441C or Y1699C. After 

washing, interaction was revealed by WB with an α-LRRK2 antibody. Quantification of bound 

LRRK2 normalised by the input is shown in (B) (n=3 technical replicates; mean ± SEM; one-way 

ANOVA with Turkey’s multiple comparison test).  

 

 

10.3.2    SPR reveals a reduced affinity of R1441C-Roc for PAK6 

 

 To acquire sensitivity in measuring the interaction between LRRK2 and 

PAK6, we decided to move to SPR. With this technique, we were able to further 

confirm the formation of the complex, in presence of the full-length proteins. More 

interestingly, we could also compare the binding affinities of WT and mutant Roc-

COR fragments, purified from E. coli, for PAK6, chemically immobilised on a chip. 

 The data obtained from these experiments are summarised in Table 3. 

Briefly, since it was possible to calculate the KD for all the tested conditions, we 

could appreciate an affinity in the nM range (0.080±0.004µM) between full-length 

LRRK2 and PAK6. With respect to the Roc-COR fragments, the affinity was 

approximately 10-fold lower for what concerns WT and Y1699C-Roc-COR as 

compared to full-length LRRK2, but as much as 100-fold lower for R1441C-Roc-

COR. These data suggest that mutations in the Roc, but not in the COR domain, 
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display a weakening effect on the interaction with PAK6. Additional replicates are 

required to gain the statistical power to test this robustly.     

 

 
 

Table 3. SPR results suggest that the R1441C pathological mutation in the Roc domain, but 

not the Y1699C in the COR, affects the binding to PAK6. GppCp is a non-hydrolysable analogue 

of GTP.  
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11.    Discussion 

 

We previously showed that PAK6 interacts with LRRK2 Roc domain in its 

GTP bound state (Civiero et al., 2015), thus representing a putative effector of 

Roc/GTPase domain. PAK6 and LRRK2 interact to promote neurite complexity in 

the striatum by modulating actin dynamics via the LIMK/cofilin pathway. Given the 

robust link between LRRK2 and autophagy (reviewed in Manzoni, 2017) and 

between autophagy and the actin-cytoskeleton (Kast and Dominguez, 2017), 

combined with the evidence that a member of the PAK family has also been linked 

to this process (Dou et al., 2016; Wang et al., 2016), we asked whether PAK6 

participates in the LRRK2-mediated autophagic pathway. We chose H4 cells as a 

model to test our hypothesis through a pharmacological approach based on the 

small ATP-analogue PF-3758309, which inhibits the kinase activity of type II 

PAKs. H4 cells derive from a human brain neuroglioma, and constitute an 

excellent model for our purposes for a handful of reasons. First, they on average 

display very low or null levels of basal autophagy, whose changes can therefore 

be easily detected and measured. However, some conditions such as the degree 

of confluency or the passage can promote basal autophagy in these cells – as in 

most cell lines –, therefore a careful experimental setup is required when 

analysing and/or manipulating this pathway. Second, PAK6 is highly and almost 

exclusively expressed in the brain (Mahfouz et al., 2016), meaning that i) we could 

work with the endogenous protein and ii) the data we obtained possibly refer to a 

conserved pathway in our tissue of interest. Overall, we can conclude from our 

preliminary evaluation that inhibition of type II PAKs has a clear and robust impact 

on autophagic markers. However, based on our current data, we are still unable to 

state whether we are observing an induction or a blockade of the flux, even 

though the decrease in p62 levels might point towards the direction of increased 

autophagic flux. Further experiments with a combination of PAKs PF and 

Bafilomycin A1 (which inhibits the fusion between the autophagosome and the 

lysosome) are required to answer this question. Moreover, the PAKs PF inhibitor 

selectively targets type II PAKs. Therefore, to definitely confirm that we are 

observing an effect dependent on PAK6 and not on another member of the kinase 
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family (i.e. PAK4 or PAK5), shRNA-mediated knockdown of all the members of 

the family is desirable. In addition, as most ATP competitors, PAKs PF potentially 

possesses cellular activity agains off-target proteins, such as AMPK (Murray et al., 

2010). Even though we expect that an inhibition of AMPK should lead to a 

blockade of the autophagic flux, additional controls are required to confirm the 

specifity of the results. In general, the observation that type II PAKs inhibition 

alters autophagic markers is interesting and novel per se. Moreover, our data 

suggest that is happening independently of LRRK2. This finding appears in line 

with the fact that LRRK2 is known to induce autophagy via Beclin-1, whereas 

PAK1 operates through the AKT/mTOR axis (Dou et al., 2016; Manzoni et al., 

2016). Further investigation is required to delineate the molecular details in the 

signalling cascade. In addition, it will be important to confirm the result employing 

more specific LRRK2 inhibitors in addition to IN-1, e.g. the MLi-2 compound from 

Merck (Fell et al., 2015).      

In the second part of the chapter, we performed a biochemical 

characterisation of the LRRK2-PAK6 complex, in presence of both PAK6 variants 

and PD-pathological mutations in LRRK2.       

 Initially, WES was employed to identify the disease-causing mutation in a 

child who experienced progressive neurological deterioration leading to a 

complete derangement of dopaminergic striatal pathways. WES analysis 

highlighted the presence of three de novo variants within genes that are highly 

expressed in cultured neurons – HIBADH – or play an established role in the 

nervous system – CHRNA6 and PAK6 – (Murín et al., 2008; Albuquerque et al., 

2009; Civiero and Greggio; 2018). The S236L mutation in PAK6 is located in a 

poorly conserved residue outside of the kinase domain (Kumar et al., 2017), 

therefore we did not expect it to have a major impact on the overall properties of 

the protein. However, given the interaction with LRRK2 in regulating a highly 

relevant pathway for neuronal cells and the link of LRRK2 with PD, in combination 

with the parkinsonism-like phenotype of the subject, a functional evaluation of the 

de novo variant was required. As expected, we did not find significant differences 

between WT and S236L-PAK6 in terms of kinase activity, localisation and neurite 

development as well as interaction with LRRK2. Collectively, these data indicate 

that the de novo PAK6 variant does not affect significantly protein function and 
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PAK6-mediated cellular processes, making this change unlikely to play a major 

role in the patient’s phenotype. Functional analysis conducted on the other two 

candidate genes indicated as probably causative a missense mutation in the 

CHRNA6 gene, encoding the α6 subunits of nicotinic receptors (Martinelli et al., in 

preparation).          

 On the contrary, the integrity of LRRK2-Roc domain is required to support 

the interaction with PAK6. LRRK2-Roc and PAK6-CRIB – a small peptide located 

in the N-terminal region of PAK6 – were mapped as the interface mediating the 

binding (Civiero et al., 2015). Indeed, data from SPR suggest that the R1441C 

mutation, but not the Y1699C, weakens the interaction. However, these results 

refer to the isolated Roc-COR fragments. The limited yields that can be reached 

when purifying full-length LRRK2 make SPR unsuitable to calculate the KDs for all 

the mutants, due to the high amount of material required. On the other hand, we 

managed to calculate a KD value for full-length, WT-LRRK2, which has been 

extremely informative. The 10-fold increase in affinity with the entire protein as 

compared to the Roc-COR bidomain suggests that other portions of LRRK2 

participate in stabilising the binding. This idea is corroborated by the compactness 

of LRRK2 structure, as highlighted by the fine model provided by Guaitoli and 

colleagues and confirmed by subsequent studies (Guaitoli et al., 2016; Sejwal et 

al., 2017).          

 Confirmation of the data from SPR in a more physiological system is 

mandatory. One possibility we are currently setting up to further verify that the 

R1441C mutation is impacting on the interaction is to apply the CETSA technique 

to a fully endogenous system. In particular, we aim to compare the denaturation 

curve of PAK6 in WT, KO and R1441C mouse embryonic fibroblasts (MEFs). In 

this case, we selected MEFs because i) we are able to directly derive them from 

the mice, without the need to knockdown or transfect mutant LRRK2 and ii) they 

express reasonable amounts of PAK6. We expect to observe an increase of Tagg50 

in the WT sample as compared to KO, since interactions tend to slow down the 

aggregation process, while the R1441C mutant should display an intermediate 

behaviour. This method is an indirect but elegant way to demonstrate that the 

binding between LRRK2 and PAK6 is impaired in presence of the R1441C 

mutation. Importantly, if future experiments confirm that variations in the R1441 
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residue are associated with a reduced interaction also in a cellular context, we 

predict that PAK6 should no longer be able to rescue the neurite shortening 

phenotype, which has been reported also for mutations in the Roc domain of 

LRRK2 (Lavalley et al., 2016). 
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General discussion 
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12.   General discussion 

 

In this work, we focused on the Roc/GTPase domain of LRRK2, since a 

comprehensive overview of the intra- and extra-molecular mechanisms of 

regulation of the protein and the signalling pathways it mediates is mandatory in 

order to fully predict the consequences of therapeutically targeting LRRK2. 

Moreover, since Roc itself displays an enzymatic activity – that can influence the 

kinase (Taymans et al., 2011; Biosa et al., 2013) – and it also operates as a 

signalling platform, it constitutes per se an intriguing target for drug discovery. The 

characterisation of the RAW264.7 cell lines from the MJFF corroborated previous 

findings from the literature, suggestive of an instability of T1348N-Lrrk2, with 

consequences on kinase activity and on its ability to form dimers (reviewed in 

Nguyen and Moore, 2017). Here, for the first time with endogenous proteins, we 

confirmed reduced steady-state levels of Lrrk2 when GTP/GDP binding is 

genetically eliminated, and tried to understand the mechanistic basis of the 

process. One possibility is that the GTP-binding deficient T1348N mutation, 

located in a key residue in the active site of the GTPase core, affects Lrrk2 

folding, either structurally or due to the lack of binding with key ligands (e.g. 

nucleotides) or protein partners. The CHX treatment did not reveal gross changes 

in the half-life of T1348N-Lrrk2 compared to WT in our experimental conditions, 

suggesting that the pool of T1348N-Lrrk2 that is maintained by the cell essentially 

behaves similarly to its WT counterpart. This might imply that the remainder, large 

population of T1348N-Lrrk2 molecules is either very rapidly degraded by the 

stress pathways dealing with unproperly folded proteins (e.g. the unfolded protein 

response in the ER – Almanza et al., 2018) or re-distributed in different cellular 

compartments, such as insoluble inclusion bodies. Further experiments are 

required to shed light on the cellular mediators of T1348N-Lrrk2 instability.  

 In support of the requirement of Roc integrity for the proper function of 

LRRK2, the pathological R1441C mutation impairs the binding with PAK6, an 

interactor of GTP-bound Roc (Civiero et al., 2015). In contrast, this is not 

happening in the presence of a putative parkinsonism-causing substitution in a 

neutral position of PAK6 sequence, namely S236L.      
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 The data obtained by analysing postnatal brain expression in WT versus 

BAC-G2019S support the idea of a negative regulation operated by Lrrk2 on Pak6 

levels. BAC-G2019S mice overexpress a hyper-active form of murine Lrrk2, 

therefore this phenotype might depend on the overexpression, on the increase in 

kinase activity, or both. In case this is a kinase-dependent phenotype, we expect 

to confirm it in G2019S-Lrrk2 KI mice, as well as in R1441C-Lrrk2 KI models, 

given that LRRK2-Roc mutants also display an increase in kinase activity (Steger 

et al., 2016). As previously mentioned, neurons cultured from these mice exhibit a 

peculiar neurite shortening phenotype (MacLeod et al., 2006; Sepulveda et al., 

2013; Civiero et al., 2017b), which might be partially explained by the reduction in 

Pak6 levels. Of note, we were able to rescue the reduction in neurite length and 

complexity in BAC-G2019S primary neurons through overexpression of PAK6, via 

a 14-3-3 -mediated pathway (Civiero et al., 2017b). It will be now important to 

understand whether and to which extent the ability of PAK6 to restore a functional 

network is affected as a consequence of the impaired interaction with Lrrk2 in 

R1441C models. In general, given the protective role of PAK6 toward mutant 

LRRK2, we hypothesise that increasing PAK6 kinase activity may represent an 

appealing therapeutic target worth exploring. Supporting our extensive 

observations made with PAK6/Pak6, a recent study showed that expression of a 

constitutively active form of the homologous kinase Pak4 protects from DA neuron 

loss in the 6-hydroxydopamine (6-OHDA) and α-syn rat models through the 

CRTC1-CREB pathway (Won et al., 2016). Future studies addressing whether 

PAK6 activity ameliorates PD-associated neurodegeneration will conclusively 

prove or disprove this hypothesis. 

In conclusion, after fifteen years of research on LRRK2, the molecular 

mechanisms that underlie toxicity and potentially initiate neurodegeneration start 

to be uncovered in greater detail. Despite some dearth of knowledge regarding 

certain biochemical and cellular aspects of LRRK2-PD, research progresses at a 

rapid pace, preparing the ground for exciting advances in the therapeutic 

management of one of the most common neurodegenerative movement 

disorders. 
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