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Foreword

This volume represents a comprehensive compilation of up-to-date knowledge on 
LRRK2 biology and its link to Parkinson’s disease (PD), written by authorities in the 
field.

The connection between LRRK2 and PD, of course, starts from genetics. 
Monfrini and di Fonzo go into exhaustive detail in systematically analyzing the 
multitude of published studies in various ethnic backgrounds. They categorize the 
nucleotide changes into definitely pathogenic, possibly pathogenic, and risk factor 
variants. They make the important points of incomplete penetrance, the link to spo-
radic disease, and the variable neuropathological picture, in which the only unifying 
feature is the nigral neurodegeneration. They conclude with recommendations for 
genetic testing that have to be highly individualized and adjusted to the specific 
ethnic background.

Kestenbaum and Alcalay pick up the torch and delve more deeply into the clini-
cal aspects of LRRK2-associated PD. There are inconsistencies in the published 
literature, but LRRK2-associated PD is largely indistinguishable clinically from the 
idiopathic form; some subtle differences may exist, however, for example, with less 
olfactory dysfunction and possibly cognitive deficits reported in LRRK2 carriers. It 
is interesting that there is substantial variability in the clinical phenotype, even 
among carriers of the same mutation. The important point is made that such vari-
ability may depend in part on the variable involvement of extranigral regions, which, 
in turn, may relate to the neuropathological correlate of synucleinopathy. In any 
case, the fact that clinically LRRK2-associated PD is so similar to the sporadic 
condition underscores its relevance to the study of PD at large.

Several key functions of LRRK2 are regulated by its phosphorylation status, 
including its dimerization, interactions with other proteins such as 14-3-3, and its 
turnover. Nichols introduces a comprehensive review of this process, focusing in 
particular on the potential enzymes that regulate this phosphorylation and the inter-
play between phosphorylation and ubiquitination; this interplay provides a potential 
link between phosphorylation and dephosphorylation of LRRK2 to its degradation. 
The complicated relationship of particular PD-associated mutants with kinase 
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 activity and phosphorylation at specific sites is analyzed in detail, providing links to 
the disease which may form the basis of targeted therapies.

Nguyen and Moore provide a comprehensive review of the importance of LRRK2 
GTPase activity. They review the evidence that this activity, mediated by the corre-
sponding Roc-COR tandem domain, is closely linked to both physiologic and path-
ological effects of LRRK2, in part through modulation of LRRK2 kinase activity. 
Given the accumulating evidence that the relevant domain is important for mutant 
LRRK2 pathogenic effects, there is an opportunity of targeting GTPase activity as a 
therapeutic strategy in PD.

Manzoni and Lewis discuss the evidence that LRRK2 modulates autophagy 
pathways. Indeed, multiple studies have shown an association of LRRK2 overex-
pression or downregulation with an alteration in macroautophagy or chaperone- 
mediated autophagy indices. However, the direction of the effect is quite variable, 
depending on the study, and the molecular pathway involved has not been identified. 
Consequently, a unifying picture regarding the reciprocal relationship of LRRK2 
and autophagy has not yet emerged. Identifying this link and its mechanistic under-
pinnings may be very important in tying LRRK2 with other PD-associated proteins, 
which may also relate to autophagy.

In addition to the regulation of LRRK2 dimerization by its phosphorylation, the 
GTPase activity of LRRK2 is also closely linked to this process, which is the subject 
of the chapter by Civiero, Russo, Bubacco, and Greggio. The ROC domain of 
LRRK2, as in other Roco proteins, is essential for dimerization, and dimerization 
influences GTPase activity. Dimerization appears to occur in a cellular context in 
conjunction with altered localization close to membranes and is associated with 
enhanced LRRK2 activity. Such data suggest the possibility that inhibiting LRRK2 
dimerization may have therapeutic potential.

The physiologic and pathological relationship of LRRK2 to the immune system 
is reviewed by Dzamko. Cells of the adaptive and innate immune system, in particu-
lar under proinflammatory conditions, express LRRK2, which appears to have a 
physiologic role in inflammatory responses. This may be quite relevant not only to 
Parkinson’s disease but also to other disorders of the immune system. Indeed, 
genetic evidence exists linking LLRK2 polymorphisms to inflammatory bowel dis-
ease and to susceptibility to leprosy. The mechanisms that may underlie such links 
are succinctly reviewed, and aspects of immune responses and LRRK2 intracellular 
effects are touched upon, which may be context-dependent. This aspect of LRRK2 
biology may be very important not only as a therapeutic target but also when con-
sidering LRRK2-targeted therapies, as one has to bear in mind potential untoward 
side effects in the immune system.

Taymans reviews the complicated issue of the multiple phosphorylation sites 
present on LRRK2 and their regulation by phosphatases, highlighting the role of at 
least one, PPA1, in heterologous phosphorylation in the ANK-LRR interdomain 
region. Other phosphatases are likely to regulate other heterologous but also auto-
phosphorylation events, and this deserves further study. Such knowledge is essen-
tial, as PD-associated LRRK2 mutants display in general altered phosphorylation 
status at the various sites compared to the WT protein, while the employed kinase 
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inhibitors lead to general hypophosporylation of LRRK2. In this context, LRRK2 
phosphatases may be important as therapeutic targets and biomarker indices.

In the final section of this volume, the chapters focus on neurotoxic mechanisms 
of mutant LRRK2, modeling this as well as basic LRRK2 functions in different 
in  vivo settings, and potential therapeutic strategies to reverse LRRK2-mediated 
neurodegeneration. First, Xiong, Dawson, and Dawson go on to review the available 
LRRK2 animal models. They describe in great detail the models developed in vari-
ous organisms, mainly Drosophila, C. elegans, mice, and rats. The overarching con-
clusion is that LRRK2 knockout leads to no discernible effects on the dopaminergic 
system, although it may have some impact on nonneuronal tissues. In contrast, over-
expression of mutant forms of LRRK2 in some models leads to dopaminergic neu-
rodegeneration, supporting a gain of function toxic effect that may depend on both 
cell-autonomous and non-cell-autonomous mechanisms.

Rideout and Re go on to dissect the relationship between mutant LRRK2 and cell 
death pathways. Such a relationship may underlie the neurotoxic effects seen upon 
mutant LRRK2 overexpression in various cell culture systems. Rideout and Re 
review studies that have linked LRRK2 to both the extrinsic and, more recently, the 
intrinsic apoptotic cell death pathways and suggest a link to necroptosis. This latter 
link derives from the potential functional homology of LRRK2 to RIP kinase pro-
teins and, in particular RIP1 and RIP3, components of the necroptosis pathway. 
Although the idea that mutant LRRK2 may trigger cell death through necroptosis is 
just a hypothesis, it is an intriguing one. Non-cell-autonomous processes mediating 
various forms of neuronal death through microglial cells may also come into play 
and complicate the picture even further. Assuming direct links between pathological 
LRRK2 and components of the cell death machinery, such links may be therapeuti-
cally tractable.

The aforementioned link of LRRK2 to autophagy may play a particular role in 
its relationship with α-synuclein, the other major protein involved in autosomal 
dominant PD and in Lewy body formation. Daher goes over this and other possible 
mechanisms through which this interrelationship may occur, placing major empha-
sis on inflammation and vesicular trafficking, as well as on the particular brain 
region studied, in order to disentangle the discrepancies that exist in the literature. 
In part through Daher’s own work in the lab of Andy West, evidence suggests that 
LRRK2 proinflammatory effects mediate dopaminergic neurotoxicity induced by 
α-synuclein. Deciphering the pathway that connects these two molecules will be a 
very important goal for future studies.

In his chapter discussing the toxic effects of LRRK2, Cookson argues that the 
unifying feature that ties all alterations in LRRK2 to PD, be they point mutations, 
risk factors, or GWAS hits, is the fact that they lead to increased signaling of the 
molecule and, therefore, to a toxic gain of activity of the WT protein. Some linger-
ing inconsistencies in this all-encompassing view are, however, pointed out, sug-
gesting that excessively low LRRK2 levels may also be detrimental. Cookson 
suggests that the underlying effects are mediated in both neuronal and nonneuronal, 
and in particular microglial, cells, likely consisting of modulation of vesicular 
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dynamics or the cytoskeleton. This conceptual framework ties together neatly vari-
ous aspects of LRRK2 pathobiology.

The many issues that have hampered the development of inhibitors of LLRK2 
kinase activity, despite intense ongoing activity, are reviewed by Hatcher, Choi, 
Alessi, and Gray from a chemical perspective. Chemical structures and molecular 
models of the compounds are presented. Selectivity of the developed compounds in 
relation to other kinases; stoichiometry; ability to target LRRK2 mutants; on-target 
undesired effects, mainly in the lung; and brain penetration form only a part of the 
considerations that have to be addressed in each case. Furthermore, there has been 
a difficulty in assessing biological effects, due to the, up till recently, paucity of 
identification of biologically relevant LRRK2 substrates. Despite this, selective 
compounds with prospects of clinical development are beginning to emerge.

Overall, the chapters in this volume provide a rich source of information on most 
current aspects of LRRK2 biology, presented in a critical fashion by leaders in the 
field. Every chapter ends with future perspectives, such that the reader will get a 
sense not only of current knowledge but also of the major questions that lie ahead 
and will occupy the field for years to come. It is hoped that such insights will soon 
enable LRRK2-based therapeutics to be applied to the clinical setting.

Leonidas Stefanis
Professor of Neurology and Neurobiology  

University of Athens Medical School  
Director, 2nd Department of Neurology  

Hospital Attikon, Athens, Greece
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Preface

The PARK8 locus on chromosome 12, identified from linkage analyses of a large 
Japanese family with individuals from multiple generations diagnosed with the pro-
gressive neurodegenerative disorder Parkinson’s disease (PD), was first reported in 
2002 by Funayama and colleagues. It was not until two years later that independent 
groups led by A. Singleton and T. Gasser cloned the responsible gene within this 
locus known as leucine-rich repeat kinase 2, or LRRK2. Typically, PD develops 
sporadically with the greatest risk factor being age. However, for approximately 
10% of cases, a classical Mendelian inheritance with both autosomal dominant and 
recessive transmissions is present. The six clearly pathogenic single amino acid 
substitutions that are causative for PD collectively comprise the most frequent 
genetic causes of PD, with the most common mutation being Gly2019Ser.

The protein encoded by the LRRK2 gene is a large 2527 amino acid multi- 
domain protein comprised of several well-defined protein interaction domains as 
well as a Ser/Thr kinase domain and a small GTPase-like domain (ROC; Ras of 
complex proteins). The kinase and GTPase domains are interrupted by a COR 
(C-terminal of ROC) domain characteristic of the ROCO protein family. Likewise, 
the domain structure and kinase domain in particular of LRRK2, and the related 
LRRK1, bear significant similarity to the receptor-interacting protein kinase (RIPK) 
family. Clearly, its complex domain structure and widespread expression, including, 
in addition to the brain, high levels in the kidney and lung as well as circulating 
immune cells, predicts a wide range of cellular functions and activities. In the short 
period of time since its identification, our understanding of LRRK2 biology, as well 
as our tools to investigate its function, is rapidly evolving. Historically, only the 
G2019S mutant form of LRRK2, when overexpressed in cell lines, would exhibit a 
significant alteration in kinase activity, displaying approximately two- to fivefold 
increases in autophosphorylation or, later on, phosphorylation of model peptide 
substrates. Multiple studies of the remaining pathogenic LRRK2 mutations reported 
mixed effects on kinase function. Recently, however, multiple members of the large 
Rab GTPase family of proteins were identified as true physiological phospho- 
substrates of LRRK2; and strikingly, virtually all of the pathogenic LRRK2 mutants, 
as well as several risk factor variants, show elevated phosphorylation of these 
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 substrates. While this represents an important step in our understanding of LRRK2 
function, what is still lacking is a better understanding of how mutations in LRRK2 
alter its function in such a way, in what cell types, and in response to what external 
stimuli that results in the progressive loss of dopamine neurons of the substantia 
nigra pars compacta—the neurodegenerative hallmark underlying the motor symp-
toms of PD. With a prominent focus on its role in PD, but always in the larger con-
text of a broader range of activities of LRRK2, this book was envisioned to provide 
a window into the current state of understanding of this complex protein by some of 
the leaders in the field of LRRK2.

In Part I, we begin with discussions of the genetic and clinical considerations of 
LRRK2-associated PD, with contributions by Di Fonzo and colleagues and Alcalay 
and colleagues, respectively. In a gene of this size, there are, expectedly, dozens of 
sequence variants that show varying degrees of association with developing 
PD. However, relatively few such mutations, located primarily within the central 
ROC-COR-kinase signaling core of the protein, demonstrate clear pathogenicity. 
Even among carriers of those specific mutations, there is considerable variability in 
the penetrance across different ethnic backgrounds. Despite this, the clinical fea-
tures of LRRK2-associated PD are remarkably similar to the much more common 
idiopathic manifestation of the disease; however, some important clinical and path-
ological differences have been reported among the distinct mutations, including 
altered progression of motor symptoms as well as the absence of classical Lewy 
body-like inclusions in some cases.

LRRK2 possesses an extraordinarily broad range of cellular functions, dictated 
not only by its expression in specific cell types but also by a complicated and coor-
dinated regulation of its activity. This aspect of LRRK2 biology is covered in detail 
in Part II of the book. One regulatory mechanism occurs via the phosphorylation of 
LRRK2, by itself and other kinases, at multiple domains throughout the protein 
(discussed in the chapter by Nichols). This is in turn kept in check via the action of 
specific cellular phosphatases (Taymans). While the kinase activity of LRRK2 has 
received considerable attention in terms of substrate profiling, its requirement for 
neurodegeneration, and the obvious opportunity for targeted therapeutic strategies, 
our understanding of the GTPase function of LRRK2, in terms of its reciprocal 
regulation of kinase activity as well as its activity underlying the pathological effects 
of mutant LRRK2, is rapidly increasing. This is discussed in detail in the chapter by 
Moore and colleagues. One of the earliest systems shown to be affected by LRRK2 
function, or dysfunction, is autophagic/lysosomal protein degradation. Interestingly, 
as is the case for many proteins, including another dominantly inherited gene linked 
to PD, α-synuclein, in addition to being degraded in part through by the autophagic 
machinery, LRRK2 (particularly mutant forms of the protein) can also modulate the 
activity of multiple forms of autophagy (Lewis and colleagues).

An important regulatory protein interacting with LRRK2 is 14-3-3. It binds to a 
cluster of phosphorylated residues located in the N-terminal region of the protein. 
While the phosphorylation of these residues is dependent upon LRRK2 kinase 
activity, pharmacological inhibition leads to dephosphorylation at these sites; they 
are not true autophosphorylation sites within LRRK2. Multiple other kinases, 
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downstream of LRRK2 activity, have been identified that can phosphorylate these 
residues. The phospho-dependent binding of 14-3-3 at these sites appears to play a 
critical role in the subcellular localization of LRRK2. Upon dissociation, LRRK2 
redistributes into discrete filamentous structures of unknown function, similar to 
those seen upon overexpression of certain mutant forms of LRRK2. Although it 
remains unclear what the composition of these structures is, there is strong evidence 
supporting the existence of LRRK2 in a dimeric state. Further, it is believed that, at 
least in terms of kinase activation, the LRRK2 dimer is the active conformation. A 
comprehensive review of the evidence, and implications, of LRRK2 dimer forma-
tion is provided in the chapter by Greggio and colleagues. Beyond its role in neuro-
degeneration, LRRK2 plays an important role in many other pathways as well as a 
result of its prominent activity in the immune system (Dzamko).

The final section of the book focuses on modeling LRRK2 neurodegeneration, 
the potential links to other PD-related proteins, the mechanisms of neurotoxicity 
and cellular implications of LRRK2 dysregulation, and efforts to develop therapeu-
tically viable inhibitors of LRRK2 activity. Despite the generation of many in vivo 
models of mutant LRRK2 overexpression, including traditional transgenic models, 
BAC transgenic lines, and knockin lines expressing mutant LRRK2, as well as viral 
models, the plurality of in vivo models fails to show evidence of a progressive loss 
of dopaminergic neurons (Dawson and colleagues). That is not to say that gains 
have not been made from these efforts; far from it. Using specific promoters, or viral 
vector approaches, the progressive degeneration of dopaminergic neurons can be 
elicited by overexpression of mutant forms of LRRK2; and other neuronal patholo-
gies have been reported in lines even in the absence of neuronal loss. Conversely, 
clues to the function of LRRK2 have been discerned from knockout models in non-
neuronal tissues; and its important interaction in the neurodegenerative phenotype 
triggered by α-synuclein overexpression or inflammatory insults (Daher) has been 
discovered in LRRK2-deficient rats. This is highlighted by the critical discussion of 
non-cell-autonomous effects of LRRK2, as well as its role in vesicular trafficking 
(Cookson). While the nature of cell death observed in isolated neuronal cell models 
of LRRK2 neurodegeneration appears to be apoptotic, whether the same is true at 
the systems level remains to be seen. The similarity of LRRK2 to the RIP kinase 
protein family and its interaction with, and activation of, extrinsic death pathway 
components raise the possibility that other modes of cell death may contribute to the 
loss of neurons in PD (Rideout). Finally, the book closes with a discussion of the 
efforts to develop small molecule inhibitors of LRRK2 kinase activity that could 
potentially be utilized in the clinic (Gray and colleagues). Multiple cellular and 
in vivo models indicate that mutant LRRK2-induced neuronal death is dependent 
upon its kinase activity, although the substrates of this activity linked to cell death 
remain unknown. These efforts, both academic- and industry-wide, have resulted in 
the discovery of ever more potent and selective inhibitors of LRRK2 kinase activity 
that are currently being evaluated in safety studies.

This book would not be possible without the time and effort of the contributing 
authors. I am personally grateful for their generosity, support, and enthusiasm for 
this project. I would also like to acknowledge the publisher Springer-Nature and 
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especially would like to thank Simina Calin and Jeffery Taub for their support and 
guidance. It is my hope and belief that this book will serve as an in-depth introduc-
tion and snapshot of the current state of the art in LRRK2 biology and, as high-
lighted in each of chapters’ discussion of future directions, will stand as a foundation 
for the next steps taken in this exciting field.

Athens, Greece Hardy J. Rideout 
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Chapter 1
Leucine-Rich Repeat Kinase (LRRK2) 
Genetics and Parkinson’s Disease

Edoardo Monfrini and Alessio Di Fonzo

Abstract The discovery of LRRK2 mutations as a cause of Parkinson’s disease 
(PD), including the sporadic late-onset form, established the decisive role of genet-
ics in the field of PD research. Among LRRK2 mutations, the G2019S, mostly lying 
in a haplotype originating from a common Middle Eastern ancestor, has been identi-
fied in different populations worldwide. The G2385R and R1628P variants repre-
sent validated risk factors for PD in Asian populations. Here, we describe in detail 
the origin, the present worldwide epidemiology, and the penetrance of LRRK2 
mutations. Furthermore, this chapter aims to characterize other definitely/probably 
pathogenic mutations and risk variants of LRRK2. Finally, we provide some general 
guidelines for a LRRK2 genetic testing and counseling. In summary, LRRK2 discov-
ery revolutionized the understanding of PD etiology and laid the foundation for a 
promising future of genetics in PD research.

Keywords Leucine-rich repeat kinase 2 • LRRK2 • Dardarin • Parkinson’s disease 
• PARK8 • Parkinson’s disease genetics • Familial Parkinson’s disease • LRRK2 
mutations

Until the discovery of leucine-rich repeat kinase 2 (LRRK2) mutations as a genetic 
cause of Parkinson’s disease (PD), the hereditary influences on PD were limited to 
observation of rare autosomal dominant familial cases harboring highly penetrant 
SNCA (alpha-synuclein) mutations and juvenile or young onset autosomal recessive 
forms carrying PRKN, PINK1, and DJ-1 mutations. This scenario was more sugges-
tive of a minor role played by genetic factors in PD, especially considering the com-
mon sporadic late-onset form. The innovative finding of LRRK2 low penetrant 
mutations in common forms of PD revolutionized this outdated view.

E. Monfrini • A. Di Fonzo (*) 
IRCCS Foundation Ca’ Granda Ospedale Maggiore Policlinico, Dino Ferrari Center, 
Neuroscience Section, Department of Pathophysiology and Transplantation,  
University of Milan, Milan, Italy
e-mail: alessio.difonzo@policlinico.mi.it
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 Genetic Contribution in Etiology of PD

Epidemiological studies reveal that 10–15% of PD have a positive familial history 
for the disease, while the majority of cases are sporadic. Through linkage analysis 
and positional cloning approaches, five genes have been definitely implicated in the 
etiology of PD. Mutations in the SNCA [1, 2], LRRK2 [3, 4], and VPS35 [5, 6] genes 
cause autosomal dominant forms, whereas mutations in the PRKN [7], DJ-1 [8], and 
PINK1 [9] genes cause autosomal recessive forms of PD. Furthermore, mutations in 
the ATP13A2 [10], PLA2G6 [11], FBXO7 [12, 13], DNAJC6 [14], and SYNJ1 [15] 
have been reported as rare causes of early-onset parkinsonism with atypical clinical 
features which might be mechanistically distinct from classical PD. Finally, muta-
tions in UCH-L1 [16], Omi/HtrA2 [17], GIGYF2 [18], EIF4G1 [19], and DNAJC13 
[20] genes have also been described in PD cases, but their role in the disease remains 
uncertain. Another three PD loci have also been mapped (PARK3, PARK10, 
PARK12, PARK16) [21–23], but the defective genes remain unknown (Table 1.1).

Table 1.1 List of loci, genes, patterns of inheritance, and clinical presentations of genetic forms 
of Parkinson’s disease

Locus Gene Chromosome Inheritance Clinical presentation

PARK1-4 α-Synuclein 4q21 AD PD, Lewy body dementia
PARK2 PRKN 6q25.2-27 AR Early-onset PD
PARK3 Unknown 2p13 AD Typical PD
PARK5 UCH-L1a 4p14 AD Typical PD
PARK6 PINK1 1p36 AR Early-onset PD
PARK7 DJ-1 1p36 AR Early-onset PD
PARK8 LRRK2 12q12 AD Typical PD
PARK9 ATP13A2 1p36 AR Early-onset parkinsonian– 

pyramidal syndrome with  
dementia

PARK10 Unknown 1p32 Unknown Typical PD
PARK11 GIGYF2a 2q36-37 AD Typical PD
PARK12 Unknown Xq21-q25 Unknown Typical PD
PARK13 Omi/HTRA2a 2p12 Unknown Typical PD
PARK14 PLA2G6 22q AR Adult-onset 

dystonia-parkinsonism
PARK15 FBXO7 22q AR Early-onset parkinsonian-

pyramidal syndrome
PARK16 Unknown 1q32 Unknown Typical PD
PARK17 VPS35 16q11.1 AD Typical PD
PARK18 EIF4G1a 3q27.1 AD Typical PD
PARK19 DNAJC6 1p31.3 AR Early-onset PD atypical
PARK20 SYNJ1 21q22 AR Early-onset PD atypical
PARK21 DNAJC13b 3q21.3-q22.2 AD Typical PD
PARK22 CHCHD2a 7p11.2 AD Typical PD
PARK23 VPS13C 15q22.2 AR Early-onset PD atypical

aNot confirmed by other studies
bNeeds confirmation by independent studies
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In addition to the Mendelian forms of PD, genetic risk factors for the disease 
have been investigated in several candidate genes and, more recently, in genome- 
wide association studies [24]. With the exceptions of SNCA, microtubule-associated 
protein tau (MAPT), and HLA region [25–32], none of the loci reported have so far 
been convincingly replicated in independent studies.

Another exception is represented by the glucocerebrosidase gene (GBA) involved 
in a recessive neurometabolic disease (Gaucher’s disease). Screening of PD patients 
for GBA mutations showed a higher number of heterozygous mutations carriers as 
compared to healthy controls. Mutations have been found in about 2–4% of 
Caucasian PD patients and less than 1% of controls [33].

 The LRRK2 Gene: Mapping and Cloning

Although the discovery of mutations in the SNCA, PRKN, PINK1, and DJ-1 genes 
clearly contributed to our understanding of the pathogenesis of PD, they were iden-
tified in a limited number of PD cases, often with early-onset or pathologically 
atypical features.

A new locus for PD, termed PARK8, was identified in a large family with auto-
somal dominant PD, known as the “Sagamihara family” from the region in Japan 
where the family originated from [34]. The clinical features in affected individuals 
of the kindred were reported to resemble very closely classical PD, with an average 
of symptoms onset at 51 ± 6 years. A pattern of “pure nigral degeneration” without 
Lewy bodies (LB) was found at autopsy in six PD patients examined, another  carrier 
of the disease haplotype developed multiple system atrophy type P-like pathology, 
and one showed classical LB pathology [35]. In this family, a genome-wide linkage 
scan yielded significant evidence for linkage of PD to the centromeric region of 
chromosome 12 (12p11.2-q13.1). The haplotype analysis suggested an incomplete 
penetrance of the mutation [34, 35]. In 2004 the linkage to PARK8 was confirmed 
in two Caucasian families, “family A” (a German–Canadian kindred) and “family 
D” (from Western Nebraska) with dominantly inherited neurodegeneration [36], 
and thereafter in several Basque PD [37] families suggesting PARK8 to be a rela-
tively common locus and refining the critical region. A wide clinical–pathological 
spectrum was shown in these families, including typical PD but also dementia and 
amyotrophy, diffuse LB and tau pathology, nigral degeneration without inclusions, 
and atypical, ubiquitin-positive inclusions [38].

In 2004 two independent groups, by positional cloning, identified mutations in a 
gene at that time annotated as DKFZp434H2111, which cosegregated with PD in 
several PARK8-linked pedigrees [3, 4]. The gene was renamed LRRK2 (leucine-rich 
repeat kinase 2) and the encoded protein LRRK2 or dardarin (from the Basque term 
dardara, meaning tremor, since resting tremor was a consistent clinical feature of 
the Basque patients who carried LRRK2 mutations).

Subsequently, early in 2005, several groups identified a single LRRK2 mutation 
(c.G6055A) leading to a G2019S substitution in the encoded protein, which was 
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present in familial and sporadic PD with unprecedented high frequency [39–42]. 
The following years have seen an explosion of research into the LRRK2 gene in PD 
and related disorders. The I2020T mutation was detected as the cause of disease in 
the original “Sagamihara family” [43].

 The G2019S Mutation

 Prevalence of G2019S Across Populations

G2019S is particularly important among the PD-causing mutations in LRRK2. This 
mutation was identified by several groups as a common cause of the disease, being 
detected initially in ~5–6% of large cohorts of familial PD in Europe and the USA 
[39, 41] and in ~1–2% of sporadic PD from the UK [40]. Due to the unprecedented 
high frequency in familial and late-onset classical parkinsonism, which in the past 
would have been identified as “idiopathic PD,” this specific mutation has been 
extensively studied worldwide (Fig. 1.1).

So far, large screenings revealed that the frequency of G2019S is population 
specific. The G2019S mutation has been reported at the highest frequency (up to 
37%) among familial PD cases of North African descent and in familial Ashkenazi 
Jewish patients (23%) [44, 45]. Similar frequencies were replicated in independent 
studies on PD cases from Tunisia [46–48] and in Ashkenazi Jews [48–51]. 
Remarkably, the frequency of this mutation was considerably high among sporadic 
cases (41% North Africans and 13% Ashkenazi Jews) and rarely identified in healthy 
controls too (3% North Africans and 1.3% Ashkenazi Jews). Other studies reported 
the presence of the G2019S among 1–2% of healthy North Africans, Ashkenazi, and 

Fig. 1.1 Rough estimates of worldwide G2019S prevalence in PD patients (familial and 
sporadic)
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Sephardic Jewish subjects [49, 50, 52, 53]. So far the G2019S mutation has not been 
found in sub-Saharan Africans, with exceptions of South Africans where the 
mutation was present in subjects with European and Jewish ancestry only [54–57]. 
Little is known about the prevalence in Middle Eastern populations. G2019S is rare in 
Turkey [58] and has not been identified so far in Yemenite Jews [51] and in Iran [59].

In Western Europe there is a south–north gradient of frequency. The G2019S is 
found in 9–16% of familial and 3–4% of sporadic PD patients in Portugal [60, 61]; 
it accounts for 6–16% of familial and 2–6% of sporadic PD in different regions of 
Spain: Catalonia [62], Cantabria [63, 64], Asturias [65], Galicia [63], and Basque 
regions (patients without Basque ancestry) [66], while it is less common in patients 
of Basque origin (1–2%) [66].

In Italy, the G2019S mutation has been reported up to 6–7% of familial and 
~1–2% of sporadic cases [39, 67–71]. Similarly, in France the mutation accounts for 
~3.5% of familial and ~1.9% of sporadic cases [44, 72–75]. Two independent 
screening in Sardinians, an isolated population, reported a frequency of ~1.5% in 
both familial and sporadic cases [76, 77]. Interestingly, the mutation that appeared 
to be common in the western Mediterranean basin is instead very rare in Greece and 
Crete [78–81].

A slightly lower frequency was reported in UK screenings of PD patients of 
Caucasian ethnicity (2.5% familial and 0.3–1.6% sporadic) [40, 82, 83] and also in 
populations of Celtic and Baltic origin (Ireland 1.1% of familial PD [42, 84], 
Norway ~1.5% of familial PD [85], and Sweden 1.4% of sporadic cases [86]). 
Mutation analyses in more than 300 familial and 1200 sporadic PD in Germany sug-
gested a very low frequency of this mutation (0.8% of familial cases [87, 88] 0.2–
0.9% of sporadic) [87–89], as well as in Belgium [90], the Netherlands [91], 
Denmark [92], and Austria [93].

In Poland, Serbia, Hungary, Czech Republic, and Slovakia, the G2019S appeared 
to be rare (or found in a single subject) [87, 94–98]. On the contrary, four studies 
have been performed in Russia, where the mutation accounts for 4–7% of familial 
and 1% of sporadic cases [99–102]. However, subjects were included from a mixed 
ethnic background, since at least two PD families and one sporadic case reported 
their ethnic origin as Ashkenazi Jews [101].

An analogous observation can be done when analyzing patients from the USA, 
where the frequency of the G2019S in Caucasian PD reaches 2–3.5% in familial and 
0.5–1.6% in sporadic cases [46, 49, 103–109]; it seems to be rare among American 
Indians and Afro-Americans (but the sample size for these two ethnic groups is still 
insufficient to make firm conclusions) [108, 109], whereas it was reported to be 
higher when patients of Ashkenazi Jewish ancestry were included [49]. In Canadian 
PD patients, the G2019S is rare/absent [110, 111].

Four different populations of South America, where the Spanish, Portuguese, 
and Italian ethnic backgrounds are strong, have been studied for this mutation. In 
Uruguay [112], Chile [113], and Argentina [114], G2019S accounts for 3.5–5.5% of 
familial and 2.9–4.2% of sporadic cases. The 5.45% of a PD cohort from Argentina 
was found to carry the mutation, all of them being of Jewish ancestry. While in Peru, 
the G2019S appears to be rare [112]. Controversial results came from large screening 
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in Brazil (from 3 to 6.8% in familial and 0 to 1.7% in sporadic cases), probably due 
to the high degree of ethnic heterogeneity within the study cohorts [115–117].

G2019S is rare/absent among Chinese patients with familial and sporadic PD 
[118–121], as well as in Korea [122, 123] and in India [121, 124]. So far, only three 
patients have been reported with this mutation in Japan (0.7% of sporadic cases) 
[48, 125].

Finally, the mutation is present in Australia, among PD patients with European 
ancestry (2–6% of familial, 0.4% of sporadic PD) [126, 127], while it has not been 
identified in Australian Aboriginal.

Taken together, these data show that a single LRRK2 mutation represents the 
most frequent known genetic determinant of PD.  The frequency of the G2019S 
mutation varies widely across populations, indicating that ethnicity is an important 
factor. For some populations, independent studies on the prevalence of the mutation 
are already available, and often, the reported results are consistent. These observa-
tions imply that most neurologists who treat patients with movement disorders will 
see patients with LRRK2-related PD that may be addressed to genetic testing. This 
estimation could be even higher if we include the other LRRK2 definitely patho-
genic mutations.

 Origins of the G2019S Mutation

So far three different haplotypes have been identified in patients carrying the 
G2019S mutation.

 Haplotype 1

The first studies on unrelated carriers of the G2019S of European or Middle Eastern–
North African origin revealed that all shared the same haplotype, consistent with a 
common founder [42, 44, 45, 70, 128, 129].

Subsequently, the same haplotype has been identified among subjects carrying 
the G2019S mutation from Italy (independent subset) [71], France [47], Germany 
[87], Russia [99] Sardinia [76, 77], Spain [65], Portugal [61, 70], Brazil [70], Chile 
[113], Uruguay and Peru [112], and Australia [126].

According to a general rule in population genetics, the geographic center of the 
origin of a mutation corresponds to the area where that mutation is most frequent 
[130]. The highest prevalence of the G2019S mutation has been reported in Berbers 
[52], followed by North African Arabs, Ashkenazi, and Sephardic Jews. The fre-
quency data combined with the identification of a common haplotype among these 
populations support the hypothesis that the mutation of haplotype I originated in 
North Africa or in the Middle East and then spread to other countries following the 
patterns of migration.

E. Monfrini and A. Di Fonzo
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Further studies provided important insights on the estimated age of the common 
founder for the haplotype 1 carriers. Analyzing the haplotypes of European and 
Ashkenazi Jews [129] and Tunisian G2019S carriers [131], the age estimated of the 
common ancestor (using the 30-year intergeneration interval) was 2250 (95% CI 
1650–3120) and 3120 (95% CI 2340–4620) years ago, respectively. A third study, 
on Ashkenazi Jews only, estimated a more recent founder approximately 1525–
1830 years ago (150–450 A.D.) [132]. This estimation would fit with the absence of 
the G2019S in Yemenite Jews [51]. The Yemenite Jews evolved completely separate 
from all of the other Jewish populations. Most of them arrived in Yemen in the early 
second century A.D. (~160 A.D.). Finally, a multicentric study proposed a consen-
sus of haplotype 1 origin, estimating the founding mutational event in Ashkenazi 
Jews ancestors in a period ranging from 4500 to 9100 years. In this scenario, being 
the Ashkenazi Jews history more recent (at most 2000 years old), it is possible that 
the G2019S have arisen at least 4000 years ago in the Near East and then Ashkenazi 
ancestors may have kept the mutation through the different diasporas. Thereafter, 
the mutation may have been reintroduced by gene flow from Ashkenazi Jews to 
other European and North African populations [133].

 Haplotype 2

A different G2019S haplotype was identified in three families from Western Europe, 
which appeared to share a more recent founder than haplotype 1. The geographic 
origin of this haplotype is less certain [129].

 Haplotype 3

The third haplotype has been found in Japanese patients carrying the G2019S 
mutation [125]. This haplotype differs across the markers closest to the mutation, 
which would suggest an independent origin of the mutation in Japanese and 
European populations rather than a single ancient founder. Interestingly, the haplo-
type 3 has also been observed in a single sporadic Turkish patient [134]. This may 
be the result of a common ancestry (plausibly explained by the large centuries-long 
migration of the Turkic people across Central Asia) or coincidental presence of 
Japanese ancestors.

 Incomplete Penetrance of G2019S

Incomplete penetrance was already suspected for the mutations underlying the 
PARK8 locus at the time of the linkage studies. Most of the penetrance analyses 
have been performed on the frequent G2019S mutation.

1 Leucine-Rich Repeat Kinase (LRRK2) Genetics and Parkinson’s Disease

elisa.greggio@unipd.it



10

Analyses performed on Ashkenazi Jews from the USA revealed a lifetime pene-
trance of 31.8% [45]. A slighter lower penetrance (24–26% at 80 years) was esti-
mated in independent groups of US Ashkenazi Jews [49, 135].

The International LRRK2 Consortium performed a penetrance study on the larg-
est dataset of G2019S carriers. By analyzing a large sample of PD patients, they 
calculated a 28% risk of PD at 59 years, 51% at 69 years, and 74% at 79 years for 
LRRK2 G2019S carriers without differences in penetrance by sex or ethnic group 
[136]. Interestingly a penetrance study in Tunisian G2019S PD cases, after stratify-
ing by homozygous (n = 23) and heterozygous carriers, reported a penetrance con-
sistently higher in homozygotes in each age group. Considering possible biases in 
estimating penetrance only from families, this finding, if true, would indicate a gene 
dosage effect, although the age of onset was not dissimilar between the two groups 
[46]. However, subsequent studies collecting clinical data of homozygous carriers 
showed no phenotype differences between heterozygous and homozygous carriers 
ruling out a gene dosage effect [44, 137, 138].

The reduced penetrance of this frequent mutation is in keeping with the LRRK2 
G2019S being the most important genetic determinant, known so far, of sporadic 
PD. Penetrance can also be expressed in terms of risk (calculated as odd ratio) to 
develop the disease. For an Ashkenazi Jew who carries the G2019S, the risk of 
developing PD increases ~18-fold [45]. By analyzing the G2019S in North Africans, 
a lifetime odds ratio for developing PD of 48.6 (CI 11.2–211.0) [44] has been 
calculated.

Nevertheless, additional studies in different populations are warranted before 
G2019S genetic counseling can be implemented, since the precise estimation of the 
penetrance in some countries is still controversial.

Dissimilar results across the abovementioned Ashkenazi Jews from the USA and 
other G2019S carriers might be influenced by different methodological approaches 
(e.g. including only patients with both parents genotyped, excluding patients with 
GBA mutations, etc.) or by additional genetic or nongenetic factors that can act as 
modifiers.

The analysis of candidate genes involved in neurodegeneration as potential 
genetic modifiers of LRRK2 has been reported. The first to be explored was PRKN, 
since patients who simultaneously harbored PRKN mutations and LRRK2 G2019S 
have been mentioned in several studies [61, 73, 99, 139–141]. However, the clinical 
and cosegregation analysis of patients carrying heterozygous PRKN mutations and 
the G2019S revealed that the combination of the two does not influence the symp-
toms or the age at disease onset [142].

Polymorphic variations in the microtubule-associated protein tau (MAPT) have 
been proposed to be significantly associated with age of disease onset in individuals 
with LRRK2 mutations [143]. Moreover, SNCA variants have been found as deter-
minant of age of onset in G2019S carriers [144]. It is a common observation among 
neurologists of the different penetrance of LRRK2 mutations in affected families, 
implying the great importance of genetic modifiers. Further analyses, especially on 
large samples and families carrying the G2019S, are warranted to identify genetic 
factors that can act as modifiers of LRRK2 mutations.
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 The R1441 Mutational Hot Spot

The LRRK2 R1441 residue is the second most common spot of pathogenic LRRK2 
mutations, after G2019S. Three non-synonymous substitutions (R1441C, R1441G, 
and R1441H) and the synonymous R1441R have been reported in several patients.

 R1441C: The Second Most Frequent Pathogenic LRRK2 Mutation

This mutation (c. 4321C > T) represents the second known most common mutation 
of the LRRK2 gene. The R1441C was identified as causative mutation of the 
PARK8-linked “family D” (Western Nebraska) [4]. Cosegregation was reported 
also in smaller PD families from Germany [4, 87], Italy [69], Belgium [90], the 
USA [42, 145], and Iran [59]. The mutation has also been reported in a few other 
families, but additional affected relatives were not available for cosegregation anal-
ysis [62, 69, 90, 146]. The R1441C is also found among sporadic cases and has been 
reported in patients from Italy [70], Sardinia [77], Russia (Slavic origin) [100], 
China [147], and Belgium [90]. The variant was absent in large cohorts of ethnically 
matched controls (>1000 German, 530 Italian, 208 Sardinian, 400 Chinese, 178 
Belgian, and 300 American). Interestingly, the R1441C has been found to be more 
common than G2019S in southern Italy [148].

Haplotype analysis of LRRK2 R1441C carriers from 20 families of different geo-
graphical areas revealed in total four classes of haplotypes. Only for the two major 
haplotypes, the phase could be established [149]. A first haplotype was identified in 
the Italian carriers, as well as in German, Spanish, and American patients. A second 
haplotype was present in the American family D (Western Nebraska) and in Belgian 
R1441C families. A German and an Irish patient shared a third haplotype for which 
phase could not be unambiguously determined. Finally, a Chinese proband carried 
alleles that could not be assigned to any of three previous haplotype classes.

The phenotype associated with this mutation is similar to that of classic PD 
[149]. The mutation exhibits incomplete penetrance, which could explain its pres-
ence in sporadic cases, but calculations performed so far must be interpreted with 
caution as only a small number of R1441C mutation carriers have been identified 
until now.

 R1441G: A Founder Pathogenic Mutation in the Basques

The LRRK2 R1441G (c. 4321C > G) was initially described in patients with autoso-
mal dominant late-onset PD in PARK8-linked families of Basque ethnicity [3]. The 
Basques are a homogeneous ethnic group who historically were isolated by linguis-
tic and geographical barriers. The first report on the frequency of this mutation in 
Basque PD (~8% of familial cases) [3] and the absence in other large populations 
screened (except for a US patient reported to be of Hispanic descent [50]) suggested 
that this variant was population specific. Further studies investigated the prevalence 
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of this mutation in Basque. One group detected the R1441G in 16.4% and 4.0% of 
familial and sporadic Basque PD, respectively [150], while a more recent study 
reported a prevalence of 46% in familial Basque patients and 2.5% of sporadic cases 
[66]. It has also been identified at lower frequencies in patients from nearby prov-
inces in Spain who did not report Basque ancestry (6% of non-Basques living in the 
Basque countries [66], 2.7% in Asturias [151], 0.7% in Catalonia [62], two families 
from the neighboring region of Navarre, and one from La Rioja [63]), while it is rare 
in Cantabria [64]. Haplotype analysis on R1441G carriers from Basque and neigh-
borhood regions [63, 150, 152] indicates that this mutation occurred in a single com-
mon ancestor, which in one study was estimated to have lived 1350 (95% CI, 
1020–1740) years ago [152]. Since the Basque population has a history of emigra-
tion to Europe and North, Central, and South Americas, it would not be surprising 
to find isolated cases in those countries. However, a single case from Uruguay and 
a family from Japan carrying the R1441G have been reported with a different hap-
lotype than the Basque, suggesting in these cases independent mutational events 
[112, 153].

 R1441H and R1441R: Uncommon but also Likely Pathogenic

This variant, c.G4322A on LRRK2 cDNA, occurs immediately adjacent to the two pre-
viously reported pathogenic mutations, c.C4321T (R1441C) and c.C4321G (R1441G), 
resulting in a different substitution of the same amino acid residue (R1441H).

R1441H has been described in a US PD family, but only the proband and an 
unaffected sibling were available for testing [146]. It was also reported in PD fami-
lies from Crete [81], Portugal [61], and Taiwan [84], all not large enough to demon-
strate definitive cosegregation with the disease.

Haplotype analysis of the abovementioned R1441H carriers showed diversity 
suggesting a number of independent founders [154]. Subsequently, the R1441H 
mutation has been identified in two cases from Australia, both of British origin and 
with a possible common haplotype, although in these cases the phase was not 
assessed [126]. A further proof in favor of a pathogenic role of this variant came 
from the identification of R1441H in two slightly larger French families [72].

R1441H was not found in 281 Americans, 300 Cretans, 200 Portugueses, 174 
Europeans, and a set of 1000 control samples (600 North Americans, 200 Taiwaneses, 
200 Norwegians, 200 Irish, and 200 Spanish). Moreover several studies screened by 
sequence the LRRK2 exon 31 in a large sample of healthy controls (>3000 Caucasian 
[3, 4, 69, 90]) in order to check for the R1441C and R1441G, and none reported 
mutation in the adjacent nucleotide.

The clinical presentation of affected R1441H carriers appears to be similar to 
typical Parkinson’s disease with an age at onset range of 32–66 years. All display 
levodopa-responsive parkinsonism; however, the disease in one of the siblings from 
the Greek R1441H family appeared to transition into a progressive supranuclear 
palsy-like disorder [81].

To further highlight the nature of codon 1441 as a mutational hot spot, two 
groups reported a R1441R (c.C4323T) in a sporadic PD patient [101] from Russia 
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and a PD patient with ascertained LB pathology who additionally developed demen-
tia and dysautonomia (PDD) [155]. As for the R1441H, we can indirectly assume 
that the variant is rare in the Caucasian population, since sequencing controls for the 
other mutations at the same codon did not reveal any R1441R carriers. This variant 
is predicted to lead to a synonymous substitution, which would suggest a nonpatho-
genic role. Moreover, being the nucleotide change close to the splice site, cDNA 
analysis from the brain of the PDD patient was performed and did not reveal any 
aberrations on the LRRK2 transcript [155]. Taken together these results suggest that 
R1441R is likely to represent a rare but nonpathogenic polymorphism.

Mutations in LRRK2 are associated with pleomorphic pathology, although the 
Lewy bodies (LB)-positive pathology is the most common pattern, particularly for 
the G2019S mutation [38, 40, 82, 156, 157].

In a large screen of 405 LB-positive brains, eight (~2%) have been found to be 
carriers of the G2019S mutation, including four with brainstem type, three with 
transitional type, and one with diffuse LB pathology. In two G2019S-positive 
brains, Alzheimer-type pathology was also present, and it was of enough severity to 
make a concomitant pathological diagnosis of Alzheimer’s disease [157].

A further study on 80 brains with PD or LB dementia screened for the G2019S 
mutation, and three were found to be carriers. Typical brainstem-type LB-positive 
pathology was found in one, while the Lewy body variant of Alzheimer’s disease 
was diagnosed in the second. The third brain showed only cell loss in the substantia 
nigra and locus coeruleus, but no α-synuclein inclusions were detected. There were 
only rare tau-positive tangles and occasional plaques. No other ubiquitin-positive 
inclusions were present either [156].

In family D (Western Nebraska), all R1441C carriers examined showed substan-
tia nigra neuronal loss. Two cases had LB pathology, one brainstem type, and the 
other one diffuse type. The third case had “nonspecific” substantia nigra degenera-
tion with ubiquitin-positive neuronal inclusions. The final case had PSP-like changes 
with tau-immunoreactive neuronal and glial lesions [4].

The neuropathological examination of R1441G Basque carriers displayed “non-
specific” nigral degeneration in the substantia nigra without α-synuclein, tau, or 
ubiquitin inclusions [158].

Japanese cases with the I2020T mutation were found to display hyperphosphory-
lated tau aggregates [159]. Therefore, despite LBs represent the predominant fea-
ture in neuropathological studies, the overall LRRK2-associated pathology has 
revealed great variability, probably recapitulating the heterogeneity of PD itself, 
which can be a more complex disease than what we thought until now.

 The Other LRRK2 Variants: Which Are Pathogenic?

Besides the most recurrent G2019S and R1441C/R1441G/R1441H, more than 50 
different LRRK2 sequence variants have been reported in familial and sporadic PD 
cases so far; moreover, few novel LRRK2 substitutions have been found in healthy 
control subjects only (Fig. 1.2).
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The Y1699C and I2020T mutations are considered as definitely pathogenic. The 
Y1669C was identified in two independent large families, the Lincolnshire kindred 
[3, 82] (family PL) of European ancestry, and “family A” (German–Canadian) [4, 
38]. The I2020T was identified in “family 32” [4] and “T10738” [89], both of 
German ancestry. Additionally the same mutation was identified segregating in the 
large PARK8-linked Sagamihara kindred [43] and in two smaller Japanese families 
coming from the neighborhood of the Sagamihara region [48].

The role of several other variants remains unclear, since often no family mem-
bers were available to assess cosegregation and a limited number of ethnically 
matched controls were screened. Overall, the criteria that may be applied to con-
sider the pathogenicity of the LRRK2 variants should consider several standpoints: 
frequency in healthy subjects, cosegregation in families, confirmation in indepen-
dent studies, and pathogenic consequences on cellular and animal models.

 Association Studies on LRRK2

In the past few years, many groups put special effort in search of common risk fac-
tors for complex diseases. Among these, PD and other neurodegenerative disorders 
have been extensively studied. However, even using high-throughput techniques 
allowing to genotype hundreds of thousands of SNPs and covering the whole 
genome in cases and controls (genome-wide association studies, GWA), no repro-
ducible risk loci have been reported so far.

One caveat is that the GWA approach can be problematic because the massive 
number of statistical tests performed presents an unprecedented potential for false- 
positive results.

After the discovering of mutations in the LRRK2 gene, several studies aimed to 
explore whether common variant of this gene could represent a risk factor for PD.

Two association studies on LRRK2 have been performed in Caucasians. The first 
enrolled 340 PD patients and 608 controls from Germany. 121 SNPs (81 tagging 
SNPs) were genotyped attempting to represent the complete DNA variation of the 
LRRK2 gene [160]. The second study analyzed four common coding SNPs (L953L, 
R1398H, G1624G, and T2397M) in 250 controls and 121 unrelated PD, mostly 
with early-onset and positive family history [141]. Neither of these studies revealed 
any evidences of association between PD and the LRRK2 SNPs at both allelic and 
genotypic levels.

In 2005, one study performed in Singapore yielded a significant association. A 
set of 21 tagging SNPs covering the LRRK2 gene were genotyped in 466 sporadic 
PD and 374 control individuals all of Chinese ancestry. The authors identified a 
common haplotype that was highly overrepresented within cases (p = 0.005) and, 
when present in two copies, significantly increased the risk of PD (OR = 5.5, 95% 
C.I. = 2.1–14.0, P = 0.0001) [161]. However, no LRRK2 variants within the risk 
haplotype were reported as the biologically relevant factors.
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 The G2385R Variant

The LRRK2 G2385R represents the first common genetic risk factor for PD in the 
Asian population. This variant was first reported in a small PD family from Taiwan 
[84]. Evidence for cosegregation with PD in that family was limited due to the small 
pedigree size; however, the mutation was reported to be absent in 200 ethnically 
matched controls and, therefore, interpreted as putatively pathogenic. At that time 
very limited data were available on the nature and frequency of LRRK2 mutations 
and on the polymorphism content of the gene in patients from Asia.

Several groups conducted a mutational screening of three known PD-causing 
mutations (I2012T, G2019S, and I2020T) which appeared to be very rare or absent 
in Asian PD patients [43, 118, 120, 121]. A sequence of the whole LRRK2 in Chinese 
Han patients revealed four coding variants (A419V, P755L, M1869V which were 
novel substitutions, and the G2385R) that were tested for association with PD in 
608 Chinese Han cases and 373 ethnically matched controls.

The heterozygosity for the G2385R variant was significantly higher among PD 
cases than controls (10% vs 4% p 0012). This suggested that the G2385R variant, or 
another variant in linkage disequilibrium, is associated with PD in the Taiwanese 
population.

Since then, several association studies on Asian populations from Taiwan, 
Singapore, Mainland China, Korea, and Malaysia replicated this finding with a sim-
ilar size effect. Interestingly the association was also reported in Japanese PD 
patients and controls, giving a risk of developing PD increased of ~twofold [125, 
166] (Table 1.2).

Two groups performed a haplotype analysis of G2385R carriers in a cohort of 
Chinese Han from Taiwan [165, 168]. A single common haplotype shared by carri-
ers has been identified, likely originated from a single ancestor who lived approxi-
mately 4800 years ago. Also all Japanese G2385R carriers shared the same 
haplotype, with a set of markers (D12S2516, D12S2519, and D12S2521) which 
overlapped with the Chinese haplotype. This might suggest that the G2385R of 
Chinese Han and Japanese ancestry has arisen from a common ancestor [125].

 The R1628P Variant

The LRRK2 R1628P has been identified in a multicentric study which combined 
1986 Chinese individuals from three independent centers in Taiwan and Singapore 
and so far represents the second most frequent genetic risk factor for PD in Asia 
[184]. This variant was approximately twice as frequent in affected individuals as 
control subjects (~6% of PD and ~3.5% of controls, odds ratio 1.84, 95% C.I.: 
1.20–2.83, nominal p value = 0.006) [184].
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Table 1.2 Association studies on Asian populations (from Taiwan, Singapore, China, Korea, 
Japan, and Malaysia) showing the G2385R variant as significantly associated with Parkinson’s 
disease

Geographical 
location Ethnicity PD Controls OR (95% CI) References

Taiwan Chinese Han 61/608 (10%) 18/373 
(4.8%)

2.20 
(1.28–3.78)

[162]

Singapore Chinese 37/495 
(7.5%)

18/494 
(3.6%)

2.14 
(1.20–3.81)

[163]

Taiwan Chinese Han 27/305 (9%) 1/176 (0.5%) 17.00 
(2.29–
126.20)

[164]

Taiwan Chinese 34/410 
(9.3%)

13/335 
(3.9%)

2.24 
(1.16–4.32)

[165]

Japan Japanese 52/448 
(11.6%)

22/457 
(4.8%)

2.60 
(1.55–4.35)

[166]

Singapore Malay 2/98 (2%) 2/173 (1.2%) 1.75 
(0.25–12.85)

[167]

Indian 0/66 (0%) 0/133 (0%)
Shanghai Chinese Han 14/235 (6%) 0/214 (0%) 28.08 

(1.66–
473.72)

[168]

Mainland of 
China

Chinese Han 71/600 
(11.8%)

11/334 
(3.3%)

3.94 
(2.06–7.55)

[169]

Japan and USA Japanese 69/601 
(11.5%)

101/1628 
(6.2%)

1.96 
(1.42–2.70)

[170]

Japan Japanese 30/229 
(13.1%)

23/358 
(6.4%)

2.06 [171]

Korea Koreans 82/923 
(8.9%)

21/422 (5%) 1.83 [172]

Asia Taiwanese 369 (NA) 300 (NA) 1.62 [173]
Korean 844 (NA) 587 (NA) 1.87
Japanese 173 (NA) 95 (NA) 1.44

Malaysia Malaysian 695 (NA) 507 (NA) 2.22 [174]
Total 479/5018 

(9.6%)
230/5097 
(4.5%)

2.23 (1.89–2.62) p value  
< 0.0001

This finding was replicated in two independent Chinese Han cohorts from 
Singapore [185] and Taiwan [186]. On the contrary, the R1628P is rare in Japan and 
in non-Chinese Asians [170, 184, 187].

Haplotype analysis strongly indicates that carriers of the R1628P variant share 
an extended haplotype, indicative of a founder effect [184]. The mutation has been 
estimated to arise ~2500 years ago and, in contrast to the older G2385R, has 
remained confined to subjects of Chinese Han ethnicity.

Like for the G2385R, the clinical phenotype of the affected R1628P carriers is 
that of typical late-onset L-dopa-responsive PD [184, 186, 187].
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Taken together, these studies indicate for the first time that common population 
specific genetic risk factors for PD exist. The association of both LRRK2 variants 
with PD in Asia has been extensively confirmed in independent dataset of patients. 
These findings open several opportunities of studies for researchers and clinicians. 
Discovering how those variants can increase the risk of death of dopaminergic neu-
rons might provide important insight into the pathogenesis of the disease. Other 
interesting prospects can be provided in clinical practice, for example, studying the 
effect of neuroprotective drugs in large cohorts of asymptomatic carriers of these 
two LRRK2 variants, in order to explore whether the risk of developing PD would 
decrease in the treated subjects.

In conclusion, the LRRK2 gene displays a high polymorphic content in terms of 
single nucleotide substitutions. No deletions or duplications have been identified 
until now. Variants identified in patients are located in almost all exons. However, 
most of them still lack a definite proof of pathogenicity (Tables 1.3). This has direct 

Table 1.3 LRRK2 genetic variants associated with Parkinson’s disease that are possibly 
pathogenic, but need more evidence to be definitely associated with the disease

Possibly pathogenic LRRK2 variants
cDNA change Protein change Protein domain References

28G > A E10K LRRK2 repeats [175]
155C > T S52F LRRK2 repeats [72]
632C > T A211V LRRK2 repeats [176]
1000G > A E334K LRRK2 repeats [175]
1088A > G N363S LRRK2 repeats [72]
1630A > G K544E LRRK2 repeats [176]
2134A > G M712V LRRK2 repeats [106]
2242119_2242122delGTAA – LRRK2 repeats [104]
2769G > C Q923R LRRK2 repeats [115]
2789A > G Q930R LRRK2 repeats [89]
2918G > A S973N LRRK2 repeats [93]
3200G > A R1067Q LRRK2 repeats [177]
3287C > G S1096C LRRK2 repeats [89]
3333G > T Q1111H LRRK2 repeats [175]
3364A > G I1122V LRRK2 repeats [4]
3574A > G I1192V LRRK2 repeats [175]
3451G > A A1191T LRRK2 repeats [178]
3494 T > C L1165P LRRK2 repeats [179]
3287G > C S1228T LRRK2 repeats [89]
3974G > A R1325Q [90]
4111A > G I1371V [69]
4309A > C N1437H Roc domain [180]
4324G > C A1442P Roc domain [126]
4402A > G K1468E Roc domain [90]
4448G > A R1483Q Roc domain [90]
45,361 + 3A > G – [146]

(continued)
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practical consequences for the genetic studies. LRRK2 is a large gene containing 51 
exons. A time-/cost-saving strategy to perform the mutational analysis could be to 
first screen for the frequent G2019S mutation. If negative, other validated mutations 
(R1441G/R1441C/R1441H, I2020T, and Y1699C) can be tested next (Tables 1.4). 
Where a considerable number of affected family members are available for testing, 
an option is to screen the entire LRRK2 gene, which raises the possibility of discov-
ering one of the above-reported doubtful variants, or even a novel mutation that 

Table 1.4 LRRK2 variants that are definitely associated with Parkinson’s disease (upper panel: 
causative mutations, lower panel: risk variants)

dbSNP rs # cDNA change Protein change Protein domain References

Definitely pathogenic LRRK2 mutations
4321C > G R1441G Roc domain [3]

rs33939927 4321C > T R1441C Roc domain [4]
rs34995376 4322G > A R1441H Roc domain [146]
rs35801418 5096A > G Y1699C COR domain [3, 4]
rs34637584 6055G > A G2019S Kinase domain [39–41]
rs35870237 6059 T > C I2020T Kinase domain [4]
LRRK2 variants associated with increased risk
rs33949390 4883G > C R1628P COR domain [184]
rs34778348 7153G > A G2385R [162]

Possibly pathogenic LRRK2 variants
cDNA change Protein change Protein domain References
48,271 + 6 T > A – [177]
4838 T > C V1613A COR [100]
5183G > T R1728L COR [106]
5183G > A R1728H COR [106]
5281A > C S1761R COR [181]
5385G > T L1795F COR [175]
5605A > G M1869V [69]
5620G > T E1874X [69]
5822G > A R1941H Kinase [82]
6016 T > C Y2006H Kinase [73]
6035 T > C I2012T Kinase [90]
Unknown I2020L Kinase [182]
6091A > T T2031S Kinase [73]
6422C > T T2141M [106]
6428G > A R2143H [106]
6566A > G Y2189C WD40 [90]
7168G > A V2390M WD40 [183]
7397 T > A L2466H WD40 [106]
7067C > T T2356I WD40 [82]

Table 1.3 (continued)
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could be tested for cosegregation in order to verify its pathogenic role. Concerning 
the significance of these data for the genetic counseling, it is worth to consider that 
screening the whole coding region or single variants of uncertain role in unselected 
cases is still a matter of debate, since the identification of any variant would result 
in more questions than answers for both clinicians and patients. LRRK2 mutations 
penetrance is a key piece of information for a proper genetic counseling. Only a 
minority of LRRK2 mutation carriers will develop the disease, making the predic-
tive genetic testing more similar to BRCA test for breast cancer than to presymptom-
atic test in Huntington’s disease. Dominant transmission involves more subjects and 
generations inside the family. The involvement of the offspring and the absence of 
neuroprotective therapy make the offer of predictive/presymptomatic genetic tests 
in neurodegenerative disease controversial. However, whenever presymptomatic 
testing is offered, detailed information and counseling at a center with expertise in 
this area are required [188, 189].
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Chapter 2
Clinical Features of LRRK2 Carriers 
with Parkinson’s Disease

Meir Kestenbaum and Roy N. Alcalay

Abstract LRRK2 mutations are present in 1% of all sporadic Parkinson’s disease 
(PD) cases and 5% of all familial PD cases. Several mutations in the LRRK2 gene 
are associated with PD, the most common of which is the Gly2019Ser mutation. 
In the following review, we summarize the demographics and motor and non-motor 
symptoms of LRRK2 carriers with PD, as well as symptoms in non-manifesting 
carriers. The clinical features of LRRK2-associated PD are often indistinguishable 
from those of idiopathic PD on an individual basis. However, LRRK2 PD patients 
are likely to have less non-motor symptoms compared to idiopathic PD patients, 
including less olfactory and cognitive impairment. LRRK2-associated PD patients 
are less likely to report REM sleep behavior disorder (RBD) than noncarriers. In 
addition, it is possible that carriers are more prone to cancer than noncarriers with 
PD, but larger studies are required to confirm this observation. Development of 
more sensitive biomarkers to identify mutation carriers at risk of developing PD, as 
well as biomarkers of disease progression among LRRK2 carriers with PD, is 
required. Such biomarkers would help evaluate interventions, which may prevent 
PD among non-manifesting carriers, or slow down disease progression among 
carriers with PD.

Keywords LRRK2 • Parkinson’s disease • Clinical features

 Introduction

Since 2004 [1], when the association between mutations in the LRRK2 gene and 
Parkinson’s disease (PD) was first described, numerous studies have been conducted 
in different populations to define the clinical phenotype of LRRK2-associated PD 
(here and thereafter LRRK2 PD). Several mutations in the LRRK2 gene have been 
shown to be associated with PD, the most common of them being the Gly2019Ser 
mutation. While tremendous effort has been invested in clinically phenotyping 
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LRRK2 mutation carriers, there are significant limitations to the existing literature. 
Many of the published studies are single-site studies with small number of partici-
pants (and therefore may be underpowered), and the vast majority of the studies are 
cross-sectional rather than longitudinal.

Although the clinical features of LRRK2 PD are, in most cases, indistinguishable 
from idiopathic PD (i.e., PD noncarriers) on an individual basis, recent studies have 
reported differences in motor and non-motor features between idiopathic PD and 
LRRK2 PD. Specifically, LRRK2 carriers may have slightly slower PD progression, 
and carriers have fewer non-motor symptoms, including less cognitive impairment 
and lower frequency of REM sleep behavior disorder and hyposmia when compared 
to noncarriers with PD. The demographics and motor and non-motor symptoms of 
LRRK2 PD carriers, as well as symptoms in non-manifesting carriers, are described 
in the following review.

 LRRK2 Epidemiology

 Ethnic Distribution

PD is a common neurodegenerative disease affecting 1–2% of people older than 65 
years. The etiology of PD has not been fully elucidated, but genetic factors clearly 
play a role in its pathogenesis. Along with GBA mutations, LRRK2 mutations are to 
date the most common dominantly inherited (with reduced penetrance) genetic risk 
factor implicated in late-onset familial and sporadic PD [2]. Several mutations in the 
LRRK2 gene have been shown to be associated with PD, the most common of which 
is the Gly2019Ser mutation [3]. Other mutations and variants in the LRRK2 gene 
that have been associated with PD are Arg1441Gly, Arg1441Cys, Arg1441His, 
Ile2020Thr, Tyr1699Cys [3], Arg1628Pro, and Gly2385Arg [4]. The largest analy-
sis to date [3], in which data from 24 populations worldwide were combined, 
showed that out of 19,376 unrelated PD patients, approximately 1% of PD patients 
without a family history of disease and 4% of PD with an affected first-degree rela-
tive were carriers of the LRRK2 Gly2019Ser mutation. The frequency of LRRK2 
mutation carriers among PD patients varies greatly in different populations and is 
presented in Table 2.1. LRRK2 mutations are most prevalent among North African 
Berbers. Lesage et al. [5] reported that 7/17 (41%) of North African families from 
Morocco, Algeria, and Tunisia with familial PD were carriers of the LRRK2 
Gly2019Ser mutation compared to 5/174 (2.9%) families of European origin, 
mostly French. Ishihara et  al. [6] screened for the LRRK2 mutation in Tunisian 
familial PD patients and reported that 38 out of 91 families (42%) were carriers of 
the LRRK2 Gly2019Ser mutation compared to only 1 out of 39 (2.6%) North 
American Caucasian familial PD patients.

The LRRK2 Gly2019Ser mutation is also common among Ashkenazi Jews (AJ). 
Orr-Urtreger et al. [7] reported that the frequency of LRRK2 mutations in 344 AJ PD 
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Table 2.1 Frequency of LRRK2 mutation carriers among different PD patient populations

Reference Mutation Ethnicity
Number of 
participants

Sporadic 
PD

Familial 
PD Comments

Lesage [5] Gly2019Ser North 
African 
(Algerian, 
Tunisian, 
Moroccan)

198 41%

Ishihara 
[6]

Gly2019Ser Tunisian 659 42%

Hulihan 
[11]

Gly2019Ser Tunisian 609 30%

Orr- 
Urtreger 
[7]

Gly2019Ser Ashkenazi 
Jewish

126 10.6% 26%

Alcalay 
[8]

Gly2019Ser Ashkenazi 
Jewish

488 19.9% Excluding 
GBA carriers

Ferreira 
[12]

Gly2019Ser, 
Arg1441Gly, 
Arg1441Cys, 
Arg1441His

Portuguese 138 3.7% 16.1%

Pulkes 
[13]

Arg1628Pro Thai 958 11%

Sierra 
[14]

Gly2019Ser Spanish 493 8.7%

Cilia [15] Gly2019Ser, 
Arg1441Gly, 
Arg1441Cys, 
Arg1441His, 
Ile2020Thr

Italian 2976 1.6%

Yescas 
[16]

Gly2019Ser, 
Arg1441His, 
Arg1441Cys

Mexican 319 0.9%

Sanyal 
[17]

Gly2019Ser, 
Arg1441Gly, 
Arg1441Cys, 
Arg1441His, 
Tyr1699Cys, 
Ile2020Thr, 
Ile2012Thr

East Indian 320 0%

Chien 
[18]

Gly2019Ser Brazilian 200 0%

Zhang [9] Arg1628Pro Chinese 1059 7.2%
Kim [10] Gly2385Arg

Arg1628Pro
Korean
Korean

1345 8.9%
0.8%

Johnson 
[19]

Gly2019Ser North 
American

79 2.5%

(continued)
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patients is 14.8%. The frequency ranged from 10.6% of sporadic AJ PD patients to 
26% of familial PD, but only 2.7% of non-AJ cases [7]. Alcalay et al. [8] reported 
that 97 of 488 (19.9%) AJ with PD, excluding carriers of GBA mutations, recruited 
in three medical centers in New York and Tel Aviv were carriers of a LRRK2 muta-
tion. This cohort contained both familial and nonfamilial PD subjects, but LRRK2 
carriers had a twofold risk of having a first-degree relative with PD compared to 
noncarriers (39.1% vs. 20.5%, respectively). In other populations worldwide, muta-
tions in the LRRK2 gene are less common. However, LRRK2 variants with low PD 
penetrance are common in East Asian populations. In a cohort of 600 Chinese PD 
patients, Zhang et al. [9] reported that approximately 7% of PD patients are carriers 
of the Arg1628Pro LRRK2 variant compared to 2.4% of controls. Kim et al. [10] 
reported a twofold increase in Gly2385Arg LRRK2 variant carrier rate (approxi-
mately 9%) in a cohort of 923 Korean PD patients compared to controls.

 Gender Distribution

While idiopathic PD is more common in men, gender distribution is more evenly 
distributed in LRRK2 PD. A recently published meta-analysis described 50 studies 
of LRRK2 PD where information on sex was available. A total of 1080 LRRK2 PD 
patients were identified. The male to female ratio was 1.02:1.00 (50.6% men and 
49.4% women), concluding that LRRK2 PD lacks a sex effect [21]. Some studies 
report equal gender distribution among LRRK2 carriers [8], while others report that 
LRRK2 mutations were more common in men [7, 22, 23]. In contrast, Marras et al. 
[24] reported more women than men were carriers of the LRRK2 mutation. High 
female frequency of LRRK2 carriers compared to noncarriers was also reported in 
an Italian cohort of 2523 unrelated consecutive PD patients [15]. In conclusion, as 
opposed to idiopathic PD, LRRK2 PD is probably not more common in men. 
Whether mutations are slightly more penetrant in women or whether PD risk among 
carriers is similar across genders remains to be studied.

Table 2.1 (continued)

Reference Mutation Ethnicity
Number of 
participants

Sporadic 
PD

Familial 
PD Comments

Saunders- 
Pullman 
[20]

Gly2019Ser North 
American 
(Hispanics, 
non- 
Hispanic, 
non-Jewish 
Caucasians)

104 2.9%

Cilia [15] Gly2019Ser, 
Arg1441Gly, 
Arg1441Cys, 
Arg1441His, 
Ile2020Thr

Ghana 100 0%
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 Age at Motor Onset

Many studies have reported data on the age of onset of motor symptoms in LRRK2 
PD. Disease age of onset is highly variable and has been reported in patients in their 
30s as well as after the age of 80 [25]. There are conflicting reports on the effect of 
LRRK2 mutations on age of disease onset. In some studies, age of disease onset is 
similar in LRRK2 PD and in idiopathic PD and has been shown to be between 52 
and 60 years [8, 24–26]; other studies report younger age of disease onset in LRRK2 
carriers [27]. Healy et al. [3] reported an average age of disease onset of 58.1 years 
in LRRK2 carriers, which was lower by approximately 3 years than in cases of idio-
pathic PD at the Queen Square Brain Bank. In this study, 8% of LRRK2 mutation 
carriers developed symptoms of PD before the age of 40 (young-onset PD), com-
pared to 4% of idiopathic PD patients.

 Penetrance

LRRK2 mutations are associated with autosomal dominant PD with incomplete pen-
etrance. The penetrance varies among different mutations and variants. For exam-
ple, penetrance is reportedly very low with the Gly2385Arg variant and very high 
among carriers of the Ile2020Thr mutation. The penetrance of the Gly2019Ser 
mutation is very controversial, and different studies have reported penetrance esti-
mates ranging from 24 to 100% risk (see Table 2.2) [3]. The reason for such a wide 
range of penetrance estimation is unclear. Some of the disparity in penetrance esti-
mation may reflect differences in population ethnicity, biases in patient recruitment 
(familial PD vs. unrelated PD patients’ relatives), differences in statistical methods, 
and differences between LRRK2 mutations. A recently published paper by Marder 
et al. [28] estimated the penetrance of PD among Gly2019Ser mutation carriers, in 

Table 2.2 LRRK2 Gly2019Ser penetrance estimates for Parkinson’s disease

Author
Penetrance  
at age 60

Penetrance  
at age 80 Methods of calculating penetrance

Marder [28] 26% Kin-cohort method
Lesage [5] 33% 100% Two highly selected familial autosomal 

dominant
Healy [3] 28% 74% In 133 families, mainly familial PD cases
Latourelle [29] 30% 55% Group of selected familial PD
Goldwurm [30] 15% 32% Family members of unrelated PD patients
Goldwurm [31] 12% 33% Kin-cohort study of 24 families of 

unrelated PD patients
Clark [26] 12% 24% 28 families of unrelated PD patients
Trinh [32] 50% 100% Kin-cohort analysis
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2270 relatives of PD patients from New York and Israel, at 26% by age of 80 using 
the kin-cohort method. This risk was almost threefold higher for the LRRK2 carriers 
than in relatives predicted to be noncarriers of the Gly2019Ser mutation. Healy 
et al. [3] reported PD risk of 28% at age 59 and 74% at the age of 79. Currently, it 
is not possible to predict who among unaffected Gly2019Ser carriers will develop 
PD in the future.

 Homozygous Carriers

Mutations in the LRRK2 gene can cause autosomal dominant PD. Nearly all reported 
LRRK2 PD cases have been heterozygote carriers of one of the mutations associated 
with PD. In our review we found 32 reported cases of homozygote carriers of the 
Gly2019Ser mutation. The phenotype of homozygous carriers is similar to that of 
heterozygote carriers, with regard to age of onset, Unified Parkinson’s Disease 
Rating Scale (UPDRS), Montreal Cognitive Assessment (MoCA), Geriatric 
Depression Scale (GDS), and non-motor symptoms [8, 33].

 Motor Symptoms

 Motor Phenotype

Given the heterogeneity of PD, on an individual level, it is often impossible to dis-
tinguish a LRRK2 carrier from a noncarrier. Carriers have a similar response to 
medical and surgical treatment and have similar rates of side effects and complica-
tions [3, 15, 24, 34, 35]. The largest report to date regarding the clinical features of 
356 patients with LRRK2 Gly2019Ser PD stated that the core features were asym-
metric parkinsonism with tremor, bradykinesia, and rigidity that responded to dopa-
mine replacement therapy. According to this study, LRRK2 PD is indistinguishable 
from idiopathic PD [3], and at some point during the course of the disease, 93% of 
patients will develop all the cardinal motor symptoms of PD, including rest tremor, 
rigidity, and bradykinesia. Some reports suggest that tremor as a presenting symp-
tom in LRRK2 PD was more common than in idiopathic PD, affecting 63–64% 
compared to 39–52%, respectively [3, 24]. This observation was suggested also by 
a study focusing on tremor-dominant PD patients [36]. In contrast, other studies 
report that tremor is less frequent in LRRK2 PD compared to noncarriers [8, 22]. 
Alcalay et al. [22] described the motor phenotype of 691 PD patients with early-
onset PD (age of onset younger than 51 years). Of these, 26 cases were Gly2019Ser 
carriers. Gly2019Ser carriers were more likely to manifest the postural instability 
and gait difficulty (PIGD) phenotype than the tremor-predominant (TD) motor 
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phenotype. This observation was similarly seen in another study [8] reporting the 
phenotype of 553 AJ PD patients, of whom 140 were LRRK2 carriers. LRRK2 car-
riers were more likely to have a PIGD phenotype, report their first symptom in the 
lower extremities, and have persistent levodopa response for more than 5 years. 
Given the high prevalence of GBA mutations among AJ PD patients, in both studies, 
participants were screened for GBA mutations, and GBA carriers were excluded 
from the analysis. LRRK2 mutation status was not associated with performance on 
the UPDRS part III (motor part) or presence of dyskinesia. A recent study reported 
in a Chinese PD population that the LRRK2 Gly2385Arg variant was associated 
with motor fluctuations only in women [37]. Another study [38] compared gait and 
mobility in 50 patients with Gly2019Ser LRRK2 PD to 50 noncarrier PD patients 
and found that LRRK2 PD cases had greater gait variability and less consistent 
walking patterns than idiopathic PD.  Gait parameters, assessed in three walking 
conditions (usual walking, dual tasking, and fast walking), were quantified by an 
accelerometer: In all three walking conditions, gait variability was larger, and the 
walking pattern was less consistent among LRRK2 PD compared to idiopathic 
PD. The LRRK2 carriers also took longer to complete the timed up and go (TUG) 
task and were more likely to report having fallen in the previous year. This study 
reported that LRRK2 carriers were more associated with the PIGD subtype. Marras 
et al. [24] also reported gait disorder to be more common in LRRK2 PD compared 
to idiopathic PD.

Time to first fall (as a marker of motor disease severity) was reported to be longer 
in patients with a mutation in LRRK2 and was longer than in the Queen Square 
Brain Bank (QSBB) series [3].

 Response to Treatment and Development of Motor 
Complications

The response to treatment with levodopa and development of motor complications 
in LRRK2 are generally similar to idiopathic PD, although there is controversy in 
the literature. Almost all LRRK2 carriers are reported to have good response of 
symptoms to levodopa similar to idiopathic PD patients [3, 24]. Drug-induced dys-
kinesia incidence is similar in LRRK2 carriers and idiopathic PD, but the time to 
onset of dyskinesia in LRRK2 carriers was longer by almost 3 years on average (8.4 
years in carriers compared to 5.6 years in noncarriers) [3]. Yahalom et  al. [34] 
reported that the prevalence of levodopa-induced dyskinesia (LID) and the mean 
duration of therapy from levodopa initiation to the development of LID do not differ 
between LRRK2 mutation carriers and noncarriers in a cohort of 349 patients from 
Israel. Craig et al. [39] further demonstrated that the motor features in LRRK2 PD 
and idiopathic PD do not differ in UPDRS scores, frequency of motor symptoms, or 
levodopa equivalent dose of treatment.
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 Rate of Disease Progression

Rate of disease progression in LRRK2 patients was also described; however, the vast 
majority of studies are either retrospective or cross-sectional. A retrospective study, 
which compared the motor progression of AJ PD patients with and without LRRK2 
Gly2019Ser mutation, reported no difference in the time of progression to Hoehn 
and Yahr (HY) stage 3 (i.e., motor instability) [27]. There are still no published 
longitudinal studies describing rate of disease progression. Such studies are needed 
and will provide valuable information.

 Deep Brain Stimulation

In the past 20 years, deep brain stimulation (DBS) has become an important treat-
ment option for PD patients with motor complications and medication refractory 
tremor. In their review, Healy et al. [3] commented that 22 patients with LRRK2 PD 
underwent stereotactic functional neurosurgery. Eighteen of them underwent sub-
thalamic DBS, three had pallidotomy, and one had thalamotomy. The mean time 
from PD onset to surgery was 11.4 years, and the indications were usually motor 
fluctuations and dyskinesia (similar to idiopathic PD patients). It is estimated that 
LRRK2 carriers are good candidates for DBS given the slower cognitive decline and 
the reports on dyskinesia [40]. Because of the frequency of Gly2019Ser mutations 
and the fact that only a fraction of PD patients undergo DBS, the reports on DBS 
treatment in carriers are limited. Two small studies have been published. One study 
including 13 LRRK2 carriers and 26 noncarriers reported no difference in DBS out-
comes after follow-up of 3 years post-DBS surgery [35]. The second study, includ-
ing 15 carriers and 12 noncarriers, reported similar Hoehn and Yahr outcomes, but 
better improvement on the UPDRS-III (motor exam) among LRRK2 carriers when 
patients were “off” medication and “on” DBS [41].

 Cognition

Several studies compared the cognitive function of LRRK2 carriers to idiopathic 
PD. Studies of cognition are prone to epidemiological challenges, as cognitive per-
formance is highly correlated with level of education, age, and longer PD duration. 
Differences between carriers and noncarriers are subtle and not always identified by 
screening tests such as the Montreal Cognitive Assessment (MoCA) and Mini- 
Mental State Exam (MMSE) tests.

In contrast, the following studies support the notion of milder cognitive changes 
in LRRK2 PD patients compared to idiopathic PD patients:
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A study assessing the neuropsychological performance in LRRK2 Gly2019Ser 
PD patients and noncarrier PD patients from three movement disorder centers in 
New York and Tel Aviv reported that carriers performed better than noncarriers in 
attention (Stroop word reading test), executive function (Stroop interference test), 
and language (category fluency) [46]. Srivatsal et al. [47] also reported that LRRK2 
mutation carriers have better performance on certain cognitive tests, as well as 
lower rates of dementia compared to idiopathic PD patients. This study was con-
ducted in eight sites and 1447 participants underwent a battery of seven cognitive 
tests. Twenty-nine of them had LRRK2 mutations (24 with Gly2019Ser mutation 
and 5 with Arg1441Cys mutation). Mutation carriers demonstrated better perfor-
mance in the MMSE and Letter-Number Sequencing test and had significantly 
lower frequency of dementia (4% compared to 19.6% in noncarriers). The motor 
UPDRS scores were also better in the mutation carriers. This study suggests that 
LRRK2 carriers might have an overall milder disease course, although these findings 
require replication.

In addition, Somme et al. [48] described that LRRK2 PD patients showed less 
impairment on scales for general cognition (Mattis Dementia Rating Scale) and 
episodic verbal memory (Rey’s auditory verbal learning test, immediate recall, and 
delayed recall) and had less apathy and hallucinations compared to idiopathic PD.

Healy et al. [3] reported that the proportion of PD patients that develop cognitive 
impairment within 2 years of symptom onset is less than half in the LRRK2 carriers 
than in idiopathic PD.  Aasly et  al. [49] also reported the LRRK2 carriers in a 
Norwegian cohort have only mild cognitive changes even after many years of dis-
ease. Cognitive studies are summarized in Table 2.3

 Depression/Anxiety

Findings on depression and anxiety among carriers with PD have been inconsistent. 
Several studies reported no difference in the Geriatric Depression Scale (GDS) 
between LRRK2 carriers and noncarrier PD patients [8, 38]. Alcalay et  al. [8] 
reported similar GDS scores in 97 LRRK2 PD compared to 391 idiopathic PD in a 
cohort of AJ. Craig et al. [39] also reported no difference in the frequency of depres-
sion and anxiety between carriers and noncarriers. Shanker et al. [44] reported no 
difference in lifetime affective disorders between LRRK2 carriers and noncarriers, 
but did report a trend toward a greater risk of premorbid mood disorder in the 
carriers.

On the other hand, a study comparing 25 LRRK2 PD patients to 84 idiopathic PD 
patients from four movement disorder centers in Germany, Canada, the USA, and 
Brazil reported higher Beck Depression Inventory scores in LRRK2 carriers but no 
difference in the State-Trait Anxiety Inventory (STAI) [24]. Belarbi et al. [45] also 
reported higher frequency of depression in the LRRK2 carriers than in noncarriers. 
Goldwurm et  al. [25] reported that 69% of LRRK2 carriers in their cohort were 
depressed according to the Hamilton Depression Rating Scale scores.
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 Olfaction

The majority of studies reported less olfactory disturbance in LRRK2 PD com-
pared to idiopathic PD. A study from four movement disorder centers in Europe 
and the USA comparing olfaction with the Brief Smell Identification Test (B-SIT) 
reported significantly better olfactory identification in LRRK2 PD subjects com-
pared to idiopathic PD [24]. Saunders-Pullman et al. [50] also reported that LRRK2 
PD patients had significantly better University of Pennsylvania Smell Identification 

Table 2.3 Studies assessing differences between LRRK2 PD and idiopathic PD on cognitive tasks

Reference Cognitive task Findings

Cognitive screens
Alcalay  
et al. [8]

MoCA No significant differences

Alcalay  
et al. [22, 42]

MMSE No significant differences

Trinh  
et al. [32]

MMSE, MoCA, FAB No significant differences

Lesage  
et al. [5]

MMSE Mildly worse performance among carriers

Neuropsychological testing
Ben Sassi  
et al. [43]

MMSE, MoCA, FAB No significant differences

Shanker  
et al. [44]

FAB No significant differences

Mirelman  
et al. [38]

MoCA, trail making tests  
A and B, verbal fluency,  
digit span, and Stroop test

No significant differences

Belarbi  
et al. [45]

Neuropsychological  
battery

No significant differences in cognitive 
performance. Higher rates of depression and 
hallucinations among carriers

Alcalay  
et al. [46]

Neuropsychological  
battery

LRRK2 Gly2019Ser PD patients performed 
better than idiopathic PD patients on attention 
(Stroop word reading test), executive function 
(Stroop interference test), and language 
(category fluency) tasks.

Srivatsal  
et al. [47]

Neuropsychological  
battery, MMSE, clinical 
diagnosis of dementia

LRRK2 Gly2019Ser PD patients performed 
better than idiopathic PD patients on the 
MMSE and Letter-Number Sequencing test 
and had significantly lower frequency of 
dementia (4% compared to 19.6% in 
noncarriers)

Somme  
et al. [48]

Neuropsychological  
battery and the Mattis 
Dementia Rating Scale

LRRK2 PD patients showed less impairment 
on scales for general cognition (Mattis 
Dementia Rating Scale) and episodic verbal 
memory (Rey’s auditory verbal learning test, 
immediate recall, and delayed recall)

M. Kestenbaum and R.N. Alcalay

elisa.greggio@unipd.it



41

Test (UPSIT) scores than idiopathic PD patients, by an average of six points, but 
had lower UPSIT scores than healthy controls. An additional study by Saunders-
Pullman et al. [51] recently reaffirmed that LRRK2 PD had better olfactory scores 
compared to idiopathic PD. Silveira-Moriyama et al. [52] reported higher scores 
on the “Sniffin’ sticks” and better odor identification in LRRK2 PD compared to 
idiopathic PD, but lower scores compared to controls. Johansen et al. [53] showed 
that sporadic PD had significantly lower scores in olfaction (assessed by B-SIT) 
compared with LRRK2 PD. Craig et al. [39] showed that UPSIT scores in LRRK2 
Gly2019Ser PD were higher than those in idiopathic PD by an average of five 
points.

However, some studies reported similarly impaired olfaction in LRRK2 PD and 
idiopathic PD in mean UPSIT scores [54] and in the “Sniffin’ sticks” test [32]. 
Silveira-Moriyama et al. [54] reported that 19 LRRK2 PD patients did not differ in 
their UPSIT scores from 145 idiopathic PD patients in a cohort from Portugal and 
the UK and that LRRK2 PD patients’ UPSIT scores were lower than those of healthy 
controls. Valldeoriola et  al. [55] reported that UPSIT scores in 14 LRRK2 PD 
patients do not differ from those of 14 idiopathic PD patients in a Spanish cohort. 
Healy et al. [3] reported that abnormal olfaction was common and found in 51% of 
LRRK2 PD patients after an average disease duration of 5 years.

 Sleep Disorders

Sleep disorders are frequently seen in LRRK2 PD. Goldwurm et al. [25] reported 
that 56% of LRRK2 PD patients had sleep disorders mainly manifesting as repeated 
awakenings and insomnia. Healy et al. [3] reported that 69% of LRRK2 Gly2019Ser 
patients had sleep disturbances, but there was no significant difference from idio-
pathic PD patients. The most common sleep disturbances were insomnia and sleep 
fragmentation, but rapid eye movement (REM) sleep behavior disorder (RBD) and 
restless legs syndrome were also noted. When LRRK2 carriers were compared to 
noncarriers in three different cohorts [8, 32, 56], carriers were less likely to report 
RBD. This observation was not observed by others [39, 45].

 Autonomic Dysfunction

Most reports on autonomic dysfunction did not observe a difference between carri-
ers and noncarriers. Gaig et al. [39] reported that dysautonomic symptoms in LRRK2 
Gly2019Ser PD were not significantly different from those in idiopathic PD in a 
cohort of 1251 Spanish PD patients. They described a cohort of 33 LRRK2 PD 
patients and compared them to idiopathic PD patients. Hao et al. [57] and Li et al. 
[4] found non-motor symptoms to be very common in PD patients, but did not find 
a difference in two different studies using the non-motor symptom questionnaire 
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(NMSQ) in a Chinese cohort comparing LRRK2 PD (with Arg1628Pro or 
Gly2385Arg variants) and idiopathic PD. Alcalay et al. also reported no difference 
in NMS questionnaires in LRRK2 carriers and noncarriers [8] in a cohort of AJ PD 
patients. Trinh et al. [32] reported no differences between LRRK2 carriers and 
noncarriers in the Scales for Outcomes in Parkinson’s Disease-Autonomic (SCOPA- 
AUT) questionnaires in a large cohort of Tunisian PD patients. Healy et  al. [3] 
reported that 48% of LRRK2 carriers had constipation, 28% were affected 
with urinary symptoms (mainly frequency and urge incontinence), and 11% of men 
reported erectile dysfunction; however, there was no comparison to idiopathic PD in 
this study.

 Vision

Marras et al. reported worse performance on the 100-hue test of color discrimina-
tion in 25 LRRK2 PD patients compared with 84 idiopathic PD patients from four 
movement disorder centers in Europe, Brazil, Canada, and the USA [24].

 Cancer

Cancer frequency among idiopathic PD patients is probably lower than in the 
general population with the exception of melanomas [58, 59] and possibly breast 
cancer. Epidemiological studies of cancer frequency among LRRK2 carriers face 
many challenges, including small numbers, mechanism by which cancer history is 
collected, and selection bias (those with cancer may have died and are not available 
to provide history). In contrast to idiopathic PD patients, the Gly2019Ser LRRK2 
mutation may not be overrepresented in patients with melanoma [60]. A study from 
three movement disorder centers in Israel reported a higher prevalence (odds ratio 
of 3.38) of non-skin cancers in 79 AJ LRRK2 PD patients (carriers of the Gly2019Ser 
mutation) compared to 401 noncarrier PD patients [61]. Cancer history was obtained 
by personal interview and reviewing patients’ files. The most common non-skin 
cancers were breast and prostate cancers. The study did not include a control group, 
so it remains unclear whether cancer frequency among LRRK2 carriers is higher 
than in controls without PD.  Another study reported a higher (almost threefold) 
prevalence of non-skin cancers (primarily breast and prostate cancers) as seen by 
chart reviews in 32 Gly2019Ser PD mutation carriers compared to 132 idiopathic 
PD in a cohort of 163 AJ [62]. Sixty-seven percent of the LRRK2 carriers in that 
study were diagnosed with cancer before the onset of PD, whereas only 40% of 
noncarriers developed their first non-skin cancer before onset of PD.

Agalliu et al. [63] reported in a recently published multinational study from five 
centers in Europe, Israel, and the USA that Gly2019Ser LRRK2 mutation carriers 
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have an overall increased risk of cancer compared to noncarriers, especially for 
hormone-related cancer and breast cancer in women. Gly2019Ser LRRK2 mutation 
carriers had a 1.62-fold risk of developing non-skin cancers and a 2.3-fold risk of 
developing breast cancer compared to noncarriers. The cancer history was self- 
reported by the patients and confirmed by medical record review and tumor registry 
databases.

Ruiz-Martinez et al. [64] reported on cancer prevalence using population-based 
cancer registry in 732 Spanish PD patients with Arg1441Gly or Gly2019Ser muta-
tions and in idiopathic PD. In this study cancer prevalence did not differ between 
PD Gly2019Ser carriers, PD Arg1441Gly carriers, and PD noncarriers, with the 
exception of a high prevalence of hematological cancers in the Arg1441Gly group.

The underlying biological mechanism that links the LRRK2 Gly2019Ser muta-
tion and cancer remains largely unknown. Proposed mechanisms include mitogenic 
kinase activity (given that Gly2019Ser mutations increase LRRK2 activity) and 
possible modification of the immune system. The gain-of-function carcinogenic 
theory is supported by the findings that amplification and overexpression of the 
LRRK2 gene have been reported in papillary renal and thyroid carcinomas [65].

 Pathology

The neuropathology of LRRK2 PD was previously reviewed [66, 67]. Briefly, the 
most common pathology in autopsies of Gly2019Ser carriers is Lewy body pathol-
ogy. However, as in the case of the clinical studies of LRRK2 mutation carriers, the 
literature may be biased because of study design. First, the vast majority of 
Gly2019Ser autopsies were obtained from patients with neurodegenerative disor-
ders in spite of an estimated penetrance of 30%. This is because brain banks are 
skewed toward collection from patients with neurodegeneration rather than healthy 
controls. Among autopsies of patients with parkinsonism, there may be additional 
bias. On one hand, in many cases, only Lewy body brain banks were genotyped in 
order to estimate Gly2019Ser mutation frequency in these banks; on the other hand, 
there is likely a publication bias where Gly2019Ser autopsies with Lewy body 
pathology are less likely to be reported as compared with brains with unusual 
pathology. For example, the Columbia University Brain Bank has six Gly2019Ser 
autopsies. All manifest Lewy body pathology, but one of them also contains tau 
inclusion bodies consistent with progressive supranuclear palsy pathology. Most of 
the non-Lewy body brain bank was not genotyped for the Gly2019Ser mutation. 
When the clinical features of those with Lewy body pathology were compared to 
those with other pathology (e.g., neuronal loss in substantia nigra), Kalia et al. [67] 
reported that the presence of Lewy bodies was associated with non-motor features 
of PD, while cases without Lewy body were more likely to manifest a more pure 
motor deficit. Carriers of mutations other than Gly2019Ser are less likely to have 
Lewy bodies, which were present only in 35% of the reported autopsies (8 out of 
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23). No autopsy with the common Asian variant Gly2385Arg has been reported 
to date.

In summary, pathological features of different LRRK2 mutations may vary con-
siderably. The majority of G2019S carriers with PD had Lewy body containing 
neurons, which may also correlate with the presence (or lack thereof) of non-motor 
symptoms. Autopsies of mutation carriers without PD are sparse and may be 
extremely informational for our understanding of the pathogenesis of the LRRK2 
mutations and their incomplete penetrance.

 Symptoms in Non-manifesting LRRK2 Carriers

A few groups studied non-manifesting LRRK2 mutation carriers. Study design often 
includes analyses of families with LRRK2 mutations, where family member carriers 
and noncarriers are compared. To date, there are no studies which can clinically 
distinguish carriers without PD from their noncarrier family members.

A recently published study [68] assessed non-motor symptoms in 256 family 
relatives of AJ PD patients (non-manifesting Gly2019Ser LRRK2 mutation carri-
ers and noncarriers of the Gly2019Ser mutation). Non-manifesting carriers had 
higher non-motor symptom score on the non-motor symptom (NMS) question-
naire (questions relating to constipation and urinary urgency) than noncarriers. 
Differences between groups were more pronounced with older subject age and 
also included anxiety and daytime sleepiness. No differences between groups 
were found in motor scores (UPDRS part III), cognitive function (MoCA), or 
olfaction (UPSIT) [68].

Saunders-Pullman et  al. reported that non-manifesting carriers of the LRRK2 
mutation had lower UPSIT scores compared to healthy controls but higher UPSIT 
scores compared to LRRK2 PD patients [50]. Another study by Saunders-Pullman 
et al. [51] reported that non-manifesting LRRK2 carriers had higher UPSIT scores 
than healthy controls, but their olfaction did not differ from first-degree family 
members of idiopathic PD patients.

Mirelman et al. assessed gait in 52 first-degree relatives of PD patients, in whom 
25 were non-manifesting LRRK2 mutation carriers and 27 were noncarriers. 
Mutation carriers had subtle gait changes. Although the groups did not differ in gait 
speed, stride time, or stride length, mutation carriers had altered gait variability 
(measure of gait consistency and stability) during fast walking and dual tasking 
[69]. The groups did not differ in the UPDRS part III scores.

Thaler et al. [70] reported that non-manifesting LRRK2 carriers demonstrated 
poorer performance on computerized measure of executive functioning (Stoop test 
score and response time) compared with that of noncarriers. The groups did not dif-
fer in their MoCA scores, GDS scores, or UPDRS part III motor scores.

The only notable difference Marras et al. [24] reported between non-manifesting 
LRRK2 mutation carriers and noncarriers was a marginally higher frequency of pos-
tural and action tremor in the former.
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 Conclusions and Future Directions

In this review we highlighted the current data available on the demographics, motor 
and non-motor symptoms of LRRK2 PD carriers, and symptoms in non-manifesting 
carriers. LRRK2 is the most common dominantly inherited genetic factor implicated 
in late-onset familial and sporadic PD identified to date. Several mutations in the 
LRRK2 gene have been shown to be associated with PD. The clinical phenotype of 
LRRK2 PD is variable, similar to idiopathic PD, but is probably slightly milder, with 
less non-motor involvement compared to idiopathic PD patients. There is consider-
able variability in the literature regarding the epidemiology, penetrance, and symp-
toms of LRRK2 PD. This heterogeneity may be partially explained by phenotypic 
variations of the different mutations in the LRRK2 gene and the differences in 
experimental methods applied to identify motor and non-motor symptoms. 
Development of more sensitive biomarkers for identifying and monitoring motor 
and non-motor symptom progression is needed. Longitudinal studies and pathologi-
cal data of LRRK2 PD will likely help to shed light on the disease characteristics of 
this intriguing subgroup of PD patients.
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Chapter 3
LRRK2 Phosphorylation

R. Jeremy Nichols

Abstract Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene were dis-
covered in 2004 and have been found to be the most frequently mutated gene in 
Parkinson’s disease. LRRK2 is a large multi-domain protein with a functional 
GTPase and kinase domain. The signal transduction pathways in which LRRK2 is 
dysfunctional in the disease state are only now being resolved, but we do know that 
LRRK2 is, itself, a substrate of multiple kinases and phosphatases and exists in vari-
able phosphorylated states. Autophosphorylation of LRRK2 can impact GTPase 
and pathological outcomes. LRRK2 serines (910/935/955/973) are differentially 
phosphorylated in pathogenic PD mutations and after LRRK2 kinase inhibition. 
The phosphorylation status of LRRK2 can therefore provide key insight into the 
mechanisms of kinase dysfunction during disease. This chapter will describe the 
identification of LRRK2 phosphorylation sites and how phosphoregulation of 
LRRK2 reveals its own kinase activity and regulates its ubiquitination and localiza-
tion in vitro, in cells, and in tissues.

Keywords Parkinson’s disease • LRRK2 • Synuclein • Posttranslational modifica-
tion • Kinase • Phosphatase • Phosphorylation • Dephosphorylation • Ubiquitin 
ligase • Deubiquitinase • Ubiquitination • Deubiquitination • Signal transduction

 Introduction

 Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurodegenerative disease affecting 1–2 
% of the population over 65 years of age. There are approximately 60,000 newly 
diagnosed patients per year in the USA. It is estimated that the prevalence of PD 
cases worldwide will double by the year 2030 [1, 2]. The increasing disability 
caused by the progression of disease burdens the patients, their caregivers, as well 
as society, and without new treatments for disease modifying or prevention of onset, 
this cost will increase. Classical clinical features of PD include resting tremor, 
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bradykinesia, postural instability, and rigidity. PD also exhibits a wide variety of 
non- motor features such as autonomic dysfunction and dementia. Although the pat-
tern of neuronal loss in PD is well characterized from postmortem studies, the 
molecular mechanisms of neurodegenerative cell death are still being elucidated. 
The majority of PD patients suffer from idiopathic disease with no clear etiology. 
However, approximately 5 % of patients present with familial PD. Furthermore, 
exposure to a number of environmental toxicants has been shown to increase the 
risk of PD [3–5]. The protein targets of environmental insults or the products of 
mutated genes are important therapeutic targets for drug development aimed at dis-
ease modification or prevention, a huge unmet need in the PD field.

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most com-
mon cause of inherited PD [6–10], and genome-wide association studies have also 
identified LRRK2 as a risk factor for sporadic PD [11, 12]. With the association in 
both familial and idiopathic disease, it is likely that the molecular basis of LRRK2 
dysfunction-based PD is similar between the two. Further, the clinical phenotypes of 
PD caused by LRRK2 mutations are largely indistinguishable from idiopathic dis-
ease (reviewed in [13]). Protein kinases mediate the transfer of phosphate to the 
hydroxyl group of Ser/Thr/Tyr residues of substrate proteins, which, in turn, alters 
downstream function of those phosphorylated proteins [14, 15]. The activity of 
kinases themselves is typically mediated by an upstream phosphorylation event, 
thereby transducing signals from one protein to another. The normal and pathologi-
cal roles of LRRK2 are not fully understood; however, a consensus is forming around 
roles in vesicle trafficking and neurotransmitter release along with neuronal out-
growth. This has been solidified by the recent discovery that LRRK2 phosphorylates 
a subset of Rab GTPases to regulate their interaction with guanine nucleotide dis-
sociation inhibitors [16]. This chapter summarizes the current understanding of the 
phosphoregulation of LRRK2 and how it is deregulated in pathogenic conditions.

 LRRK2 Protein Domain Structure

The LRRK2 gene encodes a large multi-domain protein of 2527 amino acids, with 
both GTPase and kinase enzymatic domains, Fig.  3.1. The amino terminus 
[1-1287aa] is dispensable for kinase and GTPase activity [17], but participates in 

Fig. 3.1 Domain architecture of LRRK2. Domain architecture of the LRRK2 protein is shown 
with sites of LRRK2 phosphorylation by upstream kinases in blue and the in vivo relevant auto-
phosphorylation site in black. Pathogenic PD-related mutations in LRRK2 are shown in red, while 
risk factor mutations are shown in gray
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regulation of LRRK2, containing a phosphorylation cluster (described below), an 
armadillo-like and ankyrin-like repeats, and the namesake leucine-rich repeat 
domain. The minimal catalytic fragment for kinase activity encompasses the 
remainder of the protein [1326-2527aa] [17]. This includes an active GTPase 
domain, termed Ras of complex proteins (Roc), which is juxtaposed to the 
C-terminal of ROC (COR) domain in a class of enzymes termed ROCO proteins, of 
which LRRK2 is a member [18, 19]. The adjacent kinase domain bears similarity to 
mixed lineage kinases which are typically involved in kinase signaling cascades. 
The carboxy terminus contains a WD40 domain and is essential for kinase activity, 
where deletion of the last seven amino acids inhibits activity [17, 20, 21].

LRRK2 is likely a dimer with several intramolecular interaction interfaces 
throughout the multiple domains of the protein, which lends itself to various poten-
tial regulatory mechanisms. The GTPase domain of LRRK2 can be purified as an 
active monomer that binds and hydrolyzes GTP [22]; however, it is thought that the 
RocCOR domain mediates dimerization of LRRK2 [23–25]. In one proposed 
model, LRRK2 activation is a result of GTPase activation by nucleotide-dependent 
dimerization [26]. This model competes with the identification of GTPase-activating 
proteins (GAPs) and guanine nucleotide exchange factors (GEFs) that interact with 
LRRK2 to potentially regulate the activity of the LRRK2 GTPase domain, i.e., 
ArfGAP1 and ARHGEF7 [27–29]. Some studies have shown that the mutations 
within the GTPase and ROC domain alter LRRK2 kinase activity. If GAPs or GEFs 
regulate LRRK2 GTPase activity, there is likely an impact on kinase activity [27].

 LRRK2 PD-Related Mutations and Effects on Enzyme Activity

LRRK2 activity is derived from functional inputs from throughout the enzyme itself; 
these could be intramolecular or intermolecular in the case of LRRK2 dimers/oligo-
mers or protein-protein interactions. Many of the LRRK2 missense mutations found 
to segregate with disease encode substitutions in the catalytic core of the GTPase 
and kinase domains [N1437H, R1441C/G, Y1699C, G2019S, and I2020T] (Fig. 3.1) 
[13, 30, 31]. The most common mutation in inherited and idiopathic PD encodes a 
G2019S substitution and is located in subdomain VII of the kinase domain “DFG” 
motif [14, 15, 32]. This mutation has been consistently found to increase kinase 
activity at least two- to threefold [33]. Structural studies with the kinase domain of 
ROCO4, a Dictyostelium discoideum ROCO protein homolog of LRRK2, revealed 
that an analogous Ser substitution in the Gly of the DFG motif results in a salt bridge 
between Ser2019 and Q1918 (as predicted in the human orthologue) stabilizing a 
potential active state of the kinase [26, 34]. I2020T displays decreased activity in 
some assays and increased activity in others. Ray et al. also noted differences in 
I2020T activity due to different substrate-dependent readouts of kinase activity [35].

It is hypothesized that the increased kinase activity of LRRK2 PD-related muta-
tions results in hyperphosphorylation, and thus aberrant function, of a yet to be 
identified substrate. Kinase-inactive mutations of LRRK2 blunt or do not exhibit 
some detrimental phenotypes of mutant LRRK2 expression such as neurite shorten-
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ing [36]. It is therefore plausible that inhibiting LRRK2 with small-molecule kinase 
inhibitors to reduce the kinase activity of LRRK2 would be a potential benefit to 
patients carrying these mutations in LRRK2. Further, since patients with LRRK2 
mutations present clinically, and in most cases pathologically, similar to idiopathic 
PD, it is also possible that modulation of LRRK2 kinase activity could benefit idio-
pathic PD as well [13]. One difficulty in relating the observed in vitro change in 
enzyme activity to downstream pathology is the lack of an in vivo LRRK2 substrate 
that is validated across laboratories and for which there are methods to detect this 
substrate phosphorylation. This prevents correlation of pathological outcomes with 
altered substrate phosphorylation in model systems and PD patient samples.

There are also some discrepancies in the reported effects of mutations in the 
RocCOR domain on LRRK2 GTPase and kinase activity [37]. The RocCOR 
GTPase domain mutations exhibit increased GTP-binding activity using immobi-
lized GTP agarose [38] or thin-layer chromatography with LRRK2 purified from 
32P-orthophosphate metabolically labeled cells [39, 40]. In careful kinetic analysis, 
R1441H shows slowed GTP hydrolysis and increased affinity for GTP [22], which 
could account for the apparent increased association with GTP agarose in similar 
LRRK2 mutants in other studies. In many signaling cascades, activated GTPases in 
the GTP-bound state bind and activate kinases. Since the LRRK2 polypeptide con-
tains both modules of this type of signaling cascade, and altered GTPase activity of 
the Roc domain has the potential to change kinase activity, it is likely that there is a 
similar mechanism of intramolecular regulation of LRRK2 kinase function. R1441C 
mutation was found to increase activity by 20 % using purified recombinant full- 
length LRRK2 R1441C [41]. LRRK2 R1441G/C and Y1699C mutations both 
increase the kinase activity of LRRK2 in cells [41, 42]. The prolonged GTP-bound 
“active state” is a potential explanation for the increased kinase activity of LRRK2 in 
these PD mutants.

The extra catalytic amino and carboxy terminal domains of LRRK2 also play a 
role in the activity and function of LRRK2. The carboxy terminus can interact with 
the catalytic domains of LRRK2, and deletion of the carboxy terminus or substitu-
tion of the risk factor mutation Gly2385 to Arg decreases kinase activity of LRRK2 
[17, 20, 21, 43]. The amino terminus of LRRK2 is heavily phosphorylated in cells 
and regulates several aspects of LRRK2 biology (discussed below), and deletion of 
this domain enables purification of active kinase [17].

 LRRK2 Phosphorylation

 LRRK2 Autophosphorylation

 Identification of LRRK2 Autophosphorylation Sites

Many kinases undergo autophosphorylation in  vitro; however, the relevance to 
physiological function has yet to be defined for many of these enzymes. One classic 
example of kinase autophosphorylation as a regulatory mechanism in neuronal 
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transmission is with Ca++/calmodulin-dependent kinase which is involved in long- 
term potentiation. CaMKII autophosphorylation of a regulatory domain leads to 
activation of the enzyme, while inhibition of protein phosphatase1 leads to persis-
tent activation of the protein [44–47]. LRRK2 autophosphorylation has been exam-
ined in several studies directed at identifying LRRK2 autophosphorylation sites 
using in vitro autophosphorylation kinase assays or trans-phosphorylation of puri-
fied LRRK2 fragments. Autophosphorylation of LRRK2 is located throughout the 
protein, with several sites of modification found within the catalytic core of the 
enzyme. Table 3.1 lists these sites and the literature sources from which these were 
reported. In Greggio et al. 2009, phosphosites were mapped in trans- phosphorylation 
reactions using LRRK2 aa970-2527 with bacterially expressed LRRK2 fragments 
where they found Thr1024, Thr1343, T1491, and T2031 as sites of LRRK2 auto-
phosphorylation [48]. Kamikawaji also identified Thr1491, as well as Ser1403, 
Thr1404, and Thr1410, located within the ROC domain and Thr1967 and Thr1969 in 
the kinase domain [39]. LRRK2 Thr1348, Thr1349, and Thr1357 were reported as 
major autophosphorylation sites, while mutation of T1410, T1491, and T1503 
resulted in minimal loss of phosphorylation pattern in two-dimensional thin-layer 
chromatography analysis, indicating these are low-stoichiometry sites [49]. In posi-
tional scanning peptide library screens to search for an optimal LRRK2 substrate 
recognition sequence, it was observed that LRRK2 prefers Thr residues in the con-
text of peptide substrates [50, 51]; this correlates well with the fact that most auto-
phosphorylation sites are Thr residues (Table 3.1). The stoichiometry of LRRK2 
autophosphorylation sites is low within cells, and this is reflected in the lack of mass 
spectrometric identification or immunological reagents to detect these phosphosites 
in lysates of cells. An alternate explanation is that the LRRK2 protein analyzed is in 
a basal state of low kinase activity. The Ser1292 phosphorylation site of LRRK2 
was isolated in Gloeckner et al. [52] and in Sheng et al. [42], and this site does 
appear to undergo autophosphorylation in cells. Anti-pSer1292 antibodies can 
detect modification of this site and reveal changes in LRRK2 kinase activity in 
LRRK2 N1437H, R1441C/G/H, Y1699C, and G2019S in cells and tissues [41, 42].

In some kinase signal transduction cascades, in response to an inducer, upstream 
activating kinases phosphorylate downstream kinases within the activation loop (or 
T-loop) of the enzyme. The T-loop lies between subdomains VII and VIII of the 
kinase domain and can be single or multiple Ser/Thr/Tyr residues [14, 15]. This 
phosphorylation causes a conformational change flipping the T-loop into an active 
conformation and turning on the enzyme, thus transmitting the signal downstream. 
In LRRK2, there are three potential sites of T-loop phosphorylation, namely, 
Thr2031, Ser2032, and Ser2035, which were reported to be sites of LRRK2 auto-
phosphorylation [53]. There have been no clear activators of LRRK2 kinase activity 
found thus far, though Dzamko et al. observed a slight increase in LRRK2 kinase 
activity after LPS treatment [54]. Reactive oxygen stress with hydrogen peroxide 
has also been found to increase LRRK2 autophosphorylation [53]. It is therefore 
possible that the enzymatic studies with LRRK2 have been performed on kinase 
with basal levels of unstimulated activity. LRRK2 was found to autophosphorylate 
at Thr2031 by mass spectrometry [42, 48, 50]. However, there is little evidence of 
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LRRK2 autoactivation in vitro. Mutation of T2031S increased LRRK2 kinase activ-
ity similar to G2019S and mutation of Thr2031, Ser2032, and Ser2035 to Ala 
repressed kinase activity [21, 53] showing that the regulation of these sites as true 
T-loop activation sites remains unresolved.

 Effects of Autophosphorylation on LRRK2 Function

In the absence of a validated downstream substrate for LRRK2, autophosphoryla-
tion is a potential tool to understand LRRK2 kinase activity in experimental or 
pathological conditions. Autophosphorylation has been shown to impact down-
stream function of LRRK2 in  vitro. An Ala substitution of Thr1503 decreases 
GTPase activity and kinase activity [55]. Substitution of Thr1367 to Ala decreases 
the kinase activity of LRRK2 [39]. Thr1348 and Thr1349 were characterized as 
major autophosphorylation sites of LRRK2, and mutation of these residues to Asp 
(to mimic phosphorylation) decreases kinase activity [49]. However, phosphoryla-
tion of the Roc domain by LRRK2, partially through Thr1343 and Thr1348, could 
enhance GTPase activity [56]. Autophosphorylation of Ser1292 has recently been 
observed within cells as an indicator of LRRK2 kinase activity [42]. However, 
mutation of Ser1292 does not affect kinase activity in vitro [41, 42]. Interestingly, a 
S1292A mutation reduces the effects of LRRK2 PD-related mutations on primary 
neurite outgrowth in rat cortical primary neurons [42]. Ser1292 phosphorylation has 
also been shown to contribute to the potential role of LRRK2 in regulating lysosome 
size and function in primary astrocytes. This could be related to findings from prior 
expression studies in Plowey et al. showing that LRRK2 G2019S mutant induces 
neurite shortening concomitant with an increase in autophagic vesicle formation, 
which could be due to LRRK2 pSer1292 effects on lysosomal size [57]. Cumulatively, 
autophosphorylation can alter in vitro and in vivo activity of LRRK2, representing 
intramolecular regulation of the enzyme.

 LRRK2 Phosphorylation by Upstream Kinases

 Identification of LRRK2 Upstream Kinase Phosphorylation Sites

LRRK2 is constitutively phosphorylated in cells, but the fraction of LRRK2 that is 
modified is currently unknown. LRRK2 was first described to be phosphorylated in 
cells in West et al. [38], reporting phosphorylated residues Ser910 and Ser935 [38]. 
Gloeckner et al. first described the phosphorylation of LRRK2 as constitutive by 
using a comparative quantitative mass spectrometry on strep-tagged LRRK2 iso-
lated from cells labeled with heavy and light amino acids using a SILAC (stable 
isotope labeling in culture) approach [52]. They were able to distinguish constitu-
tive phosphorylation sites present in active and inactive LRRK2 [K1906M] purified 
from cells from those sites induced by autophosphorylation in vitro. The presence 
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of phosphorylated residues on kinase-inactive LRRK2 indicates that these are not 
likely autophosphorylation sites. Endogenous LRRK2 immunoprecipitated from 
Swiss3T3 cells was characterized by mass spectrometry to verify that Ser860, 
Ser910, and Ser935 and S973/S976 were observed on native protein [58]. Ectopically 
expressed LRRK2 was metabolically labeled in HEK293 cells with 
32P-orthrophosphate in Lobbestael et  al., directly demonstrating that LRRK2 is 
phosphorylated in cells [59]. Further evidence that Ser910 and Ser935 and S973/
S976 are not sites of autophosphorylation was provided by showing that dephos-
phorylated LRRK2 was not able to rephosphorylate these sites in vitro [41, 58, 60, 
61]. Table 3.1 also describes LRRK2 phosphorylation sites derived from the litera-
ture and publically available phosphosite curation databases that are likely modified 
by upstream kinases.

 Phosphorylation-Dependent 14-3-3 Binding to LRRK2

A functional significance of the Ser910/Ser935 phosphorylation sites stemmed 
from a SILAC-based protein-protein interaction study with LRRK2, which found 
14-3-3 proteins highly enriched in LRRK2 immunoprecipitates. 14-3-3 proteins can 
bind phosphopeptides as dimers, engaging two phosphosites at once and can be 
separated by approximately 20-25aa [62–65]. 14-3-3 can also bind carboxy termi-
nal phosphopeptides [66] as well as bind proteins in a non-phosphoamino acid- 
dependent manner [67]. 14-3-3 was shown to bind to Ser910/Ser935, where 
mutation of either site disrupts phosphorylation of the other site and also ablates 
14-3-3 interaction. This was contemporaneously shown by Li et al., also finding that 
LRRK2 bound 14-3-3 proteins through Ser935 [68]. Mutation of Ser910/Ser935, 
but not Ser955/Ser973, results in loss of 14-3-3 binding [60, 69]. Interestingly the 
absence of binding 14-3-3 results in the localization of some fraction of LRRK2 to 
skein-like structures and cytoplasmic accumulations [61, 70, 71]. 14-3-3 proteins 
were also found to be LRRK2 interactors in an unbiased screen for LRRK2- 
interacting proteins using proteoarrays [72]. 14-3-3 not only binds phosphorylated 
LRRK2, but overexpression of 14-3-3 proteins may alter LRRK2 kinase activity 
and neurotoxicity in cells [73].

 Regulation of LRRK2 Phosphorylation

 PD Mutations and Kinase Inhibition Change LRRK2 
Phosphorylation

 PD-Related Mutations Alter LRRK2 Phosphorylation

PD-related mutations in LRRK2 not only impact the enzymatic activity of LRRK2 
but also alter the phosphorylation status of an autophosphorylation site and the 
upstream kinase sites in cells. An important recent finding was that serines 910, 935, 
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955, and 973 are dephosphorylated in pathogenic PD mutations found within the 
RocCOR domain of the protein [N1437H, R1441C/G/H, Y1699C] and in the kinase 
domain of LRRK2 [I2020T] [41, 58–60]. The mechanism of how altered GTPase 
activity [R1441C/G/H and Y1699C] or kinase activity [I2020T] causes the dephos-
phorylation of LRRK2 is unclear; it is however possible that the mutations change 
enzymatic activity or conformation to impart the deregulation of these sites through 
changing access to a phosphatase. Interestingly the G2019S mutation of LRRK2, 
though exhibiting increased kinase activity, neither increases nor decreases the 
phosphorylation status of LRRK2. This is in contrast to the RocCOR mutations that 
also increase kinase activity while concomitantly decreasing Ser910/Ser935/
Ser955/Ser973 phosphorylation. The PD risk factor LRRK2 mutation encoding 
G2385R also decreases the phosphorylation of LRRK2 at Ser910/Ser935 [43].

 Kinase Inhibition Induces LRRK2 Dephosphorylation and Loss of 14-3-3 
Binding

Another aspect of the dynamic regulation of LRRK2 is that Ser910/Ser935/Ser955/
Ser973 is rapidly dephosphorylated in cells and tissues after inhibition of LRRK2 
with small molecules [60, 61, 74] similar to N1437H, R1441C/G/H, Y1699C, and 
I2020T. This similarly results in the loss of 14-3-3 interaction and relocalization of 
the protein to skein-like structures or accumulations in the cytoplasm of cells. The 
relocalization phenotype has only been observed on expressed protein; however, it 
is coincident with loss of 14-3-3 association which has been observed on endoge-
nous R1441C protein in mouse knock-in tissues and on endogenous LRRK2  in 
mouse tissues or cells treated with LRRK2 inhibitors [58]. The cytoplasmic accu-
mulations of LRRK2 could be associated with microtubules, vesicles, or aggregates 
of LRRK2 protein itself. The change in phosphorylation, interacting partners, and 
localization of LRRK2 is specific to inhibition of the kinase domain of LRRK2. The 
A2016T substitution desensitizes LRRK2 to inhibitors by creating a steric block to 
inhibitor engagement of the kinase domain without major changes to kinase activity 
[51]. When this mutant is exposed to selective LRRK2 inhibitors in cells, LRRK2 
remains phosphorylated at Ser910/Ser935/Ser955/Ser973 and Ser1292  in cells, 
confirming that dephosphorylation is a result of direct inhibition of LRRK2. Loss of 
phosphorylation at Ser935 was recently adapted to a high-throughput amenable 
detection method using a time-resolved fluorescence energy transfer assay to iden-
tify regulators of LRRK2 phosphorylation [75], where several LRRK2 inhibitor 
molecules were identified.

When LRRK2 is dephosphorylated, it is blocked from being trafficked to a secre-
tory pathway. LRRK2 can be found in exosomes from cell culture model systems 
and in urine from patient samples [76]. It may be that the dephosphorylation of 
LRRK2 sequesters the protein in subcellular locale that prevents involvement with 
the secretory pathway for exosome release. This identifies a cellular pathway that 
LRRK2 interacts with and a potential biomarker for PD, if levels or activity status 
of LRRK2 could be correlated with disease phenotype. In fact recently, urine 

R.J. Nichols

elisa.greggio@unipd.it



61

exosome- associated LRRK2 phosphorylation at Ser1292 was positively correlated 
with genotype and disease risk [77]. If 14-3-3 interaction is blocked using the small 
peptide difopein, LRRK2 becomes dephosphorylated at Ser910/Ser935 [70, 76]. 
Difopein binds and prevents phosphopeptide-dependent binding of 14-3-3 proteins 
[78] and when co-expressed with LRRK2 seems to “uncap” the sites by binding 
14-3-3, allowing access to a phosphatase that dephosphorylates Ser910/Ser935 [70, 
76]. This indicates that 14-3-3 proteins can protect phosphorylation of LRRK2, but 
also that there are active phosphatases that regulate LRRK2 regardless of its kinase 
activity status. LRRK2 Ser1292 phosphorylation is dependent on direct LRRK2 
kinase activity and is also dephosphorylated in cells after LRRK2 kinase inhibitor 
treatment [41, 42]. The dephosphorylation of LRRK2 after inhibition has been uti-
lized as a measure of LRRK2 inhibition by small molecules in cells and tissues by 
multiple groups. This has enabled the determination of LRRK2 kinase inhibitors 
that are engaging the target in cells and tissues as a pharmacodynamic marker to 
correlate the inhibition of LRRK2 in dosing studies [79].

 LRRK2 Kinases

The cluster of serines, including S910, S935, S955, and S973, found preceding the 
namesake LRR domain, appear to be constitutively phosphorylated. It has been 
proposed that these sites are phosphorylated by kinases other than LRRK2 itself 
[38, 52, 58, 60, 68]. LRRK2 is highly expressed in immune cells, and there is ample 
evidence that LRRK2 responds to stimulation of the immune system. Interferon-γ 
treatment of immune cells increases LRRK2 expression [80]. Stimulation of Toll- 
like receptor (TLR) 2, TLR4, TLR6, and TLR9 has been shown to increase the 
phosphorylation of LRRK2 at Ser910/Ser935 [54]. Interestingly, TLR stimulation 
can overcome the induced dephosphorylation of LRRK2 caused by acute inhibition 
[54]. This could be through activation of a kinase signaling cascade that tilts the 
balance away from dephosphorylation or by causing inhibition of phosphatase, with 
both scenarios assuming there is an active ongoing phosphatase activity on LRRK2. 
Though this issue is unresolved, genetic and pharmacological interrogation impli-
cated the inhibitor of IκB kinases (IKKα/β and IKKε/TBK1) as activated kinases 
that could mediate the phosphorylation of LRRK2. This has broad implications in 
the potential role of LRRK2 in immune signaling. LRRK2 knockout rats or long- 
term kinase inhibition with PF475 reduces the CD63+ cell response to LPS or 
α-synuclein-mediated nigral degeneration after stereotactic injection to the area [81, 
82]. Extracellular α-synuclein could activate an LRRK2-dependent TLR signaling 
cascade that, when stimulated, contributes to nigral cell death. The absence of 
LRRK2 kinase activity may relieve toxic stress responses that diminish nigral death, 
which is a positive indicator that inhibition of LRRK2 is a viable neuroprotective 
strategy.

The regulation of LRRK2 phosphorylation is likely mediated by several kinases 
that respond to different stimuli. To screen recombinant kinases that could modify 
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LRRK2 would be resource intensive. Alternatively, Chia et al. screened for LRRK2 
upstream kinases using a reverse genetic screen with siRNAs targeting kinases 
within the kinome with a pSer935 immunoblot readout and found casein kinase 
CK1α1 as an upstream kinase for LRRK2 [83]. Repression of expression or inhibi-
tion of CK1α1, but not LRRK2 inhibition, resulted in loss of Ser910/Ser935 phos-
phorylation and an increase in ARHGEF7 association with LRRK2, which in turn 
decreases GTP binding. CK1α1 siRNA treatment also reduces the Rab7L1- 
dependent Golgi fragmentation caused by LRRK2, indicating that constitutive 
phosphorylation of LRRK2 modulates the recruitment of LRRK2 to the trans-Golgi 
network [83]. This could mean that the cytoplasmic accumulations of LRRK2 
caused by its kinase inhibition are vesicular in nature.

Protein kinase A has been proposed as a candidate upstream kinase of LRRK2 
Ser910/Ser935 [68] and also for Ser1444 site near the R1441C/G/H PD-related muta-
tions [84]. The in vivo role for PKA in phosphorylating LRRK2 at Ser910/Ser935 has 
yet to be fully resolved. Forskolin treatment, an activator of PKA through activation 
of adenylate cyclase to increase cAMP levels, was indicated to increase LRRK2 
phosphorylation at Ser910/Ser935 and Ser1444. This was proposed to provide an 
alternate 14-3-3 dimer phosphosite interaction between pSer910 and pSer1444. 
However, forskolin treatment was shown to decrease LRRK2 phosphorylation at 
Ser935/955/973 and reduce 14-3-3 interaction on LRRK2 expressed in HEK293 cells 
and endogenous LRRK2 [41]. Further, mutations of LRRK2 Ser910 or Ser935 to Ala 
ablate 14-3-3 interaction with LRRK2 (Section “LRRK2 Kinases”) [58, 68].

 LRRK2 Phosphatases

Phosphorylation is a reversible process where dephosphorylation of Ser/Thr/Tyr 
residues is mediated by protein phosphatases. The induction of LRRK2 dephos-
phorylation after inhibition and the loss of phosphorylation in PD-related mutations 
of LRRK2 predict that the phosphatases that regulate LRRK2 are novel targets for 
PD investigations. Protein phosphatase 1 (PP1) was found to be a regulator of 
LRRK2 phosphorylation after inhibition. Co-treatment of cells with LRRK2 inhibi-
tor with calyculin A, a PP1 inhibitor, blocked the induced dephosphorylation of 
LRRK2. Further, LRRK2 inhibition and in the N1437H, R1441G, and Y1699C PD- 
related mutations increased the association of PP1 with LRRK2 in expression stud-
ies and on endogenous LRRK2. PP1 target specificity is driven by the association of 
regulatory subunits. We do not yet know which subunits form the active PP1 holo-
enzyme that acts on LRRK2. To fully understand how LRRK2 dephosphorylation is 
regulated, it is necessary to know which subunits mediate the interaction with 
LRRK2 and if they are different in pathogenic conditions or if there is tissue speci-
ficity to complex assembly. PP1 dephosphorylation of LRRK2 Ser910/Ser935/
Ser955/Ser973 provides a novel target for PD therapeutic development.

Ser1292 autophosphorylation not only reveals intrinsic LRRK2 kinase activity 
but also mediates some pathogenic phenotypes (described above). Since dephos-
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phorylation of this site reveals kinase inhibition, it must also be subject to phospha-
tase activity. In a pharmacological approach, Reynolds et al. found that calyculin A 
and okadaic acid, inhibitors of PP1 and PP2, respectively, could increase the phos-
phorylation status of LRRK2 at Ser1292, indicating that both families of phospha-
tases act on LRRK2. Although PP1 exhibits increased association with LRRK2 in 
conditions in which it is dephosphorylated, the pharmacological evidence that both 
PP1 and PP2 type enzymes act on LRRK2 opens the repertoire of dephosphorylat-
ing enzymes to both major Ser/Thr phosphatase families and thus provides even 
more molecular targets that modulate LRRK2 function

 A LRRK2 Dephosphorylation and Ubiquitination Cycle

The R1441C, A1442P, and I2020T mutations of LRRK2 exhibit intracellular insta-
bility with a shortened half-life compared to wild-type LRRK2 [85–87]. One differ-
ence between these mutations and wild-type LRRK2 is that they are dephosphorylated 
at the Ser910/Ser935/Ser955/Ser973 sites, providing insight into a potential mecha-
nism for degradation. When 42 different LRRK2 mutations were analyzed simulta-
neously, several mutants that proved to be dephosphorylated at Ser910/Ser935 
exhibited lower steady-state accumulation of the protein [58]. Zhao et al. reported 
that inhibition of LRRK2 kinase activity reduces the stability of the LRRK2 enzyme 
[70]. This instability was found on expressed LRRK2 and endogenous LRRK2 in 
cell culture and in animals dosed with the LRRK2 inhibitor GNE1023. Further, 
inhibition of LRRK2 kinase activity induced the ubiquitination of the enzyme, 
which could be blocked by inhibiting phosphatases with calyculin A, therefore link-
ing LRRK2 inhibition-induced dephosphorylation and ubiquitination of the protein. 
Difopein co-expression with LRRK2 further linked ubiquitination of LRRK2 to a 
cycle of phosphorylation/dephosphorylation by inducing dephosphorylation of 
Ser935, ubiquitination, and a decrease in stability of LRRK2. Interestingly, PD- 
related mutations of LRRK2 that are dephosphorylated at the upstream kinase phos-
phorylation sites also exhibit increased ubiquitination of the protein in the basal 
state, which could be reversed with calyculin A treatment. The clear inverse rela-
tionship between the phosphorylation and ubiquitination status of LRRK2 reveals 
novel targets and regulatory pathways associated with PD [70].

Ubiquitin is covalently linked to proteins through Lys residues, and additional 
ubiquitin molecules can be conjugated in a successive manner to the previously 
added ubiquitin to generate extended chains of ubiquitin molecules attached to the 
target protein [88]. In these chains, ubiquitin can be linked to adjoining ubiquitins 
via different Lys residues in the protein to generate a variety of architectures of 
ubiquitin chains with specific functions. LRRK2 is subject to several different types 
of ubiquitin linkages including K48 and K63, which result in altered protein stabil-
ity and likely other signaling mechanisms for LRRK2. The degradation of LRRK2 
is complex, with both the ubiquitin proteasome system (generally driven by K48) 
and the autophagy lysosome system (driven by K63 for aggregated proteins) being 
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implicated in the degradation of LRRK2. LRRK2 protein accumulates after protea-
some and autophagy disruption [70, 89–92]. LRRK2 is also subject to chaperone- 
mediated autophagy, a process that is also dysregulated by PD mutant LRRK2 
forming a complex interrelationship [89]. If indeed LRRK2 is degraded by these 
three mechanisms, it will be important to determine the phosphorylation and ubiq-
uitination status in each of these cases. The ubiquitin ligases and deubiquitinases 
that act on LRRK2 in response to altered phosphorylation will provide insight into 
how LRRK2 is regulated in normal and pathogenic conditions. The ligases that act 
on LRRK2 specifically after dephosphorylation have yet to be elucidated; however, 
carboxy terminal Hsp70 interacting protein (CHIP) has been identified as a ubiqui-
tin ligase that acts on LRRK2 [90, 91], but the mechanism to stimulate this function 
remains unresolved.

LRRK2 ubiquitination has a major impact on the potential for LRRK2 inhibitor- 
based therapeutic strategies. Although we still need to understand what the ubiquitin 
modifiers of LRRK2 are and how their activities toward LRRK2 are stimulated, 
their modification of LRRK2 in response to dephosphorylation induced by inhibi-
tion will need to be taken into account. Complete ablation of LRRK2 activity with 
LRRK2 inhibitors will lead to dephosphorylation and ubiquitination of LRRK2 and 
be an on-target molecular effect of inhibition [93].

 Conclusions

Since the discovery of LRRK2 mutations that cause Parkinson’s disease, there has 
been a large investment of public and private resources to understanding how they 
precipitate disease onset. One way to gain insight is to understand how LRRK2 is 
regulated and how that regulation is perturbed in the mutated state. Phosphorylation 
of LRRK2 appears to be a major regulatory mechanism of intrinsic (autophosphory-
lation) and extrinsic action (upstream kinase phosphorylation). This chapter has 
described the identification of LRRK2 phosphorylation sites, the impact that PD- 
related mutations have on phosphorylation, the potential enzymes that regulate the 
phosphorylation, and the interplay between phosphorylation and ubiquitination. 
The phosphoregulation of LRRK2 is a complex and dynamic system that integrates 
the biology of several PD-related mutations with inhibitors of LRRK2 kinase activ-
ity. Dephosphorylation of the upstream kinase phosphosites links PD mutations and 
inhibition with similar molecular outcomes such as relocalization to cytoplasmic 
accumulations and filamentous skein-like structures [36, 58, 71, 94], loss of 14-3-3 
binding [58, 68], and increased binding of PP1 [59]. PD mutations in LRRK2 such 
as R1441C/G and Y1699C exhibit increased kinase activity but decreased LRRK2 
phosphorylation with concomitant calyculin A-sensitive dependent ubiquitination. 
These results are in contradistinction to the most common mutation G2019S, which 
displays increased kinase activity and no change in phosphorylation or ubiquitina-
tion. LRRK2 inhibition results in decreased kinase activity and dephosphorylation 
with calyculin A-sensitive ubiquitination [70]. These similar but opposite scenarios 
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imply that the dynamic dephosphorylation of LRRK2 likely precipitates the ubiqui-
tination activity. These biochemically measurable differences among LRRK2 
pathogenic mutations likely reveal different aspects of LRRK2 biology that are dis-
rupted in mutations and also provide potential understanding on how to target PD 
based on these mutations.

There is an extensive literature that links LRRK2 to vesicular trafficking, neu-
rotransmitter signaling, and neurite outgrowth that could also reflect similar under-
lying mechanisms, reviewed in [95]. Several reports link LRRK2 to dysregulation 
of autophagy. However, there are no verified reports of the direct regulation of 
known autophagy proteins by LRRK2 to explain the observed global phenotypic 
alterations of autophagy flux in loss of function or mutant protein expression. If 
pathogenic LRRK2 alters membrane organelle biology, changing the rate of traf-
ficking and/or amounts of particular vesicle pools, this would likely induce changes 
in the flux of autophagy in cells. One potential mechanism is that LRRK2 phos-
phorylates vesicular proteins to regulate vesicular dynamics. Indeed, LRRK2 phos-
phorylates a subset of Rab GTPase proteins, regulating their interaction with the 
guanine nucleotide dissociation inhibitor Rabin8 and membrane association [16]. 
The dysregulation of these Rabs could change the cycling of vesicles in cells, which, 
in cell type or assay-dependent measurements, show lysosomal/autophagy, neu-
rotransmitter, or neurite outgrowth defects. It will be important to determine how 
the LRRK2 phosphorylation and ubiquitination status affect the regulation of these 
GTPases since these have been shown to affect the localization of LRRK2.

The prevailing model of LRRK2 phosphoregulation is a feedback mechanism 
where LRRK2 either stimulates a kinase activity or represses a phosphatase activity, 
of which one or both aspects impact the ubiquitination status of LRRK2. Figure 3.2 

Fig. 3.2 LRRK2 dephosphorylation/ubiquitination cycle. LRRK2 likely exists in a phosphory-
lated and un-ubiquitinated state that is subject to dephosphorylation by a phosphatase (i), which 
results in changes in the LRRK2 macromolecular complex. Dephosphorylation of LRRK2 pro-
motes its ubiquitination by a ubiquitin ligase (ii). This could lead to degradation or altered signal-
ing based on the types of ubiquitin chains conjugated to LRRK2. This leads to degradation or 
signaling of LRRK2 via alternate linkages. Kinases phosphorylate LRRK2 (iii), which leads to 
deubiquitination by a deubiquitinase (iv), restoring LRRK2 to its typical state
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presents a potential model that incorporates these aspects of LRRK2 biology. In a 
basal state, LRRK2 is phosphorylated at Ser910/Ser935/Ser955/Ser973. In some 
pathogenic mutations such as N1437H, R1441C/G/H, Y1699C, and I2020T or after 
LRRK2 inhibition, a phosphatase dephosphorylates LRRK2 (i). PP1 is a candidate 
enzyme for this activity. This is followed by a ubiquitin ligase conjugating ubiquitin 
molecules to LRRK2 (ii). Ubiquitination is a reversible process, and though we 
have yet to identify the order of deubiquitination and rephosphorylation of LRRK2, 
this model shows that a kinase, potentially IKKs or CK1, acts to phosphorylate 
LRRK2 (iii) with a subsequent deubiquitinase enzyme removing the ubiquitin 
chains (iv). This model identifies four states of LRRK2 in the phosphorylation/ubiq-
uitination cycle, which may or may not exist exclusive of each other. It is likely that 
LRRK2 activity or localization is driven by these states to change the signaling from 
LRRK2 with disruptive effects of inhibition and mutations.
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Chapter 4
Understanding the GTPase Activity 
of LRRK2: Regulation, Function, 
and Neurotoxicity

An Phu Tran Nguyen and Darren J. Moore

Abstract Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most 
frequent cause of Parkinson’s disease (PD) with late-onset and autosomal-dominant 
inheritance. LRRK2 belongs to the ROCO superfamily of proteins, characterized by 
a Ras-of-complex (Roc) GTPase domain in tandem with a C-terminal-of-Roc 
(COR) domain. LRRK2 also contains a protein kinase domain adjacent to the Roc- 
COR tandem domain in addition to multiple repeat domains. Disease-causing 
familial mutations cluster within the Roc-COR tandem and kinase domains of 
LRRK2, where they act to either impair GTPase activity or enhance kinase activity. 
Familial LRRK2 mutations share in common the capacity to induce neuronal toxic-
ity in cultured cells. While the contribution of the frequent G2019S mutation, 
located within the kinase domain, to kinase activity and neurotoxicity has been 
extensively investigated, the contribution of GTPase activity has received less atten-
tion. The GTPase domain has been shown to play an important role in regulating 
kinase activity, in dimerization, and in mediating the neurotoxic effects of LRRK2. 
Accordingly, the GTPase domain has emerged as a potential therapeutic target for 
inhibiting the pathogenic effects of LRRK2 mutations. Many important mecha-
nisms remain to be elucidated, including how the GTPase cycle of LRRK2 is regu-
lated, whether GTPase effectors exist for LRRK2, and how GTPase activity 
contributes to the overall functional output of LRRK2. In this review, we discuss the 
importance of the GTPase domain for LRRK2-linked PD focusing in particular on 
its regulation, function, and contribution to neurotoxic mechanisms.
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 Introduction

Missense mutations in the leucine-rich repeat kinase 2 (LRRK2) gene cause late- 
onset, autosomal-dominant Parkinson’s disease (PD) and represent the most com-
mon cause of familial PD accounting for 5–15 % of dominant PD [1–4]. Moreover, 
genome-wide association studies have identified common variants in the LRRK2 
genomic locus that are associated with risk for idiopathic PD [5–7]. Several putative 
variants in the LRRK2 gene have been identified with at least seven missense muta-
tions (i.e., N1437H, R1441C, R1441G, R1441H, Y1699C, G2019S, and I2020T) 
considered to be truly pathogenic based upon segregation with disease in PD fami-
lies (Fig. 4.1, [8, 9]). The most frequent mutation is G2019S which is responsible 
for up to 40 % of familial PD depending on ethnicity and 1–2 % of idiopathic PD [2, 
8]. The presence of the G2019S variant in idiopathic cases has been attributed to 
age-dependent but incomplete penetrance [2, 10]. Interestingly, familial mutations 
tend to cluster within the catalytic triad of the LRRK2 protein composed of a Ras- 
of- complex (Roc) GTPase domain (i.e., N1437H, R1441C, R1441G, R1441H) and 
a protein kinase domain (i.e., G2019S, I2020T) separated by a C-terminal-of-Roc 
domain (COR; i.e., Y1699C) (Fig. 4.1, [11]). In the past decade since the first dis-
covery of LRRK2 mutations, the kinase activity of LRRK2 has been investigated 

Fig. 4.1 Domain architecture, familial mutations, and functional residues of human LRRK2. 
LRRK2 is shown as a homodimeric multi-domain protein. Individual LRRK2 domains are depicted 
in the full-length protein with their respective amino acid positions: ARM, armadillo repeat region; 
ANK, ankyrin repeat region; LRR, leucine-rich repeats; Roc, Ras-of-complex GTPase domain; 
COR, C-terminal-of-Roc domain; kinase, protein tyrosine kinase-like domain; WD40, WD40 
repeat region. Familial pathogenic mutations that segregate with PD are indicated in red that cluster 
within the Roc-COR-kinase catalytic region, whereas key functional residues that alter enzymatic 
activity within the Roc GTPase and kinase domains are indicated in green. The Roc GTPase domain 
(shown at the top) contains five G-box motifs that are conserved in members of the small GTPase 
superfamily: guanine nucleotide phosphate-binding loop (P-loop) that binds to GDP or GTP, switch 
I and II motifs that change conformation upon GTP binding and regulate GTP hydrolysis, and G4 
and G5 motifs. K1347A and T1348N mutations impair GDP/GTP binding, whereas R1398L or 
R1398Q/T1343G increases GTP hydrolysis and R1398L/T1343V impairs GTP hydrolysis
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intensively largely in the context of the most common G2019S mutation which has 
been shown to produce a hyperactive kinase. Although a large number of familial 
mutations are located within the Roc-COR tandem domain, the role of GTPase 
activity in regulating the normal function of LRRK2 has received considerably less 
attention and remains incompletely understood. However, as will be discussed, the 
GTPase domain is likely key for understanding LRRK2 function and neurotoxic 
mechanisms, and therefore the GTPase domain represents an important therapeutic 
target for the treatment of PD.

 LRRK2 Domain Architecture

LRRK2 encodes a multi-domain protein of 2527 amino acids that exists predomi-
nantly in a dimeric form in cells and tissues [11–15]. At present, the structure of 
LRRK2 has not been determined related largely to technical issues of purifying 
sufficient quantities of soluble full-length recombinant human LRRK2 protein. 
X-ray crystallography has so far been applied to isolated LRRK2 domains, includ-
ing the kinase domain and the Roc domain revealing a controversial domain- 
swapped dimeric conformation [16, 17]. LRRK2 is predicted to contain multiple 
domains including a central Roc-COR tandem domain, a tyrosine kinase-like pro-
tein kinase domain, and at least four repeat domains located within N-terminal 
(armadillo, ankyrin, and leucine-rich repeats) and C-terminal (WD40 repeats) 
regions (Fig. 4.1, [18]). The Roc-COR tandem domain classifies LRRK2 as a mem-
ber of the ROCO protein superfamily which represents a unique multi-domain fam-
ily of Ras-like G proteins [19–21]. Important structural and functional understanding 
of LRRK2 has been inferred from other ROCO protein members in bacteria and 
Dictyostelium discoideum where the ROCO family was first described [17, 22, 23]. 
ROCO proteins are characterized by the presence of a Roc-COR tandem domain 
often (but not always) in association with a kinase domain [20, 24]. The Roc domain 
contains five G-box motifs that are required for guanine nucleotide binding and 
hydrolysis (Fig. 4.1, [11, 19, 25]). In mammals, four ROCO proteins have been 
identified including LRRK1, LRRK2, MASL1 (malignant fibrous histiocytoma- 
amplified sequence with leucine-rich tandem repeats 1), and DAPK1 (death- 
associated protein kinase 1) [24]. LRRK1 and LRRK2 share the closest sequence 
homology and differ only in the N-terminal region which is ~650 amino acids lon-
ger in LRRK2. LRRK1, LRRK2, and DAPK1 possess a kinase domain, whereas 
MASL1 does not. The evolutionary conservation of the Roc-COR tandem domain, 
independent of a kinase domain, implies that GTPase activity is most likely the 
primary functional output of ROCO proteins with the kinase domain potentially 
serving to regulate the GTPase domain. However, it is not yet known whether 
LRRK2 conforms to the classic model of a ROCO protein since there is evidence 
that the kinase domain may serve to regulate the intrinsic GTPase domain as well as 
extrinsic protein substrate phosphorylation. Interestingly, only LRRK2 and DAPK1 
have so far been linked to human disease (PD and cancer, respectively) [24, 25].
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 GTPase Domain and Activity

 Genetic Mutations Located in Roc and COR Domains Cause 
Familial PD

Several familial mutations of LRRK2 are located within the Roc-COR tandem 
domain suggesting that GTPase activity plays an important role in the development 
of PD [11]. Although the Roc GTPase domain comprises only a small fraction (resi-
dues 1335–1510) of full-length LRRK2 protein (~7 % of total), this domain repre-
sents something of a hotspot for mutations perhaps best exemplified by the 
identification of three PD mutations at a single R1441 residue (i.e., R1441C, 
R1441G, and R1441H) [8, 11]. The R1441G variant is frequent in PD families from 
the Basque region of Spain (~20 % of familial PD) but rare elsewhere, whereas the 
R1441C and R1441H variants are found in many populations but are not frequent 
[8]. Another variant nearby in the Roc domain, N1437H, has been identified in a 
large Norwegian family with autosomal-dominant PD [9]. Additional variants in the 
Roc domain such as I1371V are found in individual PD cases but have not yet been 
confirmed by segregation analyses in families [8, 26]. The protective R1398H vari-
ant is associated with PD in certain populations suggesting that variation within the 
GTPase domain may also be beneficial [27–29]. The familial Y1699C mutation, 
identified in German-Canadian and UK families, is the only known disease-causing 
variant located within the COR domain (residues 1510–1850) [4, 30]. Human 
genetic studies highlight the importance of the Roc-COR tandem domain to the 
development of PD with multiple independent mutations located within this region. 
In contrast, only two mutations, G2019S and I2020T, located in adjacent residues of 
the kinase activation loop, are known to unambiguously cause familial PD [8]. 
Pathogenic mutations located outside of the catalytic triad are either rare or their 
pathogenicity has not been confirmed. The major challenge now becomes how can 
we best reconcile the functional effects of disease-causing mutations in the Roc- 
COR tandem and kinase domains for understanding their effects on overall LRRK2 
function.

 LRRK2 Is a Functional GTPase

LRRK2 is known to possess GTPase activity, at least when measured in in vitro 
assays using recombinant protein. LRRK2 can selectively bind to guanine nucleo-
tides (GDP and GTP) with similar affinity via a phosphate-binding “P-loop” motif 
(1341GNTGSGKT1348) within its GTPase domain (Fig. 4.1, [31–35]). This has been 
measured by binding of LRRK2 or the isolated Roc domain to immobilized or 
radiolabeled GTP and its non-hydrolyzable analogs (i.e., GTPγS, GppCp), either 
using purified recombinant LRRK2 or LRRK2 expressed in cell extracts. 
Competition with an excess of free GTP or GDP can reduce this binding as can 
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synthetic mutations that disrupt key P-loop residues such as K1347A or T1348N, 
thereby confirming binding specificity. The impact of familial mutations on GTP- 
binding activity of LRRK2 is somewhat inconsistent but with some evidence that 
mutations located in the Roc-COR tandem domain tend to increase GTP binding [9, 
35]. LRRK2 also exhibits a low rate of GTP hydrolysis activity in vitro. Interestingly, 
familial mutations in the Roc-COR tandem domain have been shown to reduce 
GTPase activity to varying degrees. R1441C, R1441G, R1441H, and Y1699C vari-
ants all exhibit decreased GTP hydrolysis compared to wild-type LRRK2 [31–33, 
36–38]. Familial mutations located in the kinase domain such as G2019S have no 
discernible effects on GTP binding or hydrolysis suggesting that their pathogenic 
effects are solely mediated through altered kinase activity [15, 35, 37]. Oppositely, 
mutations located in the Roc-COR domain have inconsistent effects on kinase activ-
ity with the general consensus across most laboratories being that they do not alter 
kinase activity [18, 35, 39, 40]. Therefore, a clearer picture has emerged that famil-
ial mutations in the Roc-COR domain consistently impair GTP hydrolysis, and 
some may also correspondingly increase the affinity for GTP binding, whereas 
mutations located in the kinase domain influence only kinase activity. One interest-
ing exception is the familial N1437H mutation, located in the Roc domain, which is 
reported to simultaneously increase both GTP-binding and kinase activity [9].

At a functional level, only a handful of key residues within the LRRK2 Roc 
domain have so far been identified to influence GTPase activity based upon highly 
conserved residues in related small G proteins. The P-loop null mutants, K1347A 
and T1348N, are useful tools that effectively disrupt GTP binding, but they also 
have the undesirable effect of impairing LRRK2 dimerization and compromising 
protein stability [15, 31, 34, 35]. Therefore, these mutants should be used with some 
caution when attempting to attribute the contribution of GTP binding to LRRK2 
activity or cellular properties. Nonetheless, the effects of P-loop mutants on LRRK2 
suggest that either guanine nucleotide binding or the conformation of the P-loop (or 
Roc domain in general) is important for dimerization and that dimeric LRRK2 is 
generally more stable than monomeric LRRK2 in cells [15]. Notably, familial PD 
mutations have not been identified in the P-loop motif. The switch II motif 
(1394DFAGR1398) has been shown to be critical for the GTP hydrolysis activity of 
LRRK2 (Fig.  4.1, [31]). The R1398 residue in LRRK2 is typically a glutamine 
(Gln, Q) in the vast majority of small GTPases, whereas likewise the T1343 residue 
in the P-loop is typically a glycine (Gly, G). Replacing both R1398 with a Gln 
(R1398Q) and T1343 with a Gly (T1343G) to create a Ras-like form of LRRK2 
(R1398Q/T1343G) increases GTPase activity [31]. A Gln → Leu (Q → L) substitu-
tion in the switch II region of Ras GTPases oppositely impairs GTP hydrolysis and 
creates a “GTP-locked” protein that is constitutively bound to GTP. However, intro-
duction of a Leu at 1398 (R1398L) unexpectedly increases the GTP hydrolysis 
activity (by two- to threefold) of LRRK2, similar to the Ras-like R1398Q/T1343G 
mutant, creating a functional mutant equivalent to a predominant “GDP-bound” 
protein [15, 37]. Combining the R1398L mutant with a T1343V mutation in the 
P-loop (R1398L/T1343V) is now sufficient to create a “GTP-bound” form of 
LRRK2 with impaired GTPase activity [15], similar to corresponding mutations in 
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some related Ras proteins. The Ras-like R1398Q/T1343G, GDP-bound R1398L, 
and GTP-bound R1398L/T1343V mutant forms of LRRK2 exhibit normal GTP 
binding, are relatively stable in cells, and do not influence LRRK2 dimerization, in 
contrast to mutants disrupting GTP binding (i.e., K1347A, T1348N) [15]. These 
hypothesis- testing mutations provide important tools for exploring the contribution 
of GTPase activity to other functions of LRRK2, such as kinase activity, dimeriza-
tion, or cellular phenotypes. The availability of GTPase mutations that can create 
GDP-bound and GTP-bound forms of LRRK2 may also prove useful for identify-
ing GTPase effector proteins that bind in the GTP-bound “on” state as well as gua-
nine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) 
that regulate the GTPase cycle, if indeed they exist for LRRK2.

 Regulation of GTPase Activity

Members of the Ras GTPase superfamily conventionally function as binary molecu-
lar switches cycling between a GDP-bound “off” and GTP-bound “on” state. When 
small GTPases are bound to GDP, they adopt an inactive conformation, but GTP 
binding induces conformational changes which allow the enzyme to bind and acti-
vate effector proteins and initiate signal transduction cascades. Most small GTPases 
are regulated by GAPs that promote the hydrolysis of GTP to GDP and render the 
GTPase inactive (GDP bound) and GEFs that promote the exchange of GDP with 
GTP leading to an active GTPase (GTP bound). GTPase activation is often coupled 
to the activation of a kinase effector similar to a classical Ras GTPase/Raf kinase 
mechanism, and thus parallels have been drawn with LRRK2 which contains an 
intrinsic kinase domain adjacent to the Roc-COR tandem domain. This has led to 
the notion that the GTPase and kinase domains of LRRK2 could be linked together 
via an intramolecular mechanism with GTPase activity serving to regulate kinase 
activity. However, current evidence is not consistent with such a simple mechanism. 
For example, GTP binding to LRRK2 does indeed increase kinase activity, whereas 
disrupting GTP binding by mutating key P-loop residues impairs kinase activity 
(albeit with the caveat that such mutations also disrupt dimerization) [15, 31, 34, 
35]. However, GTP binding to LRRK2 only increases kinase activity in the context 
of a cell extract, whereas GTP binding directly to purified recombinant LRRK2 has 
no impact on kinase activity [15, 41]. This observation has led to the suggestion that 
GTP-binding capacity rather than direct GTP binding per se drives kinase activation 
and may hint at the requirement for a yet to be identified GTP-dependent accessory 
protein (presumably only present in cell extracts) [41]. A second inconsistency with 
a “simple” Ras-/Raf-like mechanism is the observation that GTP hydrolysis unex-
pectedly appears to contribute to kinase activation rather than serving to terminate 
kinase activity as might be predicted from such a model. For example, the GTP-
locked R1398L/T1343V mutant exhibits markedly reduced kinase activity, whereas 
ArfGAP1, a GAP-like protein for LRRK2 which promotes its GTP hydrolysis 
activity, also enhances its kinase activity [15, 42]. Furthermore, while GTP and 
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GppCp binding have been shown to promote LRRK2 kinase activity [15, 41], this 
effect is attenuated when GTP hydrolysis activity is impaired (via the R1398L/
T1343V mutation) [15], suggesting that GTPase activity might be required in part 
for kinase activation. It is notable that GTP increases kinase activity to a greater 
extent than non-hydrolyzable GppCp again suggesting a requirement for an actual 
GTP hydrolysis event (presuming that GTP and GppCp have similar affinity for 
binding to LRRK2 in this assay) [15]. These observations would be consistent with 
the effects of ArfGAP1 on promoting kinase activity [42]. While GTP binding can 
promote LRRK2 kinase activity in an unconventional manner, the GTP hydrolysis 
event itself may also contribute to kinase activation. Therefore, the intramolecular 
regulation of GTPase and kinase activities is rather complex, and LRRK2 does not 
appear to function as a canonical GTPase.

Although LRRK2 is an unconventional GTPase, there is some evidence for the 
regulation of LRRK2 GTPase activity by GAPs and GEFs. ArhGEF7 was first nom-
inated as a GEF and was shown to interact with LRRK2 in cells and mouse brain 
and increases its GTPase activity [43]. The familial R1441C mutation causes 
reduced binding of LRRK2 to ArhGEF7 consistent with the known reduction of 
GTPase activity in this mutant. ArhGEF7 binding to LRRK2 is regulated by the 
phosphorylation of LRRK2 by CK1α, and loss of this constitutive phosphorylation 
increases ArhGEF7 binding and alters ArhGEF7-mediated LRRK2 GTP binding 
[44]. LRRK2 also phosphorylates ArhGEF7 in  vitro at two threonine residues 
within its N-terminus [43]. It is unclear whether ArhGEF7 activity imparts any 
effect on LRRK2 kinase activity and also what impact phosphorylation has on 
ArhGEF7 activity.

GAP-like proteins for LRRK2 have also been identified. Deletion of GCS1 (an 
ortholog of mammalian ArfGAP1) in yeast was originally identified as a suppressor 
of LRRK2-induced toxicity [37]. LRRK2 interacts with ArfGAP1 in human cells 
and in rodent brain, and mutations within the Roc-COR domain that alter GTPase 
activity modulate the interaction with ArfGAP1 [42, 45]. GTP hydrolysis activity of 
LRRK2 is markedly enhanced by ArfGAP1 in vitro, in a manner dependent on the 
GAP domain, consistent with a role for ArfGAP1 as a GAP-like protein for LRRK2 
[42, 45]. The impact of ArfGAP1 on LRRK2 kinase activity is unclear with reports 
of either increased or reduced activity [42, 45]. Unexpectedly, ArfGAP1 also serves 
as a robust substrate of LRRK2-mediated phosphorylation, with multiple putative 
sites of phosphorylation identified, although the impact of phosphorylation on 
ArfGAP1 activity and function is not yet clear [42, 45]. In rodent primary neurons, 
silencing of ArfGAP1 expression consistently rescues G2019S LRRK2-induced 
toxicity [42, 45], similar to findings in yeast [37], supporting a critical role for 
ArfGAP1 in mediating toxicity downstream of LRRK2. Whether this toxic pathway 
involves the phosphorylation and/or GAP activity of ArfGAP1, or  ArfGAP1- dependent 
effects on Golgi vesicle sorting, is not yet clear. In a Drosophila model, the overex-
pression of mutant LRRK2 or ArfGAP1 alone induces dopaminergic neuronal loss 
and motor deficits, yet surprisingly their co-expression ameliorates these neurotoxic 
effects through an unknown mechanism [45], a finding that is difficult to reconcile 
with yeast and neuronal culture data. Whether ArfGAP1 is required for mutant 
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LRRK2-dependent phenotypes in rodent models remains to be determined. A sec-
ond putative GAP-like protein, RGS2, has also been identified for LRRK2. RGS2 
was originally identified in a C.elegans screen as a genetic modifier of the suscepti-
bility of LRRK2 transgenic worms to rotenone-induced dopaminergic neuronal loss 
[46]. RGS2 was subsequently shown to interact with LRRK2, enhance its GTP 
hydrolysis activity in vitro, and also serve as a modest substrate of LRRK2 kinase 
activity [46]. However, opposite to the effects of ArfGAP1, RGS2 reduces LRRK2 
kinase activity in vitro, and RGS2 overexpression rescues LRRK2-induced neuro-
nal toxicity suggesting a neuroprotective capacity [46]. How these distinct GAPs 
both acting upon the GTPase domain can have opposing effects on LRRK2 kinase 
activity and neuronal toxicity remains to be clarified. However, it is not yet clear 
whether ArfGAP1 or RGS2 serves as authentic physiological GAPs for LRRK2 
in vivo or whether they may serve to modulate GTPase activity via an alternative 
mechanism perhaps, for example, by acting as GTPase effector proteins or by stabi-
lizing LRRK2 dimers. At this juncture, while LRRK2 can interact with known GEFs 
and GAPs that can modify its GTPase activity at least in vitro, whether these pro-
teins modulate the GTPase cycle of LRRK2 in a conventional manner requires addi-
tional investigation.

An alternative mechanism for the regulation of the LRRK2 GTPase cycle has 
been proposed based upon the structure of simpler ROCO proteins. LRRK2 is sug-
gested to function as a G protein activated by nucleotide-dependent dimerization 
(GAD) [22, 23]. GADs do not require GEFs or GAPs but instead rely upon nucleo-
tide binding and dimerization to regulate the GTPase cycle. For the related ROCO 
proteins from Chlorobium tepidum and Methanosarcina barkeri, constitutive dimer-
ization is mediated through the COR domains where upon GTP binding a confor-
mational shift induces the juxtaposition of the adjacent Roc domains of the dimer so 
that they complement each other to form an active GTPase [23, 47]. Subsequent 
GTP hydrolysis, presumably coupled to the activation of an effector protein, restores 
the Roc domains to the inactive GDP-bound conformation [22, 23, 47]. Critical for 
this noncanonical mechanism is COR domain-mediated dimerization with the COR 
domain dimer interface being the most highly conserved region among ROCO pro-
teins [23, 47]. LRRK1 and LRRK2 share a great deal of sequence conservation with 
simpler ROCO proteins within the COR domain suggesting that a potential dimer 
interface may also be present in LRRK2 [23, 47]. While LRRK2 has been shown to 
predominantly exist as a homodimeric protein in cells [12–15], in the absence of 
high-resolution structural data, domain mapping interaction studies have high-
lighted potential roles for the Roc or WD40 repeat domains as the putative dimer 
interface [13, 16, 36, 38, 48]. A recent study has provided evidence for an interac-
tion between the isolated COR domains of LRRK2, but the relative strength of this 
interaction compared to those between other domains (i.e., Roc-Roc or Roc-COR) 
is not yet clear [47]. An intermolecular interaction between the Roc domains, albeit 
potentially weaker, is to be expected based upon the proposed GAD mechanism. 
Recent studies have shown that the isolated Roc domain of LRRK2 can form stable 
monomeric or dimeric conformations in solution that are catalytically active [38, 
49], suggesting that dimerization is not essential for activity although whether this 
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applies in the context of the full-length LRRK2 protein is not yet clear. One of the 
most robust interactions within LRRK2 appears to be between the Roc and COR 
domains, being more robust than the interaction between Roc domains [13, 36]. The 
interaction between isolated Roc and COR domains is strengthened by the familial 
Y1699C mutation that is suggested to occupy an intramolecular interaction inter-
face and limit the conformational flexibility of these domains within a monomer 
[36], thereby potentially explaining how this mutation impairs GTPase activity [36, 
37]. Such an effect of this mutation would be consistent with a GAD mechanism for 
LRRK2 based on similar studies with C. tepidum ROCO protein using mutations 
analogous to R1441C and Y1699C [23]. At present, it is not known which domains 
and residues of LRRK2 are important for dimerization in the full-length protein 
since most studies have relied upon isolated domains, therefore highlighting the 
need for structural data. One inconsistency with the GAD model is that guanine 
nucleotide binding does not appear to regulate LRRK2 dimerization [36]. Instead, 
functional mutations that disrupt the P-loop (i.e., K1347A or T1348N), pharmaco-
logical kinase inhibition, and association with cellular membranes have been 
reported to modulate LRRK2 dimerization [12–15, 47]. It is possible that dimeriza-
tion alone is sufficient to regulate the GTPase cycle of LRRK2. While a GAD mech-
anism for LRRK2 is an attractive hypothesis, there is currently limited evidence to 
support such a mechanism, and additional biochemical and structural studies will be 
required to further understand how the GTPase cycle is regulated.

While there is some evidence that GTPase activity can regulate LRRK2 kinase 
activity in an unconventional manner, there is also emerging evidence that kinase 
activity may reciprocally serve to regulate GTPase activity. The mapping of in vitro 
autophosphorylation sites within LRRK2 by mass spectrometry reveals that many 
of these sites tend to cluster within the Roc domain at multiple serine and threonine 
residues including key P-loop residues (T1343, T1348), S1403, T1404, T1410, 
T1491, and T1503 [50–53]. How phosphorylation at each of these sites regulates 
GTP binding and hydrolysis activity is not yet clear. However, in full-length LRRK2, 
disrupting kinase activity has no appreciable effect on GTPase activity suggesting 
that phosphorylation is likely to have rather subtle or dynamic effects on GTPase 
activity depending upon the combination of sites modified in a single dimer [15]. 
Phosphorylation at individual sites is not particularly abundant and varies between 
sites and may modify only a small proportion of LRRK2 at any given time [51, 53]. 
For this reason it has so far been difficult to confirm the phosphorylation at indi-
vidual sites occurring in cells and tissues using phospho-specific antibodies [53], 
with the exception of phosphorylation at S1292 located between the leucine-rich 
repeat and Roc domains [54]. Studies of the functional impact of individual 
phospho- sites within the Roc domain are limited, but one study suggests that the 
T1503 residue may regulate the GTP binding and kinase activity of LRRK2 [53]. A 
recent study using the isolated Roc domain from LRRK2 suggests that autophos-
phorylation enhances the rate of GTP hydrolysis and promotes the formation of Roc 
dimers, potentially by altering the conformation of the P-loop structure [49]. P-loop 
phosphorylation appears to be common to many GTPases suggesting a novel mech-
anism for the control of GTPase activity by kinases [49]. Although these studies are 
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insightful, it remains to be determined how autophosphorylation regulates GTPase 
activity in the context of full-length LRRK2 protein. GTPase activity may also be 
regulated by extrinsic kinases. PKA has been shown to phosphorylate LRRK2 at 
S1444, and this modification is reduced by the familial mutations R1441C/R1441G/
R1441H which occupy a consensus PKA recognition site [55]. Phosphorylation at 
S1444 by PKA serves as a 14-3-3 docking site, and binding leads to decreased 
kinase activity in vitro, whereas inhibition of S1444 phosphorylation impairs 14-3-3 
binding and increases kinase activity [55]. The mechanism by which S1444 phos-
phorylation influences kinase activity is not yet clear, and the impact of phosphory-
lation and 14-3-3 binding on the GTPase cycle of LRRK2 has not been determined. 
Intrinsic and extrinsic phosphorylation may therefore provide an additional level of 
regulation of the LRRK2 GTPase cycle potentially by altering P-loop structure or 
by the recruitment of accessory proteins.

 Contribution of GTPase Activity to LRRK2-Induced Toxicity

While familial mutations in the kinase domain, such as G2019S, have been exten-
sively shown to induce cellular toxicity in culture models in a kinase-dependent 
manner [34, 56–59], there is still uncertainty about the contribution of GTPase 
activity to cellular toxicity. Studies in a yeast model expressing the catalytic core of 
human LRRK2 have highlighted a critical requirement of the GTPase domain and 
GTPase activity for cellular toxicity. While mutations that disrupt GTP binding and 
hydrolysis (i.e., K1347A or T1348N) cause a dramatic increase in yeast toxicity, 
enhancing GTP hydrolysis (i.e., R1398L or R1398Q/T1343G) improves viability 
[37]. Similar effects of these LRRK2 synthetic mutants on the viability of primary 
neuronal models have been confirmed. LRRK2-induced toxicity in yeast correlates 
with severe defects in endosomal trafficking to the vacuole and the accumulation of 
autophagosomes [37]. Genetic suppressors of LRRK2 toxicity also restore endo-
somal trafficking suggesting a causal role. Similar cellular phenotypes have been 
observed with full-length mutant LRRK2 in mammalian cells or neurons [58, 60–
64]. Consistent with the importance of GTPase activity for LRRK2 toxicity, the 
GTP-locked R1398L/T1343V mutation enhances neuronal toxicity induced by 
LRRK2  in primary cultures comparable to the effects of the pathogenic G2019S 
mutation [15]. Interestingly, however, GTPase-hyperactive R1398L or GTPase- 
impaired R1398L/T1343V mutations are not able to modify the elevated kinase 
activity or neurotoxic effects of G2019S LRRK2 [15], suggesting that the G2019S 
variant may act independent of GTPase activity. A prior study suggested that disrup-
tion of GTP binding (via K1347A) can rescue neuronal toxicity induced by G2019S 
LRRK2 [34], although it is likely that neuroprotection may result instead from the 
impaired dimerization and destabilization of LRRK2 known to be caused by the 
K1347A variant in neurons [15]. As mentioned above, ArfGAP1 expression is 
required for G2019S LRRK2-induced neuronal toxicity, whereas RGS2 is neuro-
protective [42, 46]. It is not known whether these GAPs act upon LRRK2 GTPase 
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or kinase activity to regulate neurotoxicity or whether they act in pathways down-
stream of LRRK2 potentially as GTPase effectors or kinase substrates. Aside from 
the G2019S mutation, it is not yet known whether GTPase activity contributes to 
neuronal toxicity induced by familial mutations in the Roc-COR domain such as 
R1441C and Y1699C, although some evidence suggests that kinase activity may be 
required for the toxicity of the R1441C mutant [34, 56, 59]. A number of model 
organisms with interesting phenotypes have been developed based upon familial 
mutations in the Roc-COR tandem domain of LRRK2 although mechanistic insight 
into the contribution of GTPase activity is so far lacking [65]. For example, R1441C 
or Y1699C LRRK2 selectively inhibit axonal transport and cause locomotor deficits 
in neuronal and Drosophila models that may result from their preferential associa-
tion with deacetylated microtubules [66]. Increasing microtubule acetylation pre-
vents the association of mutant LRRK2 with microtubules and restores axonal 
transport [66]. Transgenic or knockin mouse models expressing R1441G or R1441C 
LRRK2 exhibit a combination of motor deficits, impaired dopaminergic neurotrans-
mission, axonopathy, tau pathology, altered autophagy, or abnormal nuclear enve-
lope architecture [63, 67–70]. Understanding how GTPase activity contributes to 
these LRRK2-dependent phenotypes will be challenging and may rely in the future 
upon genetic or pharmacological manipulation of the GTPase domain.

 Conclusion and Future Perspectives

LRRK2 is a central player in PD and an attractive target for therapeutic develop-
ment. However, LRRK2-related mechanisms leading to neurotoxicity remain 
incompletely understood. So far, most studies have highlighted the kinase activity 
of LRRK2 as a key therapeutic target since the most common G2019S mutation 
elevates kinase activity and induces neuronal toxicity in a kinase-dependent manner 
[18, 34, 40, 57]. Genetic or pharmacological inhibition of kinase activity has been 
proven to be protective in viral-based G2019S LRRK2 rodent models [57, 71] and 
also protects against neurodegeneration induced by human α-synuclein or LPS- 
induced neuroinflammation in rat models [72]. A robust in vivo substrate of LRRK2 
kinase activity is still lacking to be able to fully explain the neuroprotective effects 
of kinase inhibition, although one such substrate could be LRRK2 itself via auto-
phosphorylation [54].

LRRK2 contains an evolutionarily conserved Roc-COR tandem domain, and 
many familial mutations are clustered within the Roc and COR domains and impair 
GTPase activity. Therefore, GTPase activity is clearly important for LRRK2 func-
tion, for regulating kinase activity, and for the development of PD.  Potential 
 therapeutic strategies for targeting the Roc-COR tandem domain might include (1) 
inhibition of GTP binding, (2) modulation of GTP hydrolysis, (3) disrupting dimer-
ization, (4) kinase inhibition, or (5) targeting GAPs, GEFs, or GTPase effectors. 
The validation of each of these strategies is now required in disease-relevant models 
and may rely upon the future development of small-molecule compounds. There 
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have been a paucity of such studies and compounds, although recent studies have 
reported the development of novel compounds that simultaneously inhibit LRRK2 
GTP binding and kinase activity and attenuate LRRK2 toxicity, although the mech-
anism of action is not yet clear [73, 74]. Yeast LRRK2 models could prove to be a 
useful tool for screening and identifying small-molecule GTPase modulators since 
cellular toxicity in this model is fully dependent on GTPase activity [37]. The incor-
poration of hypothesis-testing mutations that create “GTP-locked” and “GDP- 
locked” forms of LRRK2 into adenoviral-mediated rodent models expressing 
mutant LRRK2 may prove informative for understanding how best to modulate 
GTPase activity to attenuate neurodegenerative phenotypes [15]. Such models pro-
duce rapid and robust phenotypes and it is relatively simple to produce viruses con-
taining new LRRK2 variants [75]. A similar approach has been employed to 
demonstrate that kinase activity is required for neuropathology induced by G2019S 
LRRK2 [71]. This approach could also be used to evaluate key residues that are 
important for LRRK2 dimerization or to modulate the expression of GAPs such as 
ArfGAP1 or RGS2.

The Roc-COR tandem domain and GTPase activity of LRRK2 represent attrac-
tive and potentially tractable targets for the development of new therapeutics to treat 
PD. A deeper mechanistic understanding of how the GTPase cycle is regulated and 
how GTPase activity modulates kinase activity and neurotoxicity will be critical to 
fully understand LRRK2 function and its role in the development of PD.
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Chapter 5
LRRK2 and Autophagy

Claudia Manzoni and Patrick A. Lewis

Abstract Leucine-rich repeat kinase 2 (LRRK2) has been implicated in a wide 
range of cellular processes, including the catabolic pathways collectively described 
as autophagy. In this chapter, the evidence linking LRRK2 to autophagy will be 
examined, along with how regulation of autophagy and lysosomal pathways may 
provide a nexus between the physiological function of this protein and the different 
diseases with which it has been associated. Data from cellular and animal models 
for LRRK2 function and dysfunction support a role in the regulation and control of 
autophagic pathways in the cell, although the extant results do not provide a clear 
indication as to whether LRRK2 is a positive or negative regulator of these path-
ways, and there are conflicting data as to the impact of mutations in LRRK2 caus-
ative for Parkinson’s disease. Given that LRRK2 is a priority drug target for 
Parkinson’s, the evidence suggesting that knockout or inhibition of LRRK2 can 
result in deregulation of autophagy may have important implications and is dis-
cussed in the context of our wider understanding of LRRK2.

Keywords LRRK2 • Macroautophagy • Catabolism • Parkinson’s disease 
• Lysosomes • Autophagosomes

 Introduction

LRRK2 has been linked to the cellular processes collectively called autophagy by a 
wide range of studies and in a number of model systems. While the precise mecha-
nisms governing how LRRK2 interacts with or regulates autophagy remain obscure 
as well as the impact this may have in disease, it is indisputable that the manipula-
tion of LRRK2 significantly alters the major pathways involved in autophagy. In 
this chapter, the evidence linking LRRK2 with autophagy is assessed, and the vari-
ous potential scenarios as to how this might relate to disease are played out.
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 Autophagy

To understand the role of LRRK2 in autophagy, it is first essential to briefly summa-
rize what is meant by this term. Autophagy (from the Greek auto—self—and 
phagein/phagos, eat) is an essential catabolic process for the degradation of exhausted, 
damaged, and potentially dangerous materials within eukaryotic cells [1]. Since 
materials to be degraded range from misfolded proteins to damaged organelles, 
autophagy can be seen as a routine process of cleaning and waste removal. Specialized 
cells, such as immune cells able to perform phagocytosis, specifically use autophagy 
to destroy the potentially hazardous content of the phagocytic vesicle; therefore, in 
this respect, autophagy can also be seen as a first-line defense for keeping a clean and 
safe cellular environment [2]. Another key connection is between autophagy and cell 
death; a type of programmed cell death (PCD) called PCD type II occurs by hyper-
activation of autophagy, where lysosomes and vacuoles take over and degrade the 
whole cellular body [3]. Finally, autophagy can be initiated under a cocktail of stress 
and nutrient depletion; under these circumstances, the self-digestion of portions of 
cytoplasm becomes a fundamental buffer system for recycling amino acids and 
fuelling cell energy with substrates for oxidation [4]. Modified cells in which 
autophagy has been ablated do not survive starvation periods, emphasizing the essen-
tial nature of this function for the evolution of life.

It is quite clear from the above that autophagy is a fundamental, and complex, 
process—and the molecular mechanisms behind it are equally complex. A wide 
variety of signals, checkpoints, molecular players, and feedback loops are involved 
in its regulation, and our understanding of these is far from complete [5]. Moreover, 
even if the end point of autophagy is the delivery and degradation of materials into 
the lysosomes, several routes exist to achieving that end point: macroautophagy, 
chaperone-mediated autophagy (CMA), and microautophagy (Fig. 5.1).

Fig. 5.1 The different forms of autophagy. (a) Simplified scheme for macroautophagy: (1) forma-
tion of omegasome, (2) encapsulation of waste for degradation, (3) lysosome, (4) fusion of 
autophagosome with lysosome. (b) Simplified scheme for chaperone-mediated autophagy: (1) 
HSC70 recognizes and binds to waste for targeting, (2) Lamp2A forms complex in membrane of 
lysosomal vesicle, (3) protein for degradation is passed into the lumen of the lysosome via Lamp2A 
complex. (c) Simplified scheme for microautophagy: (1) lysosome, (2) invagination of lysosomal 
membrane allows direct sequestration of waste for degradation into the lumen of the lysosome
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Macroautophagy is probably the best-known, and certainly most studied, form 
of autophagy; it is characterized by the production of a specific double-membraned 
vesicle called an autophagosome. The vesicle production starts in discrete parts of 
the endoplasmic reticulum called omegasomes. The cup-shaped membrane that 
emerges from the omegasome is referred to as isolation membrane or phagophore; 
it will eventually detach and close around the material to be degraded thus seques-
tering portions of the cytosol and, in some cases, organelles. Non-specific, bulk 
macroautophagy occurs when parts of the cytosols are non-specifically engulfed 
during the closure of the autophagosome. Specific macroautophagy occurs when 
the autophagosome chooses the material to be degraded; in this case cargo proteins 
(such as p62, NBR1, MDP52, optineurin, and NIX) recognize the material to be 
degraded, tag this material, and simultaneously interact with microtubule- associated 
proteins 1A/1B light chain 3A (more commonly referred to as LC3), a protein 
which is specifically inserted into the nascent vesicle. The generation of this bridge 
is what eventually guides the autophagosome to close around the cargo to be 
degraded. The fully loaded autophagosome is then dispatched for degradation 
 following a final fusion with the lysosome. In the process referred to as canonical 
macroautophagy, the phosphorylation state of the UNC-like kinase 1 (ULK1) com-
plex drives the creation of the isolation membrane [6]. The ULK1 complex is 
directly phosphorylated by the mammalian target of rapamycin complex 1 
(mTORc1) and AMP kinase (AMPK). mTOR is sensitive to nitrogen availability, 
and amino acid depletion is able to activate autophagy through mTOR, while AMPK 
is sensitive to cellular energy levels and is activated by depletion of ATP, along with 
the concomitant increase in ADP and AMP. The second key player in canonical 
macroautophagy is the BECLIN-1 complex, able to activate the class III phosphati-
dylinositol 3-kinase (PI3K) VPS34 necessary for the production of inositol-3 phos-
phate (I3P) that is enriched at the omegasome, remains in the isolation membrane, 
and promotes the recruitment of effector proteins, such as the WIPI proteins, to the 
autophagosome [7]. Finally, the third crucial player in canonical macroautophagy is 
the aforementioned LC3, a protein that undergoes proteolytic cleavage and conjuga-
tion with phosphatidylethanolamine prior insertion into the autophagosome mem-
brane [8]. LC3 is important for specific cargo recognition and for the final closure 
of the autophagosome. Moreover, since its modifications are detectable as a shift in 
electrophoretic mobility, LC3 has become the marker of choice for biochemically 
monitoring autophagosome formation [9].

The description of canonical macroautophagy suggests that noncanonical path-
ways also exist, and indeed this is the case. Examples of noncanonical pathways are 
those that do not require ULK1 (e.g., macroautophagy induced by ammonia), 
BECLIN-1 (macroautophagy induced by MK801 and arsenic trioxide), or even LC3 
-since small monomeric GTPases like RAB9 may sometimes take its place [10]. 
Noncanonical macroautophagy is not well understood, and we still do not have a 
detailed comprehension of the stimuli able to trigger these alternative pathways nor 
of the protein complexes involved in their regulation.
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In contrast to macroautophagy, CMA does not require the generation of autopha-
gic vesicles: the materials to be degraded, for the most part proteins, are delivered 
directly to the lysosomes. Proteins containing the pentapeptide motif KFERQ are 
recognized by the heat shock cognate protein 70 (HSC-70) and transported to the 
lysosomal surface where this chaperone is recognized by the lysosomal protein 
LAMP2A and the cargo internalized to be degraded [11]. The process of CMA has 
been investigated in a great deal of detail with regard to disorders such as Alzheimer’s, 
the prion disorders, and Huntington’s chorea, where deposition of amyloid material 
is seen as a consequence of an imbalance between production and catabolism of 
amyloidogenic proteins that are known substrates of CMA. This is likewise the case 
for proteins involved in Parkinson’s, for example, α-synuclein and LRRK2 (of 
which more later).

Finally, microautophagy occurs through direct invagination of the lysosomal 
membrane, with target proteins/waste imported straight into the lysosome. Little is 
known about microautophagy [12]. It is likely that it represents a constitutive form 
of autophagy; however, starvation and inhibition of mTORc1 by rapamycin are able 
to potentiate it. One explanation is that microautophagy acts to balance the dimen-
sions of the lysosome, which would otherwise continuously increase its surface by 
fusion with autophagosomes and late endosomes.

To add another layer of complexity, autophagy can also be classified by the cargo 
targeted for degradation, for example, mitophagy for mitochondria, pexophagy for 
the peroxisomes, xenophagy for the degradation of engulfed, exogenous foreign 
bodies in phagocytic cells, and so on [13–15].

 Evidence for a Role for LRRK2 in Autophagy

 Introductory Note

There are a wide range of data supporting a role for LRRK2 in the regulation and 
function of autophagy. At this juncture, and before proceeding any further, it is 
worth considering several aspects of exactly how LRRK2, a large and complex 
protein, interacts with autophagy, a likewise complex and dynamic process [16].

First, the distinction between the physiological function of LRRK2 and its role 
in disease needs to be considered. The evidence suggesting the involvement of 
LRRK2 in autophagy, while not conclusive, is extensive; however, how this involve-
ment relates with disease is still a matter of great discussion. We face three possible 
scenarios:

 1. The role of LRRK2 in autophagy may be relevant in physiology, but it may not 
be related with the molecular mechanism of disease.

 2. Alterations of autophagy due to changes in LRRK2 may influence the disease, 
but this may not be the primary event leading to disease.

 3. Finally the alteration of autophagy by LRRK2 may truly be the primary, causal, 
molecular mechanism of disease.
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It is unclear which scenario holds true, and the situation is complicated by the 
involvement of LRRK2  in diseases other than Parkinson’s (cancer, inflammatory 
bowel disorder, and leprosy), where the contribution of autophagy to pathogenesis 
may be distinct from that in PD [17].

A second remark relates to the experimental approaches used to assess LRRK2 
and autophagy. Experiments are conducted in many different model systems; data 
in the literature are mixed—comparing results from endogenous LRRK2, overex-
pression models, and ablation of kinase, GTPase, or both activities alongside the 
analysis of Mendelian mutations that are relevant to Parkinson’s disease. The het-
erogeneous experimental system, in combination with the nuances of the autopha-
gic process itself, accounts for the disturbing amount of conflicting results in the 
literature. This does not, per se, invalidate the extant literature; however, it repre-
sents a major challenge in terms of identifying a unifying role for LRRK2  in 
autophagy and acts as a cautionary note with regard to extrapolating conclusions 
from single model systems and unique experimental settings.

 The Case of Parkinson’s Disease

 Alterations of Autophagy in Parkinson’s Disease Brains

Parkinson’s disease (PD) is pathologically defined by the deposition of misfolded 
protein, predominantly α-synuclein, in the brain as intracellular inclusions known 
as Lewy bodies [18]. The accumulation of undegraded proteins and their deposition 
in amyloid bodies are common to a number of different misfolding disorders fre-
quently referred to as amyloidoses. This phenomenon has been seen as consequence 
of an intrinsic imbalance between protein production and turnover. Since degrada-
tion of misfolded proteins is carried out both by the proteosome and the autophagic 
systems, the presence of amyloid deposits like Lewy bodies in PD can be taken as 
indirect evidence of alterations in proteostasis and, by implication, autophagy. The 
majority of PD cases are idiopathic, also called sporadic, since they happen with no 
proof of causality for Mendelian transmission. Accumulation of autophagic vesicle 
reminiscent of a possible impairment of macroautophagy, as well as reduction in the 
LAMP2A and HSC-70 protein levels important for CMA, has indeed been described 
in postmortem human specimens from idiopathic PD cases [19]. Moreover, 
autophagy- deficient mouse models display brain abnormalities like formation of 
ubiquitin-positive inclusions and presynaptic accumulation of α-synuclein and 
LRRK2, further emphasizing autophagy as one of the cellular mechanisms contrib-
uting to the general pathogenesis of PD [20]. A small percentage (between 5 and 10 
%) of PD cases are familial, caused by a mutation transmitted through generations 
in a Mendelian fashion. Of the Mendelian causes of Parkinson’s, LRRK2 is the 
most frequently mutated gene [21]. The case of familial PD associated with LRRK2 
mutations is quite unusual due to the variability in protein deposition observed in 
postmortem brains [22]. The majority of LRRK2 (PD) cases present with deposition 
of α-synuclein as observed in idiopathic PD cases; however, a small minority of 
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patients show inclusions of proteins other than α-synuclein—such as the 
microtubule- associated protein tau or the RNA-binding protein TDP-43—or no 
identifiable inclusions at all [23]. Whether this pleomorphic pathology is indicative 
of a fundamental disruption of aggregate disposal mechanisms, including autoph-
agy, due to LRRK2 mutations is unclear.

 Alterations of Autophagy in LRRK2 Mutant PD Cell Models

A number of different cellular approaches have been used to examine autophagy in 
the context of LRRK2 (PD) mutations using multiple cellular systems. The first 
studies investigating LRRK2 and autophagy did so using immortalized cell lines 
expressing either exogenous wild type or mutant LRRK2. Plowey and co-workers, 
using SHSY-5Y neuroblastoma cells as a model, discovered alterations in autopha-
gic vesicles upon transfection with LRRK2 containing the G2019S pathogenic 
mutation [24]. Examining a previously reported LRRK2 phenotype, neurite retrac-
tion, the authors were able to present alterations in this by knocking down key 
components of the autophagy machinery such as LC3 or ATG7—providing the first 
direct evidence of a link between LRRK2 and macroautophagy. Soon after, a group 
based at the University of Oxford demonstrated that LRRK2 regulates autophagic 
vesicle formation and associates with specific vesicle microdomains [25]. Following 
these early reports, data has accumulated implicating LRRK2 in the regulation of 
macroautophagy; however, there is as yet no consensus on the molecular mecha-
nism underlying this association with some papers suggesting that this could be 
through regulation of calcium levels and the NAADP pathway [26], the MEK/ERK 
pathway [27], and via the Beclin-associated protein BCL-2 [28]. As tool compounds 
targeting LRRK2 became available, enabling researchers to effectively inhibit 
LRRK2 kinase activity, it also became clear that reducing LRRK2 activity in this 
manner acted to induce autophagy [29, 30]. Likewise, knockdown of LRRK2 has 
been reported to cause an induction of autophagy [25]—although in both cases 
(knockdown and inhibition) the precise mechanism remains obscure. There appears 
to be a close relationship between LRRK2 kinase activity and cellular localization, 
and a study utilizing BV2 and RAW cells (microglial and macrophage in origin, 
respectively) highlighted an intimate connection between membrane localization of 
LRRK2, kinase activity, and regulation of macroautophagy [31]. Intriguingly, given 
the complex enzymatic complex formed by LRRK2, a yeast-based study revealed a 
role for the GTPase domain of LRRK2 in regulating autophagy [32].

One approach to directly test how mutations in LRRK2 impact on autophagy in 
disease contest is to use cells derived from PD patients, compared with appropriate 
nonmutant controls. Fibroblasts have been used as a primary experimental model 
system as well as a source for induced pluripotent stem (iPS) cells to be then dif-
ferentiated into human neuronal populations. Data generated through the use of 
these models are highly variable and discordant and (similar to the models described 
above) fail to identify a clear molecular mechanism for LRRK2 in disease. Taken in 
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toto, however, they present again an undeniable association between LRRK2 and 
autophagy. Fibroblasts carrying the G2019S mutation in the kinase domain of 
LRRK2 have been shown to have an increased basal rate of macroautophagy. This 
alteration of the basal flux was not related with the canonical control of mTOR over 
macroautophagy, but was dependent upon an abnormal activity of the MEK1/3 
pathway [27]. Another mTOR-independent alteration of macroautophagy was 
reported in human fibroblasts with PD mutations encompassing the entire catalytic 
core of the LRRK2 protein—suggesting that at an endogenous level, diverse LRRK2 
mutations could alter autophagic response [33]. Although this latter study did not 
observe a basal increase in macroautophagy as previously seen in G2019S carriers, 
impaired macroautophagic response to starvation was detected for all mutant lines. 
G2019S mutant fibroblasts have also been documented to have a raised sensitivity 
to inhibition of mitochondrial fission, a sensitivity that is linked to autophagy [34], 
and also to the mitochondrial toxin 1-methyl-4-phenylpyridinium (MPTP)—like-
wise dependent upon autophagy [35].

An early study presenting data from neurons derived from LRRK2 mutant patient 
iPS cells suggested that the G2019S mutation could modify autophagic vesicle for-
mation in dopaminergic neuronal cells [36], although this was matched by data 
from idiopathic PD patient-specific cells (i.e., not carrying a genetic defect), making 
interpretation of these results complicated.

Using patient-derived neuronal cells, LRRK2 has also been implicated in CMA 
[37]. In this model system, LRRK2 was degraded via CMA, with proof of mutant 
LRRK2 acting to inhibit this pathway. Given the evidence linking α-synuclein to 
CMA for its degradation, this provides a potential mechanism for protein aggregate 
buildup in disease—although it should be noted that LRRK2 has been reported to 
be degraded by the ubiquitin proteasome system as well [38], and how these path-
ways intersect and compensate each other in the context of LRRK2 is still not clear.

 Alterations of Autophagy in LRRK2 PD Animal Models

In vivo models for genetic forms of PD have, almost without exception, proved 
disappointing in terms of reproducing disease-relevant phenotypes—most notably 
clear nigral cell death and protein aggregation. Despite this, there are large numbers 
of animal models for LRRK2 disease ranging from Caenorhabditis elegans to 
rodent transgenics. Data from these models have proved an important source of 
evidence for a link between LRRK2 and autophagy, although again the precise 
molecular events linking the two are ambiguous. Caenorhabditis elegans, worms 
expressing mutant LRRK2 (both the R1441C and G2019S mutations), displayed 
reduced autophagic activity, while wild-type LRRK2 improved autophagic function 
throughout aging [39]. In Drosophila melanogaster, knockout of the Drosophila 
LRRK2 paralog (dLRRK) caused severe deficits in the autophagy/lysosomal system—
with accumulation of enlarged, dysfunctional lysosomes [40]. A caveat to both 
worm and fly studies is that neither C. elegans nor D. melanogaster possesses clear 
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LRRK2 paralogs—each possessing only one LRRK gene. Whether these species 
provide a suitable model for LRRK2, or LRRK1 for that matter, is not yet clear [41].

The generation of LRRK2 rodent knockout models appeared at first to be an 
underwhelming avenue of investigation: the absence of neurodegeneration and the 
complete lack of pathological hallmarks typical of PD in the brain of LRRK2 
knockout animals led to these models being dismissed as something of a footnote to 
the LRRK2 field. Once investigators looked beyond the brain, however, intriguing 
data began to emerge. Two independently generated LRRK2 knockout mice from 
the Shen laboratory displayed peculiar alterations in their kidneys, with signs of 
enhanced autophagy at young ages and reduced autophagy at 20 months accompa-
nied by progressive accumulation of secondary lysosomes, α-synuclein, and ubiqui-
tinated proteins [42]. A third LRRK2 knockout mouse was generated at the Novartis 
laboratories [43]. A very similar alteration in the kidneys was reported, with accu-
mulation of secondary lysosomes even though the absence of LC3 alterations, the 
presence of mTOR changes, and the end point of the study at only 14 months make 
it difficult to fully understand the implication for macroautophagy. Interestingly, 
changes were detected in the lungs where lamellar bodies accumulated abnormally 
in type II cells. A fourth LRRK2 knockout mouse reproduced a similar profile of 
progressive kidney alterations. Interestingly, accumulation of the autophagy marker 
p62 was similar to that observed in the Shen models, while LC3-II was shown to 
accumulate rather than decrease as previously reported [44]. Similar to the data 
from mice, age-dependent results with accumulation of lysosomes in the kidneys 
and lamellar bodies in the lungs have been subsequently reproduced by at least two 
independent groups in a LRRK2 knockout rat generated by the Sigma Advanced 
Genetic Engineering (SAGE) laboratories [45]. Although the comparison between 
knockout of LRRK2 and inhibition of its kinase activity is not a simple one (noting 
that LRRK2 has a number of other activities that are lost if the gene is knocked out), 
it is striking that treatment of nonhuman primates with a specific inhibitor of LRRK2 
kinase activity recapitulates many of the characteristics of the knockout phenotype 
[46]. In particular, the acutely treated primates developed vacuolar pathology in 
their lungs, with potential consequences for lung function and striking a note of cau-
tion with regard to the use of LRRK2 kinase inhibitors in a clinical setting.

There exist a range of rodent LRRK2 mutation models, using a variety of strate-
gies (knock in and overexpression) to assess the impact of LRRK2 mutations. A 
number of these have reported alterations in autophagic markers such as LC3 and 
p62, although these appear not to be consistent between mutations studied. For 
example, G2019S mice exhibit alterations in these markers [47], whereas mice 
expressing R1441C do not [48]. As for the cellular studies of LRRK2 and autoph-
agy, the conclusion to be drawn from these animal models is that there is proof of 
an impact of LRRK2 on autophagy, but that it is not obvious from the extant experi-
mental data as to the precise mechanism or direction of this alteration.

Finally, and providing a valuable illustration of the reciprocal nature of the path-
ways that govern autophagy, selective knockout of Atg7, a key component of the 
macroautophagy machinery, in dopaminergic neurons results in the accumulation of 
LRRK2 and alpha-synuclein [20]. This study demonstrates that, just as LRRK2 can 
alter autophagy, autophagy can have an impact on LRRK2.
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 Parkinson’s Disease: A Possible Scenario

As with much of the science relating to LRRK2, it is important to examine the bio-
logical insights in the context of the preeminent driver of research into this protein: 
Parkinson’s disease. The vast majority of PD cases are idiopathic in nature, with no 
positive familial history of disease and with no clear association with genetic risk 
factors. The presence of Lewy bodies, predominantly composed of undigested, mis-
folded, and ubiquitinated α-synuclein, paired with the finding of vacuolation and 
alterations in CMA in idiopathic brains, provided a clear indication that autophagy 
could be implicated in the etiology of PD. However, the absence of specific genes to 
investigate built a nearly insurmountable wall between the hypothesis and the actual 
possibility of proving it with further investigations.

A small percentage of PD cases, however, are familial in origin and are therefore 
associated with mutations in known genes. LRRK2 is the gene product most fre-
quently mutated in familial PD but other mutated proteins have been identified: 
α-synuclein, GBA, VPS35, PINK1, Parkin, DJ-1, and FBXO-7 to name just a selec-
tion [21]. Unlike the idiopathic cases, familial cases are easier to study in model 
systems, and the autophagy theory can be dissected in greater depth.

In this chapter we have focused on how LRRK2 has been linked to autophagy; it 
would therefore be interesting to consider how LRRK2 and autophagy relates to 
other PD proteins. The most prominent of these is α-synuclein, with mutant 
α-synuclein having been demonstrated to impair CMA in a process that highly 
resembles the one proposed as justification for LRRK2 inhibition of CMA, and 
equally aggregated α-synuclein can inhibit autophagy [49, 50]. GBA is a lysosomal 
enzyme, important for lysosomal integrity and functionality. When altered, the gen-
eration of a primary lysosomal defect leads to impaired autophagy and mitophagy 
[51]. The same can be said for ATP13A2, an ATPase involved in cation transport in 
acidic vesicles, associated with Kufor Rakeb syndrome, a form of dementia that 
presents with parkinsonism [52]. Loss of function mutations in ATP13A2 result in 
a severe lysosomal deficiency and a reduction in autophagosomes clearance. VPS35 
is a well-known component of the retromer complex that is implicated in the traf-
ficking of proteins and enzymes in the trans-Golgi network thus supporting the cor-
rect loading of lysosomes with hydrolytic enzymes [53]. PINK1, Parkin, and 
FBXO-7 have all been implicated in mitophagy, and it is now well established they 
have a fundamental role in mitochondria quality control [14]. Finally WDR45 is a 
protein associated with a form of neurodegeneration with brain iron accumulation 
that presents with parkinsonism [54]. WDR45 has not been extensively studied, but 
it is often referred to as WIPI-4, and we know at least other two proteins, WIPI-1 
and WIPI-2, that are important for the initial stages of macroautophagy suggesting 
a strong link to autophagy.

By looking at a broad spectrum of familial PD and parkinsonism, it seems like 
there is a common theme associated with the disease. All familial genes are for 
some extent associated with catabolism [55, 56]. Interestingly this association is not 
sharp or precise; it is not a single degradation pathway or a single form of autophagy 
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that is being implicated. The leitmotif behind different forms of familial PD is much 
more broad, but it points in the direction of impairment of catabolic processes 
related with autophagy, lysosomes, and possibly vesicle recycling. This may account 
for the clinical and phenotypic differences observed with different mutations; it may 
also suggest that rather of being a strong molecular mechanism of disease, altera-
tions in catabolism may act by creating a susceptible environment in which a com-
bination of other genetic and environmental factors may push the system above the 
threshold eventually culminating in the propagation of neurodegeneration.

 Further Diseases, Proteins, and Circumstantial Evidence

One of the most fascinating aspects of the LRRK2 gene and human pathobiology is 
the implication of LRRK2 in multiple human disorders. While the bulk of research 
into LRRK2 has focused on its role in PD, it has also been linked to inflammatory 
bowel disease, cancer, and leprosy [17]. It is notable that autophagy is a unifying 
feature of all of these disorders. Unfortunately there are very few papers investigat-
ing the molecular connection of LRRK2 with the pathogenesis of these diseases 
leaving only genetic evidence, most certainly circumstantial in nature, to suggest 
that LRRK2 may play a role in the regulation of autophagy and that this may con-
sequently impact on the pathogenesis of disease. An isolated publication reported a 
possible molecular association of LRRK2 and the receptor tyrosine kinase MET 
signaling in cancer, thus implicating LRRK2 with alterations in apoptosis and 
autophagy [57].

It is also noteworthy that at least one other protein in the ROCO family, to which 
LRRK2 belongs, has been strongly implicated in the regulation of autophagy. 
Death-associated protein kinase 1 (DAPK1) has been closely linked to type II PCD 
and has been reported to directly regulate the BECLIN-1 pathway by phosphoryla-
tion of the BECLIN-1 protein complex [58]. How this relates to the changes 
observed in LRRK2 models, however, has not been investigated.

 Conclusions

 Mechanisms Linking LRRK2 to Autophagy

How do we bring together these discordant data to gain insight into the role of 
LRRK2 as an orchestrator, or at least conductor, of autophagic activity in the cell? 
The extant data relating to LRRK2 and autophagy are summarized in Table 5.1. 
This highlights the volume of evidence linking LRRK2 to autophagy while also 
emphasizing the challenge presented by attempting to dissect out the precise mech-
anisms and pathways involved.
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Table 5.1 Alterations in autophagy pathways linked to LRRK2

Autophagy type Model Impact Citation

Macroautophagy SHSY-5Y cells, 
mutations (G2019S, 
K1906M)

Increased autophagosomes 
in presence

Plowey et al. 
[24]

Macroautophagy HEK293T cells, VERO 
cells, mutations 
(R1441C/G2019S), 
knockdown

Impairment of 
autophagosome formation 
due to R1441C mutation, 
increase in autophagic 
activity due to LRRK2 
knockdown

Alegre- 
Abarrategui 
[25]

Macroautophagy HEK293T cells, PC12 
cells, mutations 
(G2019S, K1906M)

Increased autophagosome 
formation

Gomez-Suaga 
et al. [26]

CMA SHSY-5Y cells, 
HEK293 cells, 
human-derived iPSC 
neuronal cells, 
mutations (G2019S)

Inhibition of CMA by 
mutated LRRK2

Orenstein et al. 
[37]

Macroautophagy Human fibroblasts, 
mutations (G2019S)

Increase in basal autophagy Bravo-San 
Pedro et al. 
[27]

Macroautophagy HeLa cells, human 
fibroblast, mutation 
(G2019S)

Increased autophagy due to 
mutation, Bcl-2 mediated

Su et al. [28]

Macroautophagy H4 neuroglioma cells, 
primary rat astrocytes, 
LRRK2 kinase 
inhibition

Increase in autophagic flux Manzoni et al. 
[29]

Macroautophagy RAW264.7 cells, BV2 
cells, LRRK2 
knockdown, LRRK2 
kinase inhibition

Decrease in rapamycin- 
induced autophagic flux

Schapansky 
et al. [31]

Macroautophagy Human-derived iPSC 
neuronal cells, 
mutations (G2019S)

Accumulation of 
autophagic vesicles, 
decreased lysosomal 
function

Sanchez-Danes 
et al. [36]

Macroautophagy C. elegans, mutations 
(G2019S)

Accelerated loss of 
autophagic function due to 
G2019S mutation

Saha et al. [39]

Macroautophagy Mus musculus, 
mutations (G2019S 
transgene)

Enlarged autophagic 
vesicle-like structures

Ramonet et al. 
[47]

Macroautophagy Saccharomyces 
cerevisiae, mutations 
(R1441C, artificial 
GTPase mutations)

Increased autophagic 
vesicles due to loss of 
GTPase activity

Xiong et al. 
[32]

(continued)
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As a foundation to our understanding of LRRK2 in this context, it is worth revis-
iting the presumed role of LRRK2 within the cell. Based upon the functional 
domains that make up LRRK2, i.e., protein-protein interaction/scaffolding domains, 
a GTPase domain, and a kinase domain, the working hypothesis for LRRK2 func-
tion is that it operates as a signaling node within the cell, controlling cellular pro-
cesses via phosphorylation of substrates in signaling pathways or by acting as a 
molecular switch for other kinases via the ROC/GTPase domain. As noted above, 
the complex domain organization of LRRK2 makes it difficult to be categorical 
about which of these activities predominates or whether there is a sequential series 
of events within LRRK2 that leads to stimulation/suppression of downstream 
pathways.

It is clear that there are alterations in autophagic function that can be measured 
as a consequence of changes in LRRK2; however, no specific event has been identi-
fied close to the known regulators of autophagy. This, in turn, raises an important 
question as to whether the changes that are observed in autophagy are proximal, 
immediate events to LRRK2 or whether LRRK2 is acting distal to these changes, 
perhaps a number of signaling events removed. The second key question is what 

Table 5.1 (continued)

Autophagy type Model Impact Citation
Macroautophagy Mus musculus, 

knockout, knock in 
kinase dead, mutation 
(G2019S)

Autophagic/lysosomal 
abnormalities due to loss of 
LRRK2

Herzig et al. 
[43]

Macroautophagy Drosophila 
melanogaster, 
knockout

Accumulation of 
autophagosomes due to loss 
of dLRRK

Dodson et al. 
[40]

Macroautophagy SHSY-5Y cells, 
LRRK2 kinase 
inhibition

Induction of autophagy 
following inhibition of 
LRRK2 kinase activity

Saez-Atienzar 
et al. [30]

Macroautophagy Human fibroblasts, 
LRRK2 mutations 
(R1441G, Y1699C, 
G2019S)

Reduced autophagic 
response to starvation due 
to mutations.

Manzoni et al. 
[33]

Macroautophagy Mus musculus, 
knockout

Altered autophagic 
markers, vesicle 
accumulation

Tong et al. [42]

Macroautophagy Mus musculus, 
knockout

Altered autophagic 
markers, vesicle 
accumulation

Hinkle et al. 
[44]

Macroautophagy Macaca fascicularis, 
LRRK2 kinase 
inhibitors

Altered lysosomal function Fuji et al. [46]

Macroautophagy Rattus norvegicus 
(Long-Evans rat), 
knockout

Altered lysosomal function Baptista et al. 
[45]
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aspects of LRRK2 biology are critical for these cellular phenotypes—is kinase 
activity the central player? Or GTPase switch activity? With the available published 
data, it is impossible to rule out any of these mechanisms. Indeed, there is potential 
for LRRK2 to act simultaneously as a regulator of the initiator of autophagic pro-
cesses, perhaps by a kinase-mediated signaling cascade, while also influencing 
CMA and autophagosome recycling through a Rab-like GTPase function. Finally 
the heterogeneity of data obtained in different experimental systems may stimulate 
the suspicion that LRRK2 may have different roles in different cell types; thus, the 
relation of LRRK2 and autophagy could be cell/tissue and maybe time dependent 
rather than a simple general feature.

It is certainly the case that further research is justified and perhaps even required 
to clarify which of these molecular scenarios is correct.
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Chapter 6
Molecular Insights and Functional Implication 
of LRRK2 Dimerization

Laura Civiero, Isabella Russo, Luigi Bubacco, and Elisa Greggio

Abstract The Parkinson’s disease protein leucine-rich repeat kinase 2 (LRRK2) is 
a multidomain protein with an enzymatic core comprising serine-threonine kinase 
and GTPase activities and a number of protein-protein interaction domains. While 
the complex domain architecture of LRRK2 has hampered its structural investiga-
tion, there is convincing evidence that LRRK2 can form dimers in solution and in 
the cell and that the GTPase/ROC domain plays a central role in this process. This 
chapter focuses on recent studies addressing the molecular nature, the functional 
significance, and the pathological implication of LRRK2 dimerization.

Keywords LRRK2 • Dimerization • Kinase • GTPase • Inhibitor • Phosphorylation

 Introduction

Dimerization is a widespread process that in protein kinases governs the switch 
between active and inactive states.

Receptor tyrosine kinases, such as epidermal growth factor (EGF) receptors, are 
activated upon extracellular ligand binding. The latter induces conformational 
changes resulting in lateral diffusion, dimerization of monomers, and kinase activa-
tion by trans-autophosphorylation. Autophosphorylation of tyrosine residues pro-
motes intracellular substrate binding and initiation of downstream signaling (for a 
detailed review, see [1]).

Serine/threonine kinases can be also activated by dimerization. For example, the 
mitogen-activated protein kinase kinase kinase (MAPKKK) RAF exists as an auto- 
inhibited monomer in the quiescent state. Upon GTP binding, the small GTPase 
RAS recruits RAF to the plasma membrane inducing a conformational change that 
results in dephosphorylation, loss of 14-3-3 binding at the RAF N-terminal region, 
and stabilization of a side-to-side catalytically active dimer (for a detailed review, see 
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[2]). On the contrary, p21-activated kinase 1 (PAK1), a master regulator of actin 
cytoskeleton dynamics, exists as a self-inhibited dimer and is activated upon bind-
ing of Cdc42 or Rac1. Interaction with small GTPases results in dimer dissociation 
with consequent release of PAK1 trans-autoinhibition. Monomeric PAK1 under-
goes autophosphorylation at multiple sites, a process required for full kinase activa-
tion [3].

As for many serine/threonine kinases, multiple lines of evidence suggest that 
also LRRK2 can form dimers in solution. However, in contrast to other serine/threo-
nine kinases, the kinase domain of LRRK2 is embedded in a complex protein archi-
tecture, which has hampered or limited the structural investigation of LRRK2 
dimerization properties, as it will be discussed in the next paragraphs. There is also 
good evidence suggesting that LRRK2 dimer represents the active conformation of 
the kinase, although the molecular mechanism governing monomer/dimer transition 
and the upstream events required for dimer formation remain poorly understood. In 
this chapter we will attempt to provide a comprehensive overview of the relevant 
structural features, functional significance, and pathological implication of LRRK2 
dimerization and critically discuss the possibility of modulating dimerization as a 
putative therapeutic avenue to target LRRK2-linked Parkinson’s disease (PD).

 LRRK2 Dimerization: Structural Evidence

LRRK2 belongs to the family of ROCO (Ras Of COmplex) proteins [4]. ROCOs 
possess a Ras-like GTPase domain (ROC) invariably followed by a COR (C-terminal 
of ROC) domain of unclear function [5]. ROC-COR is never found isolated in 
nature: the simplest ROCO proteins, such as human MASL1 and bacterial ROCO, 
present with N-terminal leucine-rich repeats (LRRs). In addition to a LRR-ROC- 
COR module, LRRK2, LRRK1, and other ROCO proteins from metazoans and 
Dictyostelium discoideum also possess a serine/threonine kinase domain C-terminal 
of ROC-COR, in addition to one or more extra N- or C-terminal domains (Fig. 6.1) 
[6]. Recent evidence from structural investigations of prokaryotic ROCO proteins 
suggests that COR operates as a dimerization device to stimulate ROC GTPase 
activity. Such a mechanism would place ROCO proteins among the GAD class of 
molecular switches (G proteins activated by nucleotide dependent dimerization) [7]. 
Structural information is also available for the kinase domain of Roco4, a ROCO 
protein from D. discoideum which shares similar domain architecture of LRRK2 [8] 
and has been recently shown to phosphorylate human ROC with similar kinetics as 
human LRRK2 [9]. In the crystal used to obtain the structure of the isolated Roco4 
kinase domain, the protein is monomeric [8], but whether it engages in homophilic 
cis- or trans-interactions with other domains in the context of the full-length protein 
remains unresolved at this time (Fig. 6.1, green structure).

The kinase domain of LRRK2 is predicted to belong to the class of mitogen- 
activated protein kinase kinase kinase (MAPKKK), such as RAF [10], and one 
feature of these kinases is the formation of dimers [2]. A major challenge in the 

L. Civiero et al.

elisa.greggio@unipd.it



109

investigation of LRRK2 tertiary and quaternary structure is due to the technical 
hurdle of isolating sufficient high-quality/high-quantity full-length LRRK2 and/or 
domains. As a consequence, structural information on full-length LRRK2 is still 
missing, and clues on LRRK2 quaternary structure come from indirect evidence. A 
few years ago, we found that highly purified full-length LRRK2 proteins are capa-
ble of forming dimers in solution as revealed by immune-gold, looking at the distri-
bution of distances among metal particles imaged by transmission electron 
microscopy [11]. Interestingly, the pathogenic LRRK2 G2019S with a kinase activ-
ity two- to threefold higher than the wild type and the kinase and GTPase-inactive 
LRRK2 functional mutants do not lose the ability of forming dimers in solution, 
suggesting that dimer formation of isolated LRRK2 proteins does not obviously 
correlate with LRRK2 enzymatic activity [11].

Published in 2008, the first structure of the isolated human ROC domain (amino 
acids 1333–1516) in complex with GDP revealed a dimeric GTPase [12]. Although 
the proposed model describes a canonical GTPase fold, the catalytic core of LRRK2- 
ROC adopts an unusual topology due to domain swapping, in which the N-terminal 
of one monomer interacts with the C-terminal of the second monomer, thereby 
forming a constitutive dimer (Fig. 6.1, blue and gray structure). Two follow-up stud-
ies investigated the quaternary structure of isolated ROC in solution using size- 
exclusion chromatography. Liu et al. showed that ROC construct, which crystalizes 
as a swapped dimer [12], purifies as a mixture of dimers and monomers and ROC 
phosphorylation by LRRK2 or Roco4 enhances the proportion of monomers [9]. Of 
interest, the GTPase activity of monomers and dimers are nearly identical. A second 

Fig. 6.1 Domain topology of LRRK2. LRRK2 domains are armadillo repeats (ARM), ankyrin 
repeats (ANK), leucine-rich repeats (LRR), Ras of complex proteins (Roc), C-terminal of Roc 
(COR), and kinase (kinase) and WD40 repeats (WD). Crystal structures of the human swapped 
Roc dimer (PDB 2ZEJ) (blue and gray, upper panel) and a cartoon representation of the C. tepidum 
RocCOR structure (PDB 3DPU) (blue and violet, bottom panel). In green, D. discoideum Roco4 
kinase domain 3D model is represented in the apo conformation (PDB 4F0G) (upper panel). In the 
bottom panel, humanized Roco4 kinase domain bound to LRRK2 IN-1 inhibitor is visualized 
(PDB 4YZM)

6 Molecular Insights and Functional Implication of LRRK2 Dimerization

elisa.greggio@unipd.it



110

study by Liao and collaborators [13] purified an extended ROC construct (amino acids 
1329–1520) that resulted in highly stable protein, and exhibited two chromato-
graphic peaks corresponding to the apparent size of a dimer and a monomer. The 
authors further demonstrated that the dimeric fraction can be converted into monomers 
by addition of guanine nucleotides [13]. Therefore, the existence of both dimers and 
monomers in solution suggests that isolated ROC may not form a constitutive dimer 
and that the swapped 3D model might be a crystallographic artifact.

One important consideration to make is that the ROC domain always occurs in 
tandem with the C-terminal of ROC (COR) domain, and the ROC-COR module is 
conserved across species. Thus, it is likely that ROC-COR represents a single func-
tional unit, and structural and biophysical studies should be focused on this frag-
ment rather than on isolated ROC. However, the difficulty of purifying sufficient 
amounts of stable recombinant human ROC-COR has hampered its structural inves-
tigation. Important structural information on the role of COR in ROC dimerization 
comes from studies with related ROCO proteins from bacteria. In 2008, a crystal-
lographic study of the ROC-COR unit from the thermophilic green bacteria 
Chlorobium tepidum disclosed a dimeric organization of ROCO proteins. However, 
in contrast to the previously determined structure of human ROC domain, the struc-
tural analysis of bacterial ROC-COR revealed a canonical G protein domain where 
dimerization is mediated by the C-terminal half of the COR domain and by highly 
conserved residues on the ROC-COR interface (Fig. 6.1, blue and violet structures) 
[14]. That COR is a stable dimerization device serving as a scaffold for the ROC 
domain was also confirmed by a more recent study in which site-direct spin labeling 
was used to evaluate by pulse EPR the distances defined by the constrains that gov-
ern dimerization [15]. The ability of ROC-COR to hydrolyze GTP depends on its 
dimeric conformation and mutations analogous to the Parkinson’s disease muta-
tions (R1441C, Y1699C, I1371V) located in the ROC-COR interface lead to a 
reduction of GTPase activity [14]. Supporting this notion, LRRK2 carrying R1441C 
or Y1699C mutations, which lacks GTPase activity [16, 17], binds the ROC domain 
with lower affinity in vitro compared to the wild-type protein [18]. In 2015, a more 
detailed study on the structure and function of the ROC-COR from Methanosarcina 
barkeri convincingly demonstrated that dimerization is independent from nucleo-
tide binding, but dimerization is essential for GTPase activity [19]. The structure of 
the GDP-bound fragment ROC-CORΔC from M. barkeri that does not contain the 
C-terminal subdomain of ROC responsible for dimer formation in C. tepidum is 
monomeric, and ROC-CORΔC displays an approximately tenfold decreased 
GTPase activity compared to ROC-COR dimer from M. barkeri [19].

As shown for the bacterial orthologues, co-immunoprecipitation experiments 
using human LRRK2 fragments suggest that COR is essential for stable dimer for-
mation [19]. Furthermore, the hydrolysis rate of recombinant ROC-COR-kinase 
fragment is around 40-fold faster than that of the recombinant human ROC domain 
[19], suggesting that dimerization regulates GTPase activity of LRRK2, similar to 
what was observed for bacterial Roco proteins.

Based on the low affinity (in the range of μM) for nucleotides [11, 13, 14] and 
the capability of dimerization/oligomerization [11, 20], LRRK2 and other ROCO 
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proteins were recently suggested to act as GADs [7]. GADs are a group of multido-
main proteins that do not require guanine exchange factors (GEFs) to exchange 
GDP for GTP [7]. The GTP-bound dimer is the active form responsible for the 
biological process, which is inactivated by hydrolysis of GTP. However, in contrast 
to other GADs where the constitutive dimer adopts an open conformation in the 
nucleotide free/GDP-bound and an open/closed two-state equilibrium in the GTP- 
bound state [21], no differences were observed for the GTPase domain of the bacte-
rial ROC-COR dimer with the ROC domain remaining associated during the GTP 
hydrolysis [15]. Furthermore, while the isolated G domains of GADs such as MnME 
and human GBP1 are sufficient to form a functional dimer [21], the COR dimer 
scaffold is necessary to keep the ROC domain in close proximity, at least for the 
bacterial Roco proteins. Although LRRK2 shows strong analogies with other Roco 
proteins and, more in general, with GADs, a detailed understanding of the G protein 
cycle of LRRK2 supported by structural information of full-length proteins is miss-
ing and represents a high-priority challenge in the field.

 LRRK2 Dimerization in Cells

Although not directly supported by a crystallographic structure, there is robust evi-
dence that isolated full-length LRRK2 forms dimers in solution. But what is the 
evidence supporting LRRK2 dimerization also in the cellular environment? The 
first indication for potential LRRK2 cellular dimerization was obtained using tan-
dem affinity purification [22]. The authors showed that HA-tagged LRRK2 is effi-
ciently co-precipitated by Strep/Flag-tagged LRRK2 but not Strep/Flag-kinase 
domain alone, indicating that LRRK2 self-associates but the kinase domain is not 
sufficient for the interaction [22]. A subsequent study reported LRRK2 self- 
interaction in the cell by co-immunoprecipitation of differentially tagged LRRK2 
fragments and yeast two-hybrid (Y2H) analysis [23]. Both Y2H and co- 
immunoprecipitation experiments suggested that the ROC domain might act as a 
hub of interaction with multiple LRRK2 domains, including ROC itself, supporting 
the existence of ROC-ROC dimers in the cells.

Multiple studies provided additional evidence supporting the existence of 
dimeric LRRK2  in the cell by means of gel filtration of cell lysates expressing 
endogenous or ectopically expressed full-length LRRK2 as well as blue native 
gels [20, 23–25]. These experiments indicate that the dimer appears as the preva-
lent conformer, with monomers and higher-order oligomers present as a minor 
proportion. Of interest, dimeric LRRK2 undergoes autophosphorylation in cis 
[23], a finding that was later confirmed using an antibody against phosphorylated 
S1292, a LRRK2 autophosphorylation site [26]. Interestingly, kinase-inactive 
LRRK2 mutants form high molecular weight (HMW) complexes when analyzed 
from total cell lysates [20, 23]. These HMW species are likely to be hetero-com-
plexes rather than higher-order oligomers, since pharmacological inhibition of 
LRRK2 kinase activity phenocopies the formation of HMW species in gel filtra-
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tion only when LRRK2 is present in the cell extract but not isolated in solution 
[27]. Furthermore, LRRK2 is likely to be monomeric within the HMW complex, 
and the WD40 C-terminal domain is required for dimer formation and kinase 
activity [24, 28]. Of interest, the N-terminal region of LRRK2 isolated in solution 
distributes across monomers, dimers, and oligomers [29], suggesting that dimer 
formation could also be mediated by the N-terminus, as also supported by Y2H 
experiments [23].

In support of these findings, Sen and collaborators observed that, among the dif-
ferent LRRK2 species separated by gel filtration and enriched by immunoprecipita-
tion, only the dimer is catalytically active [20]. If the dimer is the bona fide active 
conformation, interfering with LRRK2 dimerization may represent a strategy to 
switch off kinase activity.

There is however some controversy as to whether LRRK2 is truly a homodimer 
or instead a monomer, being the majority of the analytical methods employed 
strictly dependent upon the hydrodynamic radius of the molecule analyzed. To this 
regard, Ito and Iwastubo performed a series of experiments suggesting that the ~600 
kDa complex previously observed in gel filtration and compatible with the size of a 
dimer might be a pool of monomeric LRRK2. They discuss this finding in the con-
test of other high molecular weight (HMW) proteins, which were previously shown 
to exhibit anomalous MW in blue native gels and gel filtration experiments than 
expected [30].

One important drawback of all these studies is that the oligomerization status of 
LRRK2 was analyzed from cell extracts and not in living cells. To overcome this 
potential limitation, James and collaborators performed number and brightness 
(N&B) analysis of fluorescence fluctuation spectroscopy data to measure LRRK2 
oligomerization state in the cytoplasm and plasma membrane of living cells. N&B 
analysis provides a map of number of diffusing particles (N) and the intrinsic bright-
ness (B) of each particle for every pixel in the image [31]. Using N&B analysis and 
normalizing the brightness levels for monomeric GFP, they found that the majority 
of cytoplasmic LRRK2 was monomeric, whereas LRRK2 oligomers (dimers, tetra-
mers, or higher-order oligomers) were present near the plasma membrane [31]. 
Although this analysis could not conclusively prove that the membrane-associated 
oligomers are exclusively dimers, it does suggest the existence of LRRK2 homo- 
interaction in living cells and indicates that this homotypic interaction is compart-
mentalized. It will be of great interest to apply N&B analysis to investigate whether 
any extracellular stimulus capable of activating LRRK2 can dynamically modulate 
the equilibrium between monomers and oligomers within defined subcellular com-
partments. If dimerization is truly associated with kinase activity, N&B analysis 
would also represent a powerful tool to record in live mode the effect kinase of 
inhibitors on LRRK2 oligomerization/compartmentalization and also provide a 
valuable platform for high-throughput pharmacodynamics screenings. To rule out 
artifactual mislocalization due to protein overexpression, future N&B analysis 
should be performed on endogenous proteins tagged with GFP via CRISPR/Cas- 
based systems.
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 Functional Implication of Dimerization

The N&B analysis of LRRK2 oligomerization in living cells has provided key indi-
cations that the kinase may shuttle from a diffuse monomeric state to a compart-
mentalized oligomeric state [31].

In support of this model, there is evidence that links LRRK2 activation with 
relocalization at the cytoskeleton. For instance, treatment of cells with arsenite 
induces LRRK2 dimerization and relocalization to centrosomes [32]. Also, multiple 
pathogenic mutations that display increased kinase activity and/or decreased 
GTPase activity enhance LRRK2 oligomerization and colocalization with microtu-
bules [33].

In addition, two studies from Lavoie’s group showed that membrane-associated 
LRRK2 is dimeric and catalytically more active than monomeric cytosolic LRRK2 
[34], and lipopolysaccharide (LPS) stimulation of microglial cells results in relocal-
ization of dimeric LRRK2 to membranes [35]. Moreover, membrane-recruited 
LRRK2 is predominantly dimeric, suggestive of an active state of the protein associ-
ated with a specific cellular function. In agreement with the proposed role of LRRK2 in 
autophagic processes [36–38], they found that membrane-associated LRRK2 dimer is 
implicated in the autophagic flux and clearance of aggregated proteins [35].

One apparent paradox is that LRRK2 kinase inhibitors cause LRRK2 cellular 
compartmentalization in skein-like structures [39], an event associated with LRRK2 
activation, according to this model. Although there is no experimental evidence, one 
possibility could be that LRRK2 inhibitors stabilize a dimeric conformation associ-
ated with a kinase-independent LRRK2 active state that is capable of subcellular 
relocalization and activation of cognate partners through its scaffolding activity. 
Alternatively, at subsaturating concentrations of inhibitor, drug-bound LRRK2 may 
adopt a conformation prone to dimerization, recruiting and trans-activating drug- 
free LRRK2 monomers, which are competent to phosphorylate specific substrates. 
The latter mechanism has been described for RAF proteins. A number of RAF 
inhibitors can paradoxically activate downstream MEK-ERK signaling when 
applied to cells, facilitating RAF dimerization and promoting autoactivation of the 
dimerized RAF molecule not bound by the inhibitor (reviewed in [40]). Whether the 
mechanism of LRRK2 dimerization is analogous to that described for RAF is not 
clear at this time, and future research should address these opened questions.

14-3-3 proteins are probably the best characterized LRRK2 interactors. 
Phosphorylation of a cluster of N-terminal serine residues (S910, S935, S955, and 
S973) preceding the LRR domain of LRRK2 is required for 14-3-3 s binding, and 
dephosphorylation of these residues results in LRRK2:14-3-3 complex dissociation 
[39, 41, 42]. 14-3-3s can control the localization, activity, or stability of their target 
proteins preventing protein interactions by steric hindrance [43]. As an example, 
auto-inhibited RAF is stabilized by 14-3-3 proteins bound to phosphorylated S259 
at the RAF N-terminus, which maintain RAF in an inactive state in the cytosol. 
Upon activation by extracellular mitogens, GTP-bound RAS interacts with RAF 
causing S259 dephosphorylation, 14-3-3 s dissociation, and recruitment of RAF to 
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nanoclusters in the plasma membrane where RAF dimerizes (reviewed in [2]). 
Alternatively, 14-3-3s could direct their partners to specific cellular compartments 
where the kinases are competent to form macro-complexes able to transduce sig-
nals, as previously suggested for PAK4 [44].

In analogy to RAF, monomeric LRRK2 could be maintained in a latent state by 
inhibitory association with 14-3-3 in the cytosol, and there is evidence that 14-3-3- 
bound LRRK2 is cytosolic [39, 41]. Upon stimulation (e.g., arsenite), LRRK2 
becomes dephosphorylated at S910/S935 possibly through activation of PP1 phos-
phatases and/or inhibition of kinases such as CK1α [45, 46]. This would cause dis-
sociation of 14-3-3 and relocalization of LRRK2 to defined subcellular compartments 
where it dimerizes, a process required for kinase activation (Fig. 6.2). However, 
LRRK2 phosphorylation at the N-terminal serine cluster does not always parallel 
with protein monomerization/inactivation. Indeed, upon LPS stimulation, dimeriza-
tion on membranes correlates with increased cellular phosphorylation at Ser935 in 
peripheral and brain macrophages [35]. Whether a specific 14-3-3 isoform, distinct 
from that responsible for maintaining LRRK2 in the cytosol, directs LRRK2 to the 
membranes in macrophages is not known at this time.

While it is possible that different activation and relocalization mechanisms occur 
in different cell types, additional studies are clearly necessary to better understand 
the complex interplay between phosphorylation and dimerization in LRRK2 activa-
tion and signaling, with a major focus on neuronal systems.

 Pathological Implication of Dimerization

As discussed in the previous paragraphs, multiple lines of evidence suggest that 
the active conformation of LRRK2 is the dimer. Mutations in LRRK2 are linked 
to autosomal, dominant Parkinson’s disease, with clinical and pathological 
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presentation similar to the sporadic syndrome [47]. Of interest, mutations that seg-
regate with disease are clustered within the enzymatic core of the protein [47]. The 
G2019S mutation in the kinase domain, which is the most prevalent among the 
pathogenic LRRK2 mutations, has a clear effect in augmenting kinase activity, 
whereas the effect of the neighbor I2020T mutation is less obvious [48, 49]. ROC-
COR mutations (N1437H, R1441C/G/H, and Y1699C) have been suggested to 
decrease GTPase activity, which would result in a prolonged active state of the 
protein, and have variable effects on kinase activity [26, 48]. One striking feature of 
the majority of LRRK2 pathogenic mutations, with the notable exception of the 
kinase hyperactive G2019S, is that they all display moderate to severe loss of S910/
S935 phosphorylation and 14-3-3 binding [39, 42, 50]. If dephosphorylated LRRK2 
represents the active state of the protein, this should also correlate with more com-
partmentalization, according to the model proposed above. Indeed, mutant LRRK2, 
with the exception of the G2019S, is more clustered in the cell, and there seems to 
be a good correlation between the degree of dephosphorylation and cellular cluster-
ing [39]. LRRK2 associates with BAG5, GAK, and Rab7L1 to promote autophagic 
clearance of trans-Golgi network (TNG)-derived vesicles [51]. Strikingly, overex-
pression of disease-associated mutations, but not kinase-dead or GTP-deficient 
binding mutants, in combination with Rab7L1, causes a massive decrease of TGN-
derived vesicles, indicating abnormally high compartmentalization to TGN-derived 
vesicles [51].

A handful of studies interrogated the quaternary state of mutant LRRK2. 
Jorgensen and co-workers observed that the electrophoretic pattern of LRRK2 wild 
type, R1441C, and G2019S in blue native gels is almost identical, with the presence 
of one band around 600 kDa and a higher MW band [24]. Using the same technique, 
Sen and collaborators were instead able to identify an increased propensity of 
mutant LRRK2 to form dimers [20], a finding supporting the notion that pathogenic 
mutations are locked in an active, dimeric state. One study reported that the patho-
genic mechanism behind the I2010T mutation involves the recruitment of the wild- 
type proteins and the formation of WT:I2020T heterodimers. The authors suggest 
that I2020T through a dominant negative effect leads to accelerated degradation of 
LRRK2 wild type [52, 53]. While not addressed by the authors, it can be speculated 
that the I2020T mutation may act similar to oncogenic BRAF mutations, which are 
also clustered in the activation loop, by stabilizing wild-type LRRK2 active confor-
mation via dimerization.

Another study addressed the effect of the Y1699C mutation within the COR 
domain on human ROC-COR dimerization [16]. Using a competition assay, the 
authors found that the intramolecular ROC-COR interaction is favored over ROC- 
ROC dimerization. The pathogenic Y1699C mutation, situated at the ROC-COR 
interface, strengthens the intramolecular ROC-COR interaction, weakening the 
dimerization of LRRK2 at the ROC-COR tandem domain and resulting in decreased 
GTPase activity [16]. In C. tepidum ROC-COR, the Y804C PD mutation in the 
COR domain analogous to the Y1699C human mutation and the two L487V and 
Y558A mutations in the ROC domain, analogous to the I1371V and R1441G/C PD 
mutations, have much lower GTPase activity but similar dimerization properties 
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[14]. Taken together, the ROC-COR PD mutations seem to severely affect GTPase 
activity, whereas the effect on dimerization is unclear. Outside ROC-COR, a 
decreased GTPase activity by 20 % has also been reported for the G2019S mutant 
[54]. Overall, LRRK2 PD mutations may promote protein dimerization and/or 
decreased GTPase activity, which results in a prolonged active state of the protein. 
Additional studies are required to clarify the impact of LRRK2 mutations in protein 
dimerization.

 Targeting Dimerization: A Therapeutic Opportunity?

Since the most common G2019S mutation increases LRRK2 kinase activity, much 
research has been focused toward the identification of potent, selective, and brain- 
permeable LRRK2 inhibitors (reviewed in [55]). However, recent studies high-
lighted the potential safety liabilities of LRRK2 inhibition in rodent and nonhuman 
primates [56]. In particular, LRRK2 inhibition causes peripheral side effects includ-
ing lung pathology similar to what was observed in LRRK2 knockout mice [57]. 
One possible explanation is that LRRK2 inhibition destabilizes LRRK2 protein lev-
els by increasing its ubiquitination and proteasomal degradation [58]. Of note, 
LRRK2 ubiquitination is preceded by dephosphorylation, as expected when kinase 
inhibition is applied [58]. Therefore, it is reasonable to explore alternative therapeu-
tic approaches other than kinase inhibition to reduce LRRK2 activation in the cell 
that do not disturb its phosphorylation levels. Compounds interfering with LRRK2 
dimerization may result effective at keeping LRRK2 in the monomeric state, which 
may be associated with reduced activity and cytoplasmic localization, as discussed. 
One current limitation in designing such class of compounds resides in our limited 
knowledge of the structural requirements for protein dimerization. However, one 
study indicates that the ROCO domain exerts an inhibitory effect on LRRK2 kinase 
activity [25]. The authors show that ROCO is critical for LRRK2 dimerization, and 
ROCO fragments inhibit LRRK2 kinase activity, possibly disrupting dimerization 
[25]. These findings support the notion that dimerization occurs via ROCO and that 
peptides competing with ROCO binding may block LRRK2 self-association.

A number of cell penetrating peptides have been successfully developed to 
inhibit protein kinase activity or protein dimerization. For example, the kinase 
activity of PAK1 can be inhibited by the cell permeable TA-PAK18 peptide, which 
blocks the interaction between PAK1 and PIX, a GEF essential for PAK1 activation 
[59]. Also, the synthetic peptido-mimetic compound ST2825 is able to inhibit 
homodimerization of MyD88, an adaptor protein essential in the intracellular sig-
naling elicited by IL-1R and TLRs [60].

High-throughput approaches could be useful to identify small peptides capable 
to disrupt or reduce LRRK2 dimer formation. Dimerization can be monitored by 
analytical approaches (gel filtration chromatography, blue native gels) or in live 
cells using N&B or FRET analysis. Alternatively, ad hoc peptides could be designed 

L. Civiero et al.

elisa.greggio@unipd.it



117

based on the crystallographic structures available (human ROC and bacterial ROC- 
COR), an approach that would also validate or reject these structures.

Although targeting LRRK2 dimerization is appealing, fundamental questions on 
the precise mechanism that correlates LRRK2 dimerization and activation in neuro-
nal cells are still open, and therefore, more research is needed in this direction 
before envisaging a dimer-interfering approach as therapeutic strategy.

 Conclusions

From the available literature, there is reasonable evidence that LRRK2 can form 
dimers both in isolation and in the cellular contest, although X-ray crystals, cryo-
 EM, or dynamic SAXS analysis of LRRK2 structure, if available in the future, will 
conclusively shed light into the nature of these dimers and their physiological and 
pathological implications.
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Chapter 7
LRRK2 and the Immune System

Nicolas L. Dzamko

Abstract Polymorphisms in leucine-rich repeat kinase 2 (LRRK2) have been 
linked to familial Parkinson’s disease, increased risk of sporadic Parkinson’s 
disease, increased risk of Crohn’s inflammatory bowel disease, and increased sus-
ceptibility to leprosy. As well as LRRK2 mutations, these diseases share in common 
immune dysfunction and inflammation. LRRK2 is highly expressed in particular 
immune cells and has been biochemically linked to the intertwined pathways regu-
lating inflammation, mitochondrial function, and autophagy/lysosomal function. 
This review outlines what is currently understood about LRRK2 function in the 
immune system and the potential implications of LRRK2 dysfunction for diseases 
genetically linked to this enigmatic enzyme.

Keywords Inflammation • Parkinson’s disease • Crohn’s disease • Innate immunity 
• Cytokine • Kinase

 Introduction

Leucine-rich repeat kinase 2 (LRRK2) is a 280 kDa, multi-domain protein that has 
dual catalytic GTPase and kinase activities, as well as number of protein-protein 
interaction domains. The GTPase domain of LRRK2 belongs to the Roco family of 
GTPases, characterized by a Ras of complex proteins (Roc) catalytic domain and a 
C-terminal of Ras (COR) regulatory domain [1]. The kinase domain of LRRK2 
belongs to the serine/threonine family of protein kinases, with an apparent prefer-
ence for threonine phosphorylation [2]. Intriguingly, both catalytic domains are 
seemingly linked, with functional GTPase activity required for kinase activity and a 
number of LRRK2 autophosphorylation sites located in the GTPase domain [3–6]. 
The linked catalytic activities of LRRK2 may be important, as a number of muta-
tions in these domains are causative for Parkinson’s disease (PD).

Missense mutations in LRRK2 were first identified as causal for autosomal 
dominantly inherited PD in 2004 [7, 8]. Six missense mutations across the COR/Roc/
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kinase domains have subsequently been confirmed as pathogenic for PD, and 
collectively LRRK2 mutations are the most common cause of familial PD [9]. 
The most prevalent pathogenic LRRK2 mutation results in the substitution of the 
glycine at position 2019 to serine (G2019S mutation). This glycine is located in the 
“DFG” motif of the LRRK2 kinase domain, a highly conserved structural motif that 
marks the beginning of the activation loop that is important for regulating kinase 
activity. Indeed, the LRRK2 G2019S mutation increases the catalytic kinase activity 
of LRRK2 by two- to threefold [10, 11]. This close association between genetic risk 
of PD and increased LRRK2 activity has stimulated the development of potent and 
selective kinase inhibitors of LRRK2. Some initial preclinical studies are suggestive 
of a protective effect for LRRK2 kinase inhibitors [12–15]; however, distinct mech-
anisms of action are lacking, largely because knowledge regarding the biological 
functions of LRRK2 is still somewhat rudimentary. One emerging area of interest in 
LRRK2 biology, however, involves the potential role of the LRRK2 protein in 
inflammation and innate immunity.

This interest stems from a combination of findings, including a predominate 
expression of LRRK2 in immune cells,  the close association between inflammation 
and PD pathogenesis, and that common genetic variation in the LRRK2 gene is also 
linked to increased risk of inflammatory bowel disease, as well as an increase in the 
susceptibility to infection by the leprosy-causing bacteria, Mycobacterium leprae 
[16, 17]. Animal modeling has further established a role for LRRK2 in inflamma-
tory bowel disease and Crohn’s disease [18], suggesting that LRRK2 function and/
or dysfunction may underlie a number of inflammatory disorders. This book chapter 
will outline what is currently understood about LRRK2 and the immune system and 
how LRRK2 may contribute to disease pathogenesis.

 LRRK2 Is a Member of the Receptor-Interacting Protein 
Kinase (RIPK) Family

LRRK2 is located in the tyrosine kinase-like (TKL) branch of the human kinome, 
where it shows greatest homology to the similarly named LRRK1 and also homol-
ogy to the receptor-interacting protein kinases (RIPK1–RIPK5) [19]. The best- 
studied member of this family is RIPK2, which plays an important role in innate 
immunity. RIPK2 acts as the effector kinase for the intracellular pattern recognition 
receptor, NOD2 (nucleotide-binding oligomerization domain-containing protein 2) 
[20]. NOD2, like other pattern recognition receptors, recognizes distinct molecules 
from foreign pathogens, which bind to the receptors leucine-rich repeat domain. 
In particular, NOD2 binds the bacterial peptidoglycan, muramyl dipeptide, which 
upon binding to the leucine-rich repeat domain of NOD2 results in the recruitment of 
RIPK2 to the complex and the potent activation of NFκB-mediated pro-inflammatory 
cytokines [21]. Mutations in NOD2 are the greatest genetic risk factor for Crohn’s 
inflammatory bowel disease [22, 23], and kinase inhibitors of RIPK2 may be protec-
tive against NOD2-driven inflammatory diseases [24, 25]. Common genetic variants 
in NOD2, RIPK2, and LRRK2 are also associated with increased susceptibility to 
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leprosy [16, 17]. Moreover, LRRK2 and RIPK2 are both upregulated in skin biopsies 
from leprosy patients compared to controls [26]. Finally, LRRK2 has also been 
shown to co-immunoprecipitate with RIPK1, along with death domain-containing 
proteins FADD and TRADD, which can mediate cell death downstream of RIPK1 
activation [27]. Moreover, PD-causing mutations increase the interaction of LRRK2 
with FADD, but not RIPK1 or TRADD, resulting in a potentiated caspase-8-depen-
dent cell death response in culture.

Collectively these studies implicate LRRK2  in known functions of the RIPK 
family. The interaction of LRRK2 with other RIPKs may be important, for example, 
the interaction of RIPK1 and RIPK3 is required for mediating the specific mode of 
programmed cell death called necroptosis [28–30]. Moreover, it is currently 
unknown whether LRRK2 further parallels NOD2/RIPK2 and acts as a pathogen- 
recognition receptor itself.

 The Expression of LRRK2 in Immune Cells

Virtually concomitant with the advent of antibodies capable of detecting endoge-
nous LRRK2 was the realization that the enzyme is particularly highly expressed in 
cells of the immune system (Fig. 7.1). Studies aimed at elucidating which immune 

Fig. 7.1 The expression of LRRK2 in immune cells. LRRK2 is highly expressed in cells of the 
peripheral immune system including monocytes, B lymphocytes, and dendritic cells. Functional 
studies in these cell types indicate an important role for LRRK2 in the regulation of aspects of both 
innate and adaptive immunity following immune cell activation. LRRK2 is also expressed in glial 
cells in the brain where it may play an important role in regulating neuroinflammation
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cell types express LRRK2, and if expression is altered in disease states, may be 
important for understanding the elusive biological functions of LRRK2.

 Immune Cells from Myeloid Progenitors

The highest expression of LRRK2  in peripheral immune mononuclear cells is in 
cells of myeloid lineage, monocytes, and dendritic cells [31, 32]. Within the mono-
cyte population, the pro-inflammatory CD14+CD16+ monocyte subgroup has the 
greatest expression of LRRK2 protein [33]. LRRK2 protein is also readily detect-
able in mouse bone marrow-derived macrophages and mouse RAW264.7 macro-
phage cells [32, 34], as well as human monocyte-derived macrophages and 
differentiated human THP-1 macrophage-like cells [31, 35]. Moreover, the expres-
sion of LRRK2 is further increased in monocyte/macrophage cells following stimu-
lation with interferon gamma (IFNϒ) [31, 33, 35]. As type 2 IFNϒ is a classic 
activator of monocytes and macrophages, this result is consistent with the increased 
expression of LRRK2 observed in activated CD14+CD16+ monocytes and suggests 
that a high expression of LRRK2 will also be observed in pro-inflammatory M1 
macrophages. Although complete mechanisms are unknown, a recent study demon-
strated a requirement for extracellular signal-related kinase 5 (ERK5) activity in the 
induction of LRRK2 by IFNϒ [35]. This result followed diligent observations that 
the dual LRRK2/ERK5 kinase inhibitor LRRK2-IN1 [36] could suppress IFNϒ- 
mediated LRRK2 induction but other inhibitors of LRRK2 could not. The effect of 
LRRK2-IN1, however, was reproduced with other selective inhibitors of ERK5, as 
well as silencing of the ERK5 gene. In summary, the expression profile of LRRK2 in 
activated monocytes and macrophage subtypes is suggestive of a role in innate 
immunity and pro-inflammatory states.

LRRK2 is also expressed in human antigen-presenting dendritic cells [31, 32], 
but functional studies of LRRK2 in these cells are lacking. One study shows the 
presence of LRRK2 protein in mouse bone marrow-derived dendritic cells and 
demonstrates an effect of both genetic knockout of LRRK2 and LRRK2 kinase 
inhibition on calcium signaling. LRRK2 knockout decreased activity of the 
sodium-calcium exchanger resulting in increased cytosolic calcium following 
thapsigargin treatment [37]. A similar effect was seen with the LRRK2 inhibitor 
GSK2578215A, which additionally decreased the gene expression of the sodium/
potassium/calcium exchange protein NCKX1 [37]. This study suggests a novel 
role for LRRK2 to regulate calcium signaling in dendritic cells, which is important 
for aspects of dendritic cell immune function, including the host response to patho-
gens [38]. Whether LRRK2 kinase inhibitors impact on human dendritic cell func-
tion, and to what extent, is currently unknown. It is also unknown to what extent 
LRRK2 is expressed in other myeloid immune cell types such as the eosinophils, 
neutrophils, or basophils.
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 Immune Cells from Lymphoid Progenitors

LRRK2 is also robustly expressed in CD19+ B lymphocytes [31–33], and Epstein- 
Barr virus-immortalized B lymphoblasts derived from LRRK2 mutation carriers 
have been useful for screening LRRK2 kinase inhibitors in vitro [39]. In mice, the 
expression of LRRK2 is greatest in the IgG-secreting B-2 subset of B lymphocytes 
rather than the predominantly IgM-secreting B-1 cells [40]. Moreover, the expres-
sion of LRRK2 was greatest when B-2 lymphocytes were in the resting state, as 
activation with phorbol 12-myristate 13-acetate (PMA) or lipopolysaccharide (LPS) 
dramatically reduced LRRK2 expression [40]. Interestingly, LRRK2-deficient rats 
were shown to have reduced peripheral lymphocytes and reduced splenic B lym-
phocytes [41], suggesting a role for LRRK2 in the development and/or maintenance 
of B-lymphocyte populations, at least in rodents.

In contrast to B lymphocytes, the expression of LRRK2  in T lymphocytes 
appears low to negligible. In mouse splenic lymphocytes, LRRK2 protein could not 
be readily detected in CD3+ T lymphocytes [42]. In human CD3+ T lymphocytes 
isolated from human peripheral blood mononuclear cells, very low levels of LRRK2 
mRNA and protein could be detected [32, 33]; however, like other immune cell 
types, LRRK2 expression in T lymphocytes could be increased with IFNϒ stimula-
tion [31]. As the majority of studies have employed the pan T-lymphocyte marker 
CD3, it is unknown whether the low expression of LRRK2 occurs across all 
T-lymphocyte subpopulations or whether the expression of LRRK2 may be 
restricted to distinct T-lymphocyte types. For example, one study has noted a lower 
expression of IL-17 and IFNϒ following activation of splenic lymphocytes from 
LRRK2-deficient mice [43], suggesting a potential role in cytokine production by 
specialized Th17 cells. Whether LRRK2 expression is altered in activated T lym-
phocytes is unknown. Moreover, potential roles for LRRK2 in cell-mediated immu-
nity are yet to be fully explored.

 Glial Cells

Given its pathological links to neurodegenerative disease, there has been much 
interest in the expression of LRRK2 in brain cells. Of particular interest to the cur-
rent review are microglia, the resident immune cells of the brain. Initial investiga-
tions into LRRK2 expression in wild-type rodent brain, however, suggested a 
predominantly neuronal localization, with little to no mention of LRRK2 immuno-
reactivity in glial cells [44–46]. A lack of LRRK2 expression in mouse microglia 
was also observed by Moehle and colleagues; however, when the resident microglia 
were activated by intracranial LPS injection, LRRK2 expression by microglia 
became evident [47]. Subsequently, a number of studies have demonstrated that 
LRRK2 knockdown and knockout or kinase inhibition can attenuate microglial-
mediated inflammatory cytokine production induced by different stimuli [47–50]. 

7 LRRK2 and the Immune System

elisa.greggio@unipd.it



128

These results suggest that LRRK2 expression is induced in rodent microglia as part 
of the inflammatory response, consistent with the previously mentioned increase in 
LRRK2 expression seen in activated monocytes and macrophages [31, 32]. 
Intriguingly, microglial activation and neuroinflammation are robustly associated 
with PD [51]; however, whether LRRK2 is expressed in human microglia under PD 
pathological conditions is less clear. The majority of studies to date demonstrate a 
predominant neuronal expression of LRRK2 in the human PD brain [52, 53], with 
only one early report suggesting a weak constitutive expression of LRRK2 in human 
microglia [54].

In addition to microglia, the macroglial cells, astrocytes, and oligodendrocytes 
can also contribute to brain inflammation. Two studies have used primary mouse 
astrocytes or astrocytoma-derived U87 cells to demonstrate an effect of LRRK2 
inhibitors on lysosome function and inflammation, respectively [15, 55], suggesting 
a potential role of LRRK2  in this cell type. As is the case for microglia though, 
strong evidence that LRRK2 is expressed in human astrocytes is currently lacking. 
This is largely due to a number of the commercially available LRRK2 antibodies 
being considered unsuitable for immunohistochemistry on the human brain [56]. 
However, with new studies suggesting that neuroprotective effects of LRRK2 kinase 
inhibitors in mouse models may be mediated via astrocytes or microglia [12, 15, 
47], it will be important to better elucidate the expression of LRRK2 in human glial 
cells. In particular, the expression of LRRK2 under pathological conditions may be 
important. Evidence for this comes from studies of multiple system atrophy (MSA), 
an alpha-synucleinopathy in which inclusions form in oligodendrocytes, instead of 
neurons as seen for PD. In postmortem brain samples from MSA patients, LRRK2 
could be detected in inclusion-containing oligodendrocytes but not in the oligoden-
drocytes from control or PD brain tissue [57]. Such an observation may again be 
consistent with the concept that LRRK2 expression is very low in glial cells but 
increased under certain pathological conditions.

 LRRK2 as a Modulator of Inflammatory Cytokine Production

LRRK2 is increasingly being implicated in immunity, in particular the innate 
immune inflammatory response (Fig. 7.2). Although mechanistic insight into how 
LRRK2 modulates the inflammatory response is in its infancy, two major inflamma-
tory pathways have been biochemically linked to LRRK2 action.

 The TLR Pathway

The toll-like family of pathogen-associated molecular pattern receptors are major 
mediators of the innate immune inflammatory response. They detect a diverse array 
of viral and bacterial pathogens that bind to the leucine-rich repeat domain of 
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distinct TLRs to trigger downstream activation of signaling pathways and transcrip-
tion factors that regulate inflammatory cytokine production (for review, see [58, 
59]). The classical TLR signal transduction cascade has two different branches, 
known as the MyD88- and TRIF-dependent pathways. The majority of TLRs signal 
through the MyD88 adaptor protein, while TLR3 signals through the TRIF adaptor 
protein and TLR4, and the receptor for LPS signals through both MyD88 and TRIF 

Fig. 7.2 LRRK2 contributes to the host immune response. LRRK2 has been biochemically linked 
to both the toll-like receptor (TLR) and dectin-1 signaling pathways that mediate the host immune 
response to pathogen-associated molecular patterns (PAMP), as well as self-originating danger- 
associated molecular patterns (DAMP). While exact details remain to be elucidated, LRRK2 
appears to positively regulate inflammatory cytokine production and autophagy following TLR 
activation. In contrast, LRRK2 appears to negatively regulate inflammation following activation of 
dectin-1, in this case by acting as a scaffold helping to retain the pro-inflammatory cytokine pro-
ducing nuclear factor of activated T-cell (NFAT) transcription factor in the cytoplasm
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pathways. Although complex cross talk and counter regulation exist, activation of 
the MyD88 pathway results predominantly in the increased kinase activity of p38 
MAPK, IKKα, and IKKβ, which, respectively, activates the inflammatory cytokine- 
producing transcription factors AP-1 and NFκB. Activation of the TRIF pathway 
results predominantly in the increased kinase activity of IKKε and TBK1, which 
phosphorylate and activate the IRF3/7 transcription factors to initiate production of 
type 1 interferon effectors, IFNα and IFNβ.

Activation of the TLR pathway can also lead to increased phosphorylation of the 
LRRK2 protein in macrophages. At least two sites are phosphorylated, serines 910 
and 935, which are located immediately N-terminal to the leucine-rich repeat 
domain [34]. These two residues mediate the phosphorylation-dependent interac-
tion of LRRK2 with isoforms of the 14-3-3 adaptor protein family [60]. Although 
the exact physiological significance of this interaction remains to be elucidated, the 
interaction between LRRK2 and 14-3-3 appears, at least in part, to be important for 
the subcellular localization of LRRK2 [60, 61]. The use of primary bone marrow- 
derived macrophages from MyD88- and TRIF-deficient mice established that 
LRRK2 S910/S935 phosphorylation requires the MyD88 adaptor protein, and thus 
stimulation of all TLRs, except TLR3, can induce LRRK2 phosphorylation [34]. 
Further work employing a battery of pharmacological inhibitors and kinase inactive 
mouse models suggested somewhat unexpectedly that the predominantly TRIF- 
regulated kinases of TBK1 and IKKε were responsible for the majority of MyD88- 
dependent LRRK2 phosphorylation, with a small contribution by IKKα and IKKβ. 
Consistently, in  vivo, all four members of the IKK family (IKKα, IKKβ, IKKε, 
TBK1) need to be inhibited to completely abolish TLR-stimulated LRRK2 phos-
phorylation. This is potentially a result of compensation following the upregulation 
of IKKα and IKKβ activity that occurs when IKKε and TBK1 are inhibited [62].

Despite the biochemical link between LRRK2 and TLRs, downstream signaling 
events and if/how LRRK2 modulates inflammatory cytokine production are less 
clear. Initial studies employing primary mouse macrophages failed to show an effect 
of genetic LRRK2 deletion on TLR-stimulated cytokine production [18, 32, 34]; 
however, kinase inhibition, acute siRNA knockdown, or genetic deletion of 
LRRK2 in mouse microglia impaired the inflammatory response to TLR4 activating 
LPS [47, 50] or HIV-1 Tat protein [48]. Such results could be explained by a funda-
mental difference in inflammatory signaling between mouse macrophages and 
microglia, or potentially compensatory effects due to LRRK2 deletion in macro-
phages, where unlike microglia, LRRK2 is robustly constitutively expressed. 
Further support of a role for LRRK2 in the regulation of TLR-stimulated inflamma-
tory cytokine production comes from mouse microglia overexpressing LRRK2 with 
the PD-causing R1441G mutation, that have increased inflammatory cytokine 
 production following TLR4 activation [63]. Mechanistically, LRRK2 has been 
linked to regulation of the NFκB transcription factor using reporter assays; however, 
results from these studies suggest that levels of LRRK2 protein are important for 
transcriptional regulation, rather than  LRRK2 kinase activity or PD-causing 
LRRK2 mutations [31, 50].
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Thus, evidence suggests a role for LRRK2 to modulate TLR-stimulated 
inflammatory cytokine production, at least in mouse microglial cells; however, 
further work is required to understand how. Moreover, studies translating these find-
ings to human cells are currently lacking but may be important as differences in 
innate immune regulation between humans and mice are evident [64, 65].

 The NFAT Pathway

The nuclear factor of activated T-cell (NFAT) family of transcription factors are also 
important mediators of the immune response (for review, see [66]). This five- 
member family classically regulates inflammatory cytokine production in a manner 
dependent on calcium signaling, in which events leading to an increase in intracel-
lular calcium result in the nuclear translocation of NFAT and induction of NFAT- 
mediated gene expression. NFAT signaling is complex and, in addition to calcium 
signaling, involves a number of regulatory kinases and interacting proteins [67]. 
The nuclear translocation of NFAT can also be repressed by the noncoding RNA 
repressor of NFAT (NRON) that acts as a scaffold for the NRON complex [68, 69]. 
Co-immunoprecipitation experiments demonstrated that LRRK2 associated with 
five of the 11 proteins comprising the NRON complex [18] suggests a potential role 
in NFAT regulation.

To further explore this role, mouse macrophages deficient in LRRK2 were 
treated with the yeast cell wall component zymosan, which activates TLR2 but also 
NFAT via the dectin-1 pathway. A higher nuclear accumulation of NFAT was mea-
sured in knockout cells along with increased production of inflammatory cytokines 
[18]. This result was not observed with a TLR2-specific agonist and could be inhib-
ited by blocking calcineurin, strongly suggesting a role for LRRK2 in the negative 
regulation of NFAT by helping to sequester the protein into the cytoplasm. Activation 
of the dectin-1 pathway with the specific agonist curdlan does not result in increased 
LRRK2 serine 910 and 935 phosphorylation [34], further demonstrating at least two 
distinct pathways by which LRRK2 can modulate inflammatory cytokine produc-
tion. Cellular studies using overexpression systems and luciferase reporter assays 
show that LRRK2 helps sequester all members of the NFAT family, in a manner 
independent of kinase activity [18].

 LRRK2 and Pathogen Clearance

Effective clearance of pathogens is essential to immune homeostasis and in avoiding 
chronic low-grade inflammation. Apart from inflammatory cytokine production, 
LRRK2 has been implicated in at least two other direct aspects of pathogen clear-
ance, the production of reactive oxygen species and induction of autophagy.
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 Targeting Intracellular Pathogens with Reactive Oxygen Species

The targeting of reactive oxygen species (ROS) against intracellular pathogens is 
recognized as an important innate immune response to pathogen clearance [70]. In 
particular, mitochondria-produced ROS is important for suppressing infection by 
certain intracellular bacteria, such as the gastroenteritis causing S. typhimurium 
[71]. Intriguingly, both ROS production and the clearance of S. typhimurium were 
impaired in RAW 264.7 macrophages following siRNA knockdown of LRRK2 
[31], suggesting a role for LRRK2  in pathogen clearance by mitochondrial ROS 
production. Evidence for a role of LRRK2 in mitochondrial ROS production is also 
provided by studies that have examined the effect of pathogenic LRRK2 mutations 
on mitochondrial function in neural cells in the context of PD. In particular, neural 
stem cells expressing the G2019S mutation have reduced oxygen consumption, 
altered mitochondrial morphology, and altered mitochondrial trafficking [13]. 
Further studies using rodents and human stem cell models suggest that neuronal 
mitochondrial dysfunction is due to either defects in mitochondrial fission [72, 73] 
or the clearance of defective mitochondria due to inefficient autophagy [74, 75]. 
Thus, LRRK2-mediated mitochondrial dysfunction may lead to impaired ROS pro-
duction following pathogen detection, but exactly how and to what extent this is 
responsible for impaired pathogen clearance by immune cells remains to be 
elucidated.

 Clearance of Pathogens by Autophagy

The clearance of pathogens by selective autophagy, termed xenophagy, is another 
important aspect of host defense (for review, see [76, 77]). Xenophagy, like most 
forms of selective autophagy, uses ubiquitination to recognize substrates for degra-
dation. Intracellular pathogens, such as S. typhimurium, can become polyubiquiti-
nated and bind autophagic receptors, such as p62 (SQSTM1), NDP52, and optineurin 
(OPTN), which facilitate autophagic clearance via lysosomes. Intriguingly, stimula-
tion of RAW264.7 macrophage cells with LPS results in the translocation of LRRK2 
to autophagosome membranes [78]. A relocalization of LRRK2 to bacterial mem-
brane structures was also observed in macrophages infected with S. typhimurium 
[31]. Moreover, both siRNA silencing and pharmacological inhibition resulted in 
impaired rapamycin-induced autophagy in the RAW264.7 macrophage cell type 
[78], and LRRK2-deficient mice exhibit autophagic defects in peripheral tissues 
with the highest LRRK2 expression [79, 80]. While these studies are suggestive of 
an important role for LRRK2 in autophagy-mediated clearance of pathogens, this 
has not been widely studied. Additionally, studies in neuronal cell models have 
suggested that LRRK2 kinase inhibitors can promote rather than impair autoph-
agy [74, 81], and further complicating this pathway is that protein levels of 
LRRK2 are also regulated by chaperone-mediated autophagy [82], as well as the 
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ubiquitin- proteasome system [83]. Thus, LRRK2 is implicated in the highly 
intertwined mitochondrial function and autophagy pathways with potential implica-
tions for pathogen clearance, but the cell type and disease context under investiga-
tion will be important for interpretation of future results.

 LRRK2 and Disease Pathogenesis

Protein kinase signaling pathways can often regulate a myriad of biological 
responses. This may also be true of LRRK2, with the enzyme linked to WNT signaling, 
neurogenesis, synaptic function, vesicle trafficking, and protein synthesis, among 
others, all in addition to the mentioned roles in mitochondrial function, autophagy 
and innate immunity. As LRRK2 is also genetically linked to human disease, in 
particular, Parkinson’s and Crohn’s diseases, it is important to understand how the 
role of LRRK2 in the immune system may contribute to pathogenicity.

 Parkinson’s Disease

PD is an increasingly common movement disorder defined pathologically by the 
progressive death of smooth motor-controlling dopaminergic neurons in the 
substantia nigra region of the brain. Inflammation has long been associated with the 
pathogenesis of PD (for reviews, see [84–87]). Increased numbers of activated 
microglial cells and reactive astrocytes are hallmark features surrounding the 
degenerating dopaminergic neurons in PD brain [51]. Increased microglial activa-
tion is also observed in other midbrain regions, particularly the striatum, and also in 
hippocampal and cortical regions, suggesting widespread microglial activation in 
PD [88, 89]. Levels of inflammatory cytokines are increased in brain homogenates 
and cerebrospinal fluid from PD patients [84–87], and anti-inflammatory therapies 
including nonsteroidal anti-inflammatory drugs, or the microglial inhibitor 
minocycline, have demonstrated some, albeit limited, efficacy in the treatment of 
PD [90, 91].

Mechanistically, it is unclear how inflammation manifests in PD brain; however, 
evidence suggests a role for “sterile inflammation” meditated via danger-associated 
molecular patterns (DAMPs), in particular alpha-synuclein. The 17 kDa presynaptic 
protein, alpha-synuclein, propagates and accumulates in PD brain to form insoluble 
inclusions called Lewy bodies [92]. The propagation of alpha-synuclein occurs in 
an organized or staged manner and associates with the progressive symptoms of PD 
[93, 94]. Like LRRK2, missense mutations in alpha-synuclein also cause autosomal- 
dominant inherited PD [95]. Intriguingly, recent data suggest that alpha-synuclein 
can either directly activate TLR2 [96, 97] or TLR4 [98] signaling in microglia and/
or potentiate the microglial inflammatory response to TLR agonists [99, 100]. This 
is of interest as it places the two main genetic causes of autosomal-dominant PD in 
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the same biological pathway. Indeed, LRRK2 deletion and pharmacological  
inhibition were both shown to prevent alpha-synuclein-mediated neurodegeneration 
in rodent models, via mechanisms that included reduced inflammation and recruit-
ment/activation of microglia [12, 101].

In addition to the established role of neuroinflammation in the pathogenesis of 
PD, there is increasing evidence of an important role for peripheral inflammation. 
Indeed, the first clinical and pathological signs of PD occur peripherally, pre-dating 
the defining motor symptoms classically induced by loss of dopaminergic neurons 
[102, 103]. Particularly affected is the gastrointestinal system, with constipation as 
a common early PD symptom coupled with the presence of pathological alpha- 
synuclein inclusions throughout the gastrointestinal tract [104–106]. Inflammatory 
cytokines are also often increased in serum from PD patients [84–87], and periph-
eral administration of LPS results in a PD-like phenotype in rodents [107]. A lack 
of early diagnostic markers for PD makes it difficult to establish causes of disease 
from consequences; however, the study of genetic risk factors may give clues to 
what drives PD [85]. In this regard, the high expression of LRRK2 in immune cells 
and its established biochemical links to innate immune pathways that regulate 
inflammation could be important for understanding the initiating events of PD.

 Inflammatory Bowel Disease

Inflammatory bowel diseases, including Crohn’s disease and ulcerative colitis, 
affect the gastrointestinal tract with symptomology including diarrhea, bleeding, 
anemia, and subsequent weight loss. The exact etiology of inflammatory bowel dis-
eases is unknown, but genetics seemingly underlies the host susceptibility to dys-
regulated immune homeostasis involving the commensal intestinal microbiota 
[108]. Both the adaptive and innate immune systems are implicated, and in particu-
lar mutations in the NOD2 pattern recognition receptor commonly underlie suscep-
tibility [22, 23].

That genetic variability in the LRRK2-MUC19 locus could potentially increase 
the risk of Crohn’s disease was first identified following a meta-analysis of three 
GWAS studies [109]. Although it is not decisive which of these two genes may be 
associated with the increased risk [110], follow-up studies using LRRK2 knockout 
mice have demonstrated an increased susceptibility to dextran sulfate sodium- 
induced colitis [18] and intestinal infection with Listeria monocytogenes [111]. 
Ulcerative colitis risk shares substantial genetic overlap with Crohn’s disease [112], 
and LRRK2 risk variants are likely associated with both forms of inflammatory 
bowel diseases [113].

Mechanistically, LRRK2 appears to contribute to innate immune inflammation 
in inflammatory bowel disease via cytoplasmic sequestering of the NFAT transcrip-
tion factor. LRRK2 knockout mice had increased levels of NFAT in the nucleus of 
macrophages leading to increased production of inflammatory cytokines and colitis 
symptomology [18]. In these studies, activation of toll-like receptors also reduced 
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LRRK2 protein expression, and LRRK2 was reduced in peripheral blood mononuclear 
cells from four subjects carrying a missense LRRK2 Crohn’s disease risk allele 
(T2397M) [18]. This suggests that LRRK2 acts as a negative regulator of innate 
inflammatory cytokine production. This role for LRRK2 may depend on disease 
context; however, toll-like receptor activation does not always result in reduced 
LRRK2 protein [32, 34]. Moreover, intestinal biopsies from Crohn’s disease patients 
show increased expression of LRRK2  in lamina propria macrophages, dendritic 
cells, and B lymphocytes [31].

Genetic studies have also indicated a key role for autophagy dysregulation in the 
pathogenesis of inflammatory bowel disease [112], suggesting that functional 
autophagic pathways are important for the efficient clearance of pathogenic bacte-
ria, or microbiota homeostasis. As described above, LRRK2 knockout mice show 
impaired kidney autophagy, and a reduction in LRRK2 protein may contribute to 
inefficient clearance of bacteria [31, 80]. Indeed, LRRK2 knockout mice are also 
more susceptible to inflammatory bowel disease caused by intestinal Listeria mono-
cytogenes infection [111]. Intriguingly, increased susceptibility in these studies was 
associated with increased lysosomal degradation of bactericidal lysozyme in 
LRRK2-deficient cells. Collectively, these studies suggest that LRRK2 may regu-
late and mediate cross talk between autophagy/lysosomal pathways and inflamma-
tory pathways with a loss of LRRK2 function detrimental for intestinal health.

 Summary

Although first identified through linkage studies as an inherited cause of PD, the 
potential role of LRRK2 mutations in the risk of human disease continues to rise. 
Genome-wide association studies have implicated LRRK2 polymorphisms in the 
increased risk of sporadic PD, as well as the somewhat related synucleinopathy and 
multiple system atrophy [114]. Given that protein aggregation, impaired autophagy/
lysosomal function, and inflammation are prevalent in many neurological diseases, 
it will be of interest to determine if LRRK2 variation contributes to the risk of other 
neurological diseases. For example, variation in TBK1, the kinase that phosphory-
lates LRRK2 in response to TLR activation, was recently implicated in the risk of 
motor neuron disease and frontotemporal dementia [115, 116].

Genetic studies backed by animal modeling have also implicated LRRK2  in 
increased susceptibility to Crohn’s inflammatory bowel disease. In contrast to PD, 
where missense mutations are thought to cause a toxic gain of function, increased 
risk of inflammatory bowel disease appears to result from a loss of LRRK2 func-
tion. This suggests an important role for LRRK2  in immune homeostasis, with 
potentially a loss of LRRK2 function leading to more severe inflammatory symp-
toms that can have a juvenile onset, and gain of LRRK2 function leading to poten-
tially a chronic low-grade inflammation contributing to neurodegeneration with 
aging. Recent genetic studies have also suggested that as much as 70 % of the genes 
involved in inflammatory bowel disease overlap with other autoimmune diseases 
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including rheumatoid arthritis, lupus, and multiple sclerosis [112]. Thus, determining 
the disease specificity of LRRK2 variation in autoimmune inflammatory 
diseases in general will be of future interest.

It will also be of importance to better understand the mechanism(s) by which 
LRRK2 polymorphisms contribute to disease. LRRK2 knockout mice or knock-in 
mice with PD-causing mutations do not display an overt phenotype under basal 
conditions, suggesting that LRRK2 function, at least in the immune system, may be 
responsive to environmental stimuli. Once involved, LRRK2 seems linked to the 
complex pathways involved in the cross talk and regulation of inflammatory cytokine 
production, mitochondrial function, and autophagy/lysosomal function. Further 
identification of interacting proteins and LRRK2 substrates in these pathways would 
be a substantial forward step in elucidating the pathogenic function(s) of LRRK2.
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Chapter 8
Regulation of LRRK2 by Phosphatases

Jean-Marc Taymans

Abstract LRRK2 is a highly phosphorylated protein, and evidence of a physiolog-
ical role for LRRK2 phosphorylation has accumulated in recent years for cellular 
phosphosites, many of which are found in the ANK-LRR interdomain region, i.e., 
the S910/S935/S955/S973 sites as well as recently for autophosphorylation sites, at 
least one of which has been confirmed in cells, S1292. LRRK2 phosphorylation is 
modulated in several disease or potential therapy relevant conditions such as in 
disease mutant variants of LRRK2 or following LRRK2 kinase inhibitor treatment. 
This chapter will focus on the regulation of LRRK2 phosphorylation and more spe-
cifically the role of phosphatases in LRRK2 dephosphorylation. This will include 
reviewing the conditions in which LRRK2 is found to be dephosphorylated, the 
molecular partners and phosphatases involved in regulating LRRK2 phosphoryla-
tion, as well as discussing how LRRK2 phosphatases may be therapeutic targets or 
biomarkers in their own right.

Keywords Phosphatase • PP1 • PP2A • Phosphorylation • Biomarker

 Introduction

Leucine-rich repeat kinase 2 (LRRK2) harbors several functions, such as GTPase 
and kinase functions, protein-scaffolding domains, or dimerization capacity. As is 
discussed elsewhere in this book, the study of LRRK2 biology points to Parkinson’s 
disease mechanisms and therapeutic targeting opportunities. In particular, LRRK2’s 
complexity offers several functions that may be monitored as biomarkers or targeted 
for therapy. For instance, LRRK2’s kinase function has received much attention as 
a therapeutic targeting strategy with several compounds that have now been devel-
oped and that are valuable research tools as well as potential therapeutics [1–3]. 
Several other LRRK2 functions may also offer targeting or biomarker opportunities 
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such as GTPase function [4–6], dimerization [7, 8], or phosphorylation regulation 
[9, 10].

LRRK2 is a highly phosphorylated protein, and evidence of a physiological role 
for LRRK2 phosphorylation has accumulated in recent years for cellular phospho-
sites, many of which are found in the ANK-LRR interdomain region, including the 
S910/S935/S955/S973 sites as well as recently for autophosphorylation sites, at 
least one of which has been confirmed in cells, S1292 [11]. Several LRRK2 patho-
genic mutants display an overall reduced phosphorylation level at ANK-LRR inter-
domain sites or an increased phosphorylation level at the S1292 site [12–17], while 
both types of sites are dephosphorylated after cellular treatment with LRRK2 kinase 
inhibitors, although via different mechanisms. The shift of the phosphorylation 
equilibrium toward dephosphorylation of LRRK2 observed in disease indicates that 
phosphatases play an important role in LRRK2 cellular regulation.

This chapter will focus on the regulation of LRRK2 phosphorylation and more 
specifically the role of phosphatases in LRRK2 dephosphorylation. This will include 
reviewing the conditions in which LRRK2 is found to be dephosphorylated, the 
molecular partners and phosphatases involved in regulating LRRK2 phosphoryla-
tion, as well as discussing how LRRK2 phosphatases may be therapeutic targets or 
biomarkers in their own right.

 LRRK2 Phosphorylation Sites: Many and Diverse

Phosphosite mapping studies have distinguished at least 20 phosphorylation sites in 
LRRK2, suggesting that close to 1 % of all amino acids are phosphorylated [13, 
18–20]. Initially, the identified phosphorylation sites were subdivided into one of 
two notable classes: autophosphorylation sites and cellular phosphorylation sites 
(see Fig. 8.1). Further characterization of phosphosites has provided additional dis-
tinction as to the nature of LRRK2 phosphorylation sites, i.e., autophosphorylation 
sites and heterologous phosphorylation sites. Autophosphorylation sites were first 
identified after recombinant LRRK2 was submitted to in vitro autophosphorylation 

Fig. 8.1 Schematic of LRRK2 domain structure and phosphorylation sites. Phosphorylation sites 
are indicated below the LRRK2 schematic, with sites in orange indicating heterologous phos-
phorylation sites and in green in vitro autophosphorylation sites. Characteristics of these sites are 
summarized in Table 8.1
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and have been found to reside predominantly in an autophosphorylation cluster in 
the ROC GTPase domain or as individual sites scattered outside of this cluster 
[20–23]. Thus far, only a handful of the autophosphorylation sites have been con-
firmed to exist under basal conditions in cells, including the S1292 or T1410 sites 
[17, 22]. The heterologous phosphorylation sites on the other hand were first identi-
fied in LRRK2 isolated from cells and therefore are classified as cellular phos-
phorylation sites. Again, these sites mostly exist in a cluster located in the ANK-LRR 
interdomain region, although additional heterologous phosphorylation sites exist 
scattered throughout the protein. For an extensive overview on LRRK2 phosphory-
lation sites, please refer to previously published reviews [11].

Of interest is the striking difference that exists between LRRK2’s phosphoryla-
tion pattern and that of LRRK2’s closest homolog LRRK1. LRRK1 resides in cells 
with levels of cellular phosphorylation that are similar to that of LRRK2 [19, 24]; 
however, the LRRK1 phosphorylation sites are not mapped to residues homologous 
to LRRK2 phosphorylation sites nor in regions of LRRK2 phosphorylation clusters 
[19]. This suggests that phosphorylation patterns of LRRK2 are LRRK2 specific 
and therefore that phosphorylation regulation and phosphorylation-dependent func-
tions of LRRK2 are also LRRK2 specific, in line with the role of LRRK2 but not 
LRRK1  in Parkinson’s disease. Given that this chapter focuses on phosphatase- 
mediated regulation of LRRK2 phosphorylation, the next sections will consider 
only phosphorylation sites which have been confirmed in cells.

 Conditions in Which LRRK2 Phosphorylation Is Modified

 LRRK2 Disease Mutants

 Heterologous Phosphorylation Sites

Several LRRK2 mutants have been shown to display altered phosphorylation levels 
in cells under basal conditions. For the phosphorylation of sites in the ANK-LRR 
interdomain cluster, six of the seven mutants most consistently reported to segre-
gate with disease have reduced basal phosphorylation levels. The outlier here is the 
G2019S variant of LRRK2 which displays phosphorylation levels comparable to 
wild type [12, 13, 15]. It should also be noted that of the six dephosphorylated vari-
ants of LRRK2, the extent of dephosphorylation varies, with five mutants showing 
extensive dephosphorylation (N1437H, R1441G, R1441H, Y1699C, I2020T), 
while the remaining mutant (R1441C) displays moderate dephosphorylation. 
Therefore, with the exception of G2019S, dephosphorylation of sites in the ANK-
LRR interdomain region, and hence the intervention of phosphatases, is a charac-
teristic of most disease variants of LRRK2. This is also in line with phosphorylation 
levels of LRRK2 G2385R, a common risk variant of LRRK2, which also displays 
a moderate reduction in phosphorylation relative to wild type.
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 Physiological Autophosphorylation Site (S1292)

Other data show a contrastingly different pattern of basal phosphorylation levels for 
autophosphorylation sites such as S1292 which is one of the few autophosphoryla-
tion sites that could be confirmed in vivo. On the contrary to the ANK-LRR interdo-
main cluster sites, S1292 phosphorylation is increased in most disease mutants, 
with the exception of the Y1699C and G2385R mutants [14, 17] that show levels 
comparable to WT. Interestingly, the increases observed in S1292 phosphorylation 
suggest that this event is not predominant in altering overall LRRK2 phosphoryla-
tion, as evidenced by overall phosphorylation of LRRK2 comparable to WT for 
G2019S or reduced for R1441C when measured by metabolic labeling with radio-
active phosphate [12].

These data suggest that phosphorylation of LRRK2 is altered in the presence 
of LRRK2 disease mutants and that therefore LRRK2 phosphorylation may be 
involved in the disease process and may also be a disease biomarker. However, 
further work is required in this area, in the first instance, to understand why 
most but not all disease mutants display abovementioned phosphorylation 
changes.

 LRRK2 Functional Mutants

 Heterologous Phosphorylation Sites

Several studies have shown that LRRK2 phosphorylation is altered when using 
functional mutants affecting LRRK2 catalytic activities. For instance, at least some 
of the functional mutants that inhibit the GTP-binding capacity of LRRK2, such as 
K1347A or T1348N, display reduced phosphorylation levels [25, 26]. Interestingly, 
some authors found that kinase dead mutants of LRRK2 such as D1994A also led 
to decreases in LRRK2 phosphorylation levels; however, this was not uniformly the 
case for all kinase dead mutants, such as K1906A, K1906M, S2032A, and T2035A, 
which show phosphorylation levels comparable to WT or D2017A with intermedi-
ate phosphorylation levels [12, 13, 26, 27]. Inversely, other mutants that activate 
LRRK2 kinase activity, such as G2019S or T2031S, display phosphorylation levels 
comparable to WT [13, 27].

 Physiological Autophosphorylation Site (S1292)

The phosphorylation level of the S1292 site is also modulated in the presence 
of several kinase-modifying mutants, such as reduced S1292 phosphorylation 
for the D1994A and D2017A kinase dead mutants [14, 17]. In addition, this 
site shows enhanced phosphorylation for at least one kinase-activating mutant, 
the G2019S.
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 Pharmacologically Induced Phosphorylation Changes

 Heterologous Phosphorylation Sites

In a study by Dzamko, Nichols, Alessi and colleagues published in 2010, it was first 
found that compounds that inhibit LRRK2 kinase activity in  vitro can induce 
dephosphorylation of LRRK2 at the S910-S935 sites in cells [28]. Subsequent stud-
ies showed that inhibitor-induced dephosphorylation of LRRK2 also affects the 
other phosphosites of the ANK-LRR interdomain cluster such as S955 and S973 
[16]. Inhibitor treatment also results in a reduction of overall LRRK2 phosphoryla-
tion as measured by metabolic labeling with radioactive phosphates [12, 19], sug-
gesting that the sites in the ANK-LRR cluster may be the dominant sites in overall 
inhibitor-induced LRRK2 dephosphorylation. The modulation of the cellular phos-
phorylation sites by LRRK2 inhibitors is also specific to LRRK2, and treatment 
with the same compounds does not lead to dephosphorylation in LRRK1 [19]. The 
potency of dephosphorylation is dependent on dose and potency of inhibitors 
applied [17, 29–33].

 Physiological Autophosphorylation Site (S1292)

The S1292 autophosphorylation site is also dephosphorylated after cellular treat-
ment with an LRRK2 kinase inhibitor [14, 17]. Similar to the inhibitor-induced 
dephosphorylation of the ANK-LRR interdomain sites, S1292 dephosphorylation is 
dependent on inhibitor potency and concentration.

 LRRK2 Kinase Activity and LRRK2 Dephosphorylation: 
The Difference Between Kinase Activity Per Se 
and Pharmacological Inhibition

 Heterologous Phosphorylation Sites

Although it appears at first glance to be logical that pharmacological inhibition of 
LRRK2 should induce dephosphorylation of LRRK2, it is actually counterintuitive 
for the heterologous phosphorylation sites given that S910-S935 are not autophos-
phorylation sites, nor are they sites that are regulated by the intensity of LRRK2 
kinase activity. Indeed, studies testing several LRRK2 variants with a broad range 
of kinase activities have found that the phosphorylation state (at the S935 cluster) is 
not correlated with in vitro kinase activity of LRRK2 mutants [14, 27].

In contrast, reports thus far have shown a good correlation between in vitro activ-
ity of LRRK2 kinase inhibitors and their ability to dephosphorylate LRRK2 in cells. 
This apparent paradox was addressed by Vancraenenbroeck et  al. who used a 
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kinome- wide panel of kinase inhibitors with the initial intent to identify the classes 
of upstream kinases involved in phosphorylating LRRK2 in cells. In order to dis-
cern inhibitors that are acting on upstream kinases from those acting on LRRK2 
itself, the in vitro potency of the kinase panel was tested in LRRK2 using the in vitro 
peptide (lrrktide)-based radiometric assay. Comparing the in vitro results to cellular 
dephosphorylation at S935 led to the conclusion that the compounds which most 
potently dephosphorylated LRRK2 are those which act on LRRK2 itself, a finding 
confirmed by in silico docking of the most potent compounds to the LRRK2 ATP- 
binding site [33]. Given that the S935 site is not an autophosphorylation site, this 
result was quite unexpected and suggests that binding of inhibitors to the LRRK2 
kinase pocket induces dephosphorylation of LRRK2. As discussed below, this is 
likely due to the recruitment of phosphatases to dephosphorylate LRRK2 [12]. 
Although this suggests that the S935 cellular dephosphorylation is a good readout 
of cellular activity of LRRK2 compounds, it remains an indirect measure of LRRK2 
cellular kinase activity, and future efforts should be directed toward strategies to 
complement the S935 dephosphorylation assay [34].

 Physiological Autophosphorylation Site (S1292)

In contrast to the heterologous phosphorylation sites, the situation for the S1292 
autophosphorylation site is more straightforward. Given that it is a site phosphory-
lated by LRRK2’s own kinase activity, the dephosphorylation caused by inhibitor 
treatment is likely a consequence of the reduced phosphorylation of that site by 
LRRK2. For the disease mutants, the main caveat remains that the correlation 
between kinase activity and S1292 phosphorylation levels is not fully followed. For 
example, R1441C and G2019S show similar steady-state S1292 phosphorylation 
levels, while G2019S has a markedly higher kinase activity [14, 17]. Further 
research will be required to explain these discrepancies.

 What We Know About the Phosphatases and Other Main 
Molecular Partners Regulating LRRK2 Phosphorylation

The most important partners of LRRK2 phosphoregulation are kinases and phos-
phatases. With regard to the regulation of the phosphorylation of LRRK2’s heter-
ologous sites, recent studies have begun to report kinases active at these sites. 
Studies in vitro and in COS-7 cells have suggested that protein kinase A (PKA) acts 
as a kinase for the S910-S935 sites (Muda et al. 2014); however, these findings are 
not confirmed in other cell types such as HEK293T cells [14]. This suggests cell- 
specific mechanisms of phosphorylation and is further supported by the work of 
Dzamko et al. (2012) who show that inhibitor of kappa B kinases (IKKs) phos-
phorylate LRRK2  in bone marrow-derived macrophages upon activation of toll- 
like receptor signaling which is specific to immune cells. Finally, casein kinase 1 
alpha (CK1) was identified in a kinome-wide siRNA screen in HEK293T cells as a 
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kinase for the ANK-LRR interdomain sites [35]. As tools such as site-specific phos-
pho-antibodies become available, it may be expected that additional kinases be 
identified as LRRK2 phosphorylaters. As described above, autophosphorylation 
sites have been confirmed as such through studies with kinase inhibitors and func-
tional mutants.

The search for LRRK2 phosphatases has also seen advances in recent years. 
First, for the heterologous phosphorylation sites, phosphoprotein phosphatase 1 
catalytic subunit alpha (PP1alpha, HGNC symbol PPP1CA) has been shown as an 
important phosphatase at the LRRK2 ANK-LRR interdomain sites [12]. The study 
first shows that of a panel of recombinant serine/threonine phosphatases, only pro-
tein phosphatase 1 can efficiently dephosphorylate LRRK2 in vitro. In vitro dephos-
phorylation was demonstrated on purified LRRK2 protein carrying radioactive 
phosphates, showing that PP1 is responsible for dephosphorylation at the majority 
of LRRK2’s phosphosites. This finding was confirmed for four sites with phospho- 
specific antibodies, i.e., S910, S935, S955, and S973. Of note, the recombinant 
LRRK2 protein can be dephosphorylated with excess amounts of recombinant alka-
line phosphatase [12] or lambda phosphatase [13]; however, when tested in low 
concentrations, PP1 shows the highest dephosphorylation capacity [12].

The physiological relevance of PP1 as an LRRK2 phosphatase for the ANK- 
LRR interdomain sites could be demonstrated by pharmacological and molecular 
approaches. Upon pharmacological inhibition of cells with either PP1 or PP2A 
phosphatase inhibitors, it was observed that PP1 but not PP2A inhibition could 
reverse LRRK2 dephosphorylation. Interestingly, the effects of PP1 in LRRK2 
phosphorylation appear to be broadly applicable across multiple cell types, includ-
ing HEK293T, SH-SY5Y neuroblastoma cells, mouse primary cortical neurons, 
U2OS osteosarcoma cells, NIH3T3 mouse fibroblast cells, and A549 human lung 
cancer cells. This shows that PP1 is active as an LRRK2 phosphatase independent 
of the cell type tested, and it may be predicted that PP1 can dephosphorylate LRRK2 
throughout multiple different tissues. In addition, conditions of LRRK2 dephos-
phorylation show an enhanced binding of PP1 to LRRK2. For example, treatment 
with LRRK2 kinase inhibitors that dephosphorylate LRRK2 or testing of LRRK2 
mutants with low basal phosphorylation levels shows an enhanced association of 
PP1 to LRRK2 compared to basal levels [12]. Therefore, the mechanism of LRRK2 
dephosphorylation involves the recruitment of PP1 to the LRRK2 complex.

Further evidence for the importance of the physiological role of PP1 in dephos-
phorylating has been reported in a study of the link between LRRK2 and arsenite 
stress [36]. Arsenite stress causes a reduction in S910/S935 phosphorylation of 
LRRK2 in cell culture, and this reduction is inhibited by the PP1/PP2A inhibitor 
calyculin A. Also, arsenite stress leads to the recruitment of PP1 to the LRRK2 
complex, similar to what is observed with LRRK2 kinase inhibitor treatment [36].

PP1 class phosphatases are composed of a catalytic subunit, responsible for 
catalyzing dephosphorylation, and a regulatory subunit, responsible for substrate 
specificity. Together, the catalytic subunit and regulatory subunit are called the 
holoenzyme. There are more than 150 PP1 regulatory subunits reported, theoreti-
cally allowing more than 450 possible holoenzyme compositions (Bollen et  al. 
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2010). This mode of functioning is necessary given that only three PP1 catalytic 
subunits are expressed in mammalian cells (PP1α, PP1β, and PP1γ; HGNC codes 
PPP1CA, PPP1CB, and PPP1CC) that on their own are insufficiently diverse to 
account for the specificity in the all phosphatase activity mediated by PP1. Indeed, 
PP1 together with PP2A (which is represented by only two catalytic subunits, 
PPP2CA and PPP2CB) accounts for more than 90 % of the protein phosphatase 
activity in eukaryotes [37, 38]. This contrasts with the large number of members in 
the kinase protein family, which includes ∼400 serine/threonine kinases [39]. 
Therefore, a key issue is to identify the composition of the PP1 holoenzyme by 
identifying the LRRK2-specific PP1 regulatory subunit which associates with the 
PP1 catalytic subunit.

Concerning the regulation of LRRK2 phosphosites outside of the ANK-LRR 
interdomain region, little data is available; however, initial evidence suggests that 
other phosphatases are at play. Studies exploring dephosphorylation at the S1292 
site show that inhibitor-induced dephosphorylation of LRRK2 at S1292 is insensi-
tive to the phosphatase inhibitors calyculin A (mixed PP1 and PP2A inhibitor) and 
okadaic acid (selective PP2A inhibitor) [14], in contrast to what is observed at the 
S935 site where inhibitor-induced dephosphorylation is inhibited by calyculin A 
[12]. However, the low basal S1292 phosphorylation levels of the R1441G mutant 
are upregulated by both calyculin A and OA treatment [14], while the S935 phos-
phorylation levels of the same mutant are only upregulated by calyculin A [12]. 
These findings suggest the hypothesis that PP2A, rather than PP1, is the phospha-
tase system regulating R1441G LRRK2 at S1292.  (See Fig. 8.2 for a schematic 
summary of phosphatases regulating LRRK2 phosphorylation sites).

Fig. 8.2 Hypothetical schematic of LRRK2 phosphatases in relation to the ANK-LRR interdo-
main cluster and the S1292 autophosphorylation site. Shown are two phosphatase complexes that 
have been implicated in LRRK2 phosphoregulation, protein phosphatase 1 (catalytic subunit PP1C 
and regulatory subunit PP1R), and protein phosphatase 2A (catalytic subunit PP2AC and regula-
tory subunit PP2AR and scaffold subunit A). Of note, the precise subunit isoforms implicated 
remain to be confirmed. Downstream of LRRK2 phosphorylation, cellular effects may depend on 
the formation of LRRK2 positive skein-like structures or on effects of dephosphorylation on 
LRRK2 ubiquitination and stability
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 Functional Consequences of LRRK2 Dephosphorylation

Although still incompletely understood, it is now clear that changes in LRRK2 
phosphorylation lead to several dynamic changes in the LRRK2 complex and in 
cellular phenotypes. On the molecular level, dephosphorylation at the ANK-LRR 
interdomain region (S910/S935) leads to the loss of 14-3-3 binding and recruitment 
of PP1 [12, 13, 15]. In addition, dephosphorylated LRRK2 displays enhanced self- 
association that is observed after LRRK2-IN1 treatment and to a greater extent after 
arsenite treatment [36]. Interestingly, phosphorylation may contribute to other bio-
chemical changes in LRRK2, such as GTP binding. Indeed, both arsenite treatment 
and CK1 alpha inhibitor treatment led to a reduction in LRRK2 GTP binding, while 
LRRK2-IN1 treatment led to an increase in GTP binding [35, 36]. As all three of 
these treatments cause reductions in phosphorylation of the ANK-LRR interdomain 
sites, other factors are likely involved. For instance, these phenotypes are poten-
tially additionally related to the interaction of LRRK2 with the guanine nucleotide 
exchange factor ARHGEF7, the degree of LRRK2 self-association, and/or with 
LRRK2 kinase activity. Indeed, dephosphorylation of LRRK2 with CK1 alpha 
inhibitor but not LRRK2-IN1 increases interaction with ARHGEF7, while the induced 
self-association of LRRK2 is significantly higher with arsenite treatment than with 
LRRK2-IN1 treatment, in line with the different effects on GTP binding. Thus far, 
the effect of arsenite on the LRRK2-ARHGEF7 binding has not been reported.

As far as cellular phenotypes go, a striking observation related to LRRK2 
dephosphorylation is the relocalization of LRRK2 to discrete cytoplasmic pools 
upon dephosphorylation. Several different types of cytoplasmic accumulations of 
LRRK2 have been observed, including shuttling to filamentous skein-like structures 
[13, 19, 28] or the presence of amorphous and punctate accumulations [35]. With 
characterization still ongoing, at least some of the LRRK2 punctae are explained by 
the accumulation of LRRK2 in centrosomes [36], while skein-like filaments are at 
least partially located to microtubules [40].

Further phenotypic effects of dephosphorylation include the observation that 
LRRK2 dephosphorylation leads to ubiquitination, suggesting that dephosphoryla-
tion controls LRRK2 cellular expression levels [41]. Further research is required to 
fully define the phenotypic consequences of LRRK2 phosphorylation changes at the 
S935 cluster.

For the effects of dephosphorylation at the S1292 autophosphorylation site, 
fewer studies are available. In contrast to the ANK-LRR interdomain sites, there is 
no evidence suggesting that S1292 may govern LRRK2 subcellular organization. 
Experiments with the phospho-dead mutant S1292A show that negative effects of 
LRRK2 disease mutants on neurite outgrowth are dependent on the S1292 site, sug-
gesting a role for this site in neuromorphology [17]. LRRK2 S1292A can also 
reverse the detrimental phenotype of enlarged lysosomes and reduce lysosomal 
capacity in cells [42]. However, it remains to be determined whether S1292 phos-
phorylation regulates neurotoxic effects.
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 Phosphatases of LRRK2, Potential Therapeutic Targets,  
or Disease Biomarkers in Their Own Right

As evidence accumulates that LRRK2 phosphorylation is important for LRRK2 
biology and for LRRK2 pathogenic effects, the exploitation of LRRK2 phosphory-
lation as a therapeutic target or as disease or pharmacodynamic biomarker becomes 
warranted.

The identification of the LRRK2 phosphatase holoenzymes offers new targets to 
modulate LRRK2 function via the modulation of its phosphorylation. The targeting 
of phosphatases with modulators of phosphatase holoenzyme complexes is a novel 
theoretical approach (discussed in [10, 43]), the feasibility of which has begun to be 
illustrated, such as by the small molecule guanabenz or sephin1 that is a modulator 
of a PP1 holoenzyme through regulatory subunit 15A (PPP1R15A) [44, 45].  
The feasibility of this approach for LRRK2 has been demonstrated using a short 
modulatory sequence directed at the PP1 phosphatase holoenzyme, i.e., the frag-
ment of nuclear inhibitor of PP1 (NIPP1, fragment NIPP1143–224) that potently inhib-
its PP1, to modulate LRRK2 phosphorylation [12]. Therefore, it can be hypothesized 
that the protein-protein interactions within PP1 phosphatase holoenzymes of 
LRRK2 and between LRRK2 and phosphatase regulatory subunits can be targeted 
to control LRRK2 phosphorylation and subsequent phosphorylation-dependent cel-
lular phenotypes such as subcellular localization and ubiquitination. Based on the 
average differences in phosphorylation levels of LRRK2 disease mutants compared 
to wild type, targeting strategies may be directed at increasing phosphorylation at 
ANK- LRR interdomain sites and decreasing phosphorylation at the S1292 site. 
Further work is now warranted to better define the phosphatase holoenzymes active 
at these sites and to test LRRK2/holoenzyme complex targeting strategies.

There is also evidence pointing to the interest of measuring LRRK2 or LRRK2 
phosphorylation as a disease marker or a marker of target engagement. LRRK2 is 
expressed in the central nervous system, both in the brain [46, 47] and in exosome 
isolates from cerebrospinal fluid (CSF) [48], indicating that detection of LRRK2 in 
CSF is feasible. Reports show increases in LRRK2 protein levels in the prefrontal 
cortex of PD patients relative to controls [49], suggesting that the increase in total 
LRRK2 protein expression is correlated with disease. LRRK2 phosphorylation is 
modulated in a majority of disease variants. For the S910-S935-S955-S973 phos-
phosites, levels are reduced for most mutants [13], while for phospho-S1292, lev-
els are increased for most mutants (see Table  8.1). LRRK2 phosphorylatuon 
changes have begun to be studied in patients, with LRRK2-S935 phosphorylation 
reported as unaltered in patient peripheral blood mononuclear cells (PBMCs) in 
sporadic PD patients [34], and LRRK2-S1292 phosphorylation levels are increased 
in urinary exosomes of LRRK2 G2019S mutant carriers [50]. Also, all of these five 
sites are rapidly dephosphorylated and deubiquitinated upon LRRK2 inhibitor 
treatment [1, 41], considered potential therapeutics. Therefore, both LRRK2 levels 
and LRRK2 phosphorylation levels are promising markers for both disease and 
pharmacodynamic response. In line with this, proteins involved in LRRK2 
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 phosphoregulation are also potential biomarkers. To explore this, future research to 
analyze of the expression and activity levels of LRRK2 phosphatases would be 
justified.

 Perspectives and Future Issues

Phosphoregulation of LRRK2 by phosphatases is emerging as an important 
phenomenon for LRRK2 biology offering new perspectives in developing LRRK2- 
targeting therapeutics or LRRK2-based biomarkers. While the state of advancement 
of the field has begun to show which phosphatases are involved and which pheno-
types are associated with phosphorylation levels at specific phosphosites or clusters 
of phosphosites, some issues remain to be addressed (summarized in Box 1). For 
instance, few autophosphorylation sites have been observed to occur in cells, and 
specific phosphatases at these sites remain to be confirmed. Also, precise PP1 holo-
enzyme compositions active in dephosphorylating LRRK2 must be identified, in 
particular regulatory subunits. In order to develop small molecules capable of dis-
rupting complexes of LRRK2 and LRRK2 phosphatase holoenzymes, structural 
details of these complexes should be examined. Finally, the role of additional phos-
phatases active on LRRK2 should be examined, and levels of expression or activa-
tion of LRRK2 phosphatases should be compared in healthy versus disease groups. 
Future studies addressing these issues will enable the development and assessment 
of LRRK2 phosphatase-based disease, pharmacodynamic biomarkers, and thera-
peutic strategies .

Conflict of Interest The author declares no conflicts of interest.

Box 1: Phosphatases of LRRK2, Outstanding Questions
Phosphatases of LRRK2, outstanding issues

 – Besides S1292, which autophosphorylation sites of LRRK2 are present 
under physiological conditions?

 – What are the precise holoenzyme compositions of LRRK2 phosphatases?
 – What are the structural determinants of LRRK2/phosphatase complexes?
 – Are there other phosphatases besides PP1 that are involved in LRRK2 

phosphoregulation?
 – Is expression or activity of LRRK2 phosphatases altered in Parkinson’s 

disease?
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Abstract Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most 
common genetic causes of Parkinson’s disease (PD) and also one of the strongest 
genetic risk factors in sporadic PD. The LRRK2 protein contains a GTPase and a 
kinase domain and several protein-protein interaction domains. Both in vitro and 
in vivo assays in different model systems have provided tremendous insights into 
the molecular mechanisms underlying LRRK2-induced dopaminergic neurodegen-
eration. Among all the model systems, animal models are crucial tools to study the 
pathogenesis of human disease. How do the animal models recapitulate LRRK2- 
induced dopaminergic neuronal loss in human PD? To answer this question, this 
review focuses on the discussion of the animal models of LRRK2-associated PD 
including genetic- and viral-based models.

Keywords LRRK2 • Animal models • Parkinson’s disease

 Introduction

Parkinson’s disease (PD) is recognized as the most common movement disorder, 
affecting up to 1% of the population above the age of 60 and 4–5% above the age of 
85 [1]. Clinical symptoms in PD patients include akinesia, resting tremor, muscle 
rigidity, and postural imbalance [1]. The cardinal symptoms are caused by the pro-
gressive degeneration of dopaminergic (DA) neurons in the substantia nigra pars 
compacta (SNpc) [2]. Although the majority of PD cases appear to be sporadic, in 
the past couple of decades, several genes have been identified to be responsible for 
this progressive neurodegenerative disease [3]. To date, genes encoding LRRK2 
(leucine-rich repeat kinase 2), α-synuclein, parkin, DJ-1, PINK1 (phosphatase and 
tensin homolog deleted on chromosome 10-induced putative kinase 1), VPS35 (vac-
uolar protein sorting 35), DNAJC13, GBA (glucocerebrosidase), and EIF4G1 
(eukaryotic initiation factor 4G1), among others, are associated with genetic forms 
of PD [3–8]. Mutations in the LRRK2 gene (PARK8, dardarin, OMIM 609007) 
cause late-onset, autosomal dominant PD and is the most frequent genetic cause of 
PD, accounting for 4% of familial PD and 1% of sporadic PD across all populations. 
Importantly, LRRK2-mediated PD is clinically and pathologically indistinguishable 
from sporadic PD [9, 10], suggesting that understanding LRRK2-associated PD 
may lead to an understanding of sporadic PD.

The LRRK2 protein contains two enzymatic domains, a GTPase and a kinase 
domain and multiple protein-protein interaction domains including a leucine-rich 
repeat (LRR), a WD40 repeat, and a LRRK2-specific repeat domain (Fig. 9.1) [11, 
12]. LRRK2 interaction domains are thought to serve as protein-binding modules 
where LRRK2 acts as a signaling scaffold. LRRK2 GTPase and kinase enzyme 
activity are important in regulating LRRK2-dependent cellular signaling pathways 
and may reciprocally regulate each other to direct LRRK2’s ultimate function [13]. 
Pathogenic mutations of LRRK2 are centered on LRRK2 enzymatic domains 
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(Fig. 9.1). Thus, LRRK2 enzymatic activity is important in PD. The most prevalent 
LRRK2 mutation, G2019S, is within the kinase domain. It accounts for 5–6% of 
autosomal dominant PD patients and ∼1% of sporadic late-onset PD. Patients with 
the G2019S mutation exhibit Lewy bodies in most cases [1]. However, mutations in 
the GTPase domain and COR domain, such as R1441 C/R1441 G and Y1669C 
often vary on Lewy body pathology [10, 14]. This raises the possibility that these 
mutations cause disease via distinct pathogenic mechanisms.

Tremendous work in both in vitro and in vivo systems suggests that LRRK2 is 
involved in diverse pathways and cellular signaling including regulation of protein 
translation, vesicle trafficking, neurite outgrowth, autophagy, and cytoskeletal 
dynamics [15–17]. Several model systems have been developed to study LRRK2 
function from yeast to invertebrates such as Drosophila and C. elegans, rodents, and 
patient-derived induced pluripotent stem cells (iPScs) [18]. Yeast, a eukaryotic 
single- cell organism, has been widely used to uncover the fundamental pathobiol-
ogy of proteins associated with neurodegenerative diseases including PD. The first 
LRRK2 yeast model that revealed LRRK2 GTPase function plays a key role in 
LRRK2 pathobiology [19, 20]. The toxicity is closely associated with GTPase 
activity and defects in endocytic vesicular trafficking and autophagy [19]. More 
importantly, using this yeast model, the first GTPase-activating protein (GAP) for 
LRRK2, ArfGAP1, was identified and characterized [20]. Patient-derived iPScs 
provide highly relevant models for PD studies as the well-developed capacity to 
generate iPSc-derived DA neurons. Several LRRK2 iPSc models have been devel-
oped. DA neurons derived from LRRK2 iPScs display reduced neurite length, accu-
mulation of α-synuclein and tau, increased vulnerability to cellular stress, and 
impaired autophagy and mitochondrial function [18]. IPSc models allow us to study 
LRRK2 pathobiology directly in human context. However, both yeast and iPSc 
models cannot recapitulate the physiological cell diversity in the intact mammalian 
brain and the complexity of brain circuits.

While the eukaryotic yeast and iPS cell models provide an important yet comple-
mentary insights to animal models on understanding disease mechanisms, this 
review focuses on the animal models of LRRK2-associated PD and discusses the 
advantages and disadvantages of each model and how each of these different mod-
els have contributed to understanding the role of LRRK2 in PD pathogenesis.

1 1335

R1441C/G

LRRK2-Repeats LRR GTPase COR Kiase WD40

Y1699C G2019S
I2020T

1510 1879 2138 2527

Fig. 9.1 Schematic showing the domain structure of LRRK2 protein and the position of patho-
genic mutations. Residues 1–660 encode LRRK2-specific repeat sequences, 984–1278 encode the 
leucine-rich repeat (LRR), 1335–1510 encode the Roc GTPase domain, 1519–1795 encode the 
C-terminal of Ras (COR) domain, and 1879–2138 encode the kinase domain. Five confirmed 
LRRK2 pathogenic mutations: R1441C/G, Y1699C, G2019S, I2020T
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 Genetic Animal Models of LRRK2

 LRRK2 Drosophila Models

Animal models are crucial tools for LRRK2 research. Invertebrate animals, espe-
cially Drosophila, have proven to play an important role in studying LRRK2 patho-
genic mechanisms and developing therapeutics. Drosophila has well-defined nerve 
systems, which share similar neuronal transmitters with mammals. Importantly, 
Drosophila has DA neuronal clusters and can perform complicated behavioral tests, 
which mimic some DA-dependent behaviors in human. Several steps have been 
taken to establish and utilize LRRK2 Drosophila models:

 1. Generation of Drosophila strains carrying mutations in genes linked to disease
 2. Determination of the Drosophila models to see if they recapitulate the pathogen-

esis of the disease and in turn are good models of the disease
 3. Investigation of the detailed molecular mechanisms underlying the phenotypes
 4. Identification of genetic modifiers to dissect the signaling pathways involved in 

pathogenesis
 5. Drug candidate screening

Several LRRK2 Drosophila models have been generated and are listed in 
Table 9.1.

 LRRK2 Knockout Drosophila Models

Drosophila has one human LRRK2 homolog dLRRK, and residues affected by 
PD-causing mutations in LRRK2 are conserved in Drosophila LRRK2. To study the 
function of endogenous wild-type (WT) LRRK2, Drosophila LRRK2 knockouts 
have been generated [21–24]. Several groups reported that the homozygous mutant 
fly develops normally with a normal life span as well as unchanged number and 
pattern of DA neurons [21, 23, 24], although one group reported LRRK loss-of- 
function mutants exhibited a severely impaired locomotive activity and a severe 
reduction in tyrosine hydroxylase immunostaining and shrunken morphology of 
DA neurons in LRRK mutants [22]. In addition, Wang et al. showed that mutant 
flies containing C-terminal kinase domain truncated dLRRK are selectively sensi-
tive to H2O2, but not to paraquat, rotenone, or β-mercaptoethanol [23]. By contrast, 
Imai et al. showed that dLRRK null flies are relatively resistant to general oxidative 
stress, such as paraquat and H2O2 treatment, compared to WT flies [21]. Thus, the 
exact role of dLRRK in oxidative stress remains unclear. The different phenotypes 
are possibly due to the different genomic loci of insertion for gene disruption and 
the different genetic backgrounds. As the majority of the reports support that dLRRK 
is dispensable for survival of DA neurons in flies and this is consistent with the 
phenotypes in LRRK2 knockout mice, the general consensus is that LRRK2 toxic-
ity is from a gain-of-function and not a loss-of-function mechanism.
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 LRRK2 Transgenic Drosophila Models

In contrast to dLRRK knockout Drosophila, overexpression of both human LRRK2 
and dLRRK pathogenic mutations in Drosophila leads to age-dependent 
DA-responsive reductions in locomotor activity and loss of DA neurons (Table 9.1) 
[21, 25–28]. Interestingly, in addition to the DA neurodegeneration, different 
LRRK2 mutations cause different phenotypes related to the degeneration. One 
recent study showed that LRRK2 G2019S induced extensive neurodegeneration 
throughout the visual system [29]. This degeneration is LRRK2 G2019S mutation 
specific and occurs in a kinase-dependent manner. Dopaminergic expression of 
LRRK2 G2019S led to nonautonomous cell death reminiscent of that seen in PD 
[29]. Another report showed that LRRK2 R1441C or Y1699C mutations in the 
GTPase-COR domain preferentially associates with deacetylated microtubules and 
inhibits axonal transport in Drosophila, causing locomotor deficits in vivo. These 
features are not seen with the LRRK2 G2019S mutation, suggesting that these 
defects are GTPase activity dependent [30]. A previous study suggested that reduced 
axonal transport rates caused by α-synuclein mutants might contribute to accumula-
tion of α-synuclein and hence Lewy body formation and neuritic abnormalities in 
PD brain [31]. Taken together, reduced axonal transport rates may contribute to the 
formation of Lewy bodies or Lewy neurites in some PD cases carrying R1441C or 
Y1669C mutations. These studies suggest that different LRRK2 pathogenic muta-
tions act at distinct pathways and cause varied neuropathology in that accompanies 
DA neurodegeneration.

 Using LRRK2 Drosophila Models to Study Molecular Mechanisms 
Underlying LRRK2-Associated PD

Do LRRK2 Drosophila models reveal the pathogenic mechanisms underlying 
LRRK2-induced DA neurodegeneration? To address this, Drosophila offers a wide 
variety of genetic tools including genetic screens, which allow genome-wide analy-
ses of genetic interactions based on the modification of a given phenotype, and 
candidate gene approaches, in which only those suspected genes are analyzed for 
modifications of the phenotype. Both strategies allow identification of components 
of signaling pathways involved in PD pathogenesis. Using LRRK2 Drosophila 
models, several in vivo LRRK2 interactors have been identified and characterized in 
different signaling pathways.

LRRK2 Function in Protein Synthesis/Translation

Drosophila dLRRK was shown to regulate protein translational pathways. Imai 
et al. first provided evidence that both dLRRK and human LRRK2 can phosphory-
late eukaryotic initiation factor 4E-binding protein (4E-BP), a negative regulator of 
eukaryotic initiation factor 4E-mediated protein translation and a key mediator of 
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various stress responses [21]. A link between dLRRK and protein synthesis was 
further strengthened by the observation from the same group that LRRK2 interacts 
with the microRNA pathway to regulate protein synthesis [32]. However, these 
Drosophila studies have yet to be extended to mammalian systems. A recent study, 
using a combination of an LRRK2 Drosophila model and human dopamine neu-
rons, demonstrated that LRRK2 phosphorylates ribosome protein s15 to enhance 
protein translation and mediate LRRK2-induced neurodegeneration [33]. Taken 
together, there is strong convergent evidence that LRRK2 regulates protein transla-
tion machinery in diverse species and tissues.

LRRK2 Function in Vesicular Trafficking

Studies using LRRK2 Drosophila models have revealed potential roles for 
LRRK2  in multiple aspects of vesicle trafficking including endolysosomal path-
ways, synaptic vesicle (SV) endocytosis, ER-Golgi, and retromer trafficking. First, 
dLRRK was reported to localize to the membranes of late endosomes and lyso-
somes, physically interacts with the crucial mediator of late endosomal transport 
Rab7, and negatively regulates Rab7-dependent perinuclear localization of lyso-
somes [34]. LRRK2 has been further shown to localize at endosomes and interacts 
with clathrin light chains (CLCs) to limit Rac1 activation. These data identify a new 
pathway in which CLCs function with LRRK2 to control Rac1 activation on endo-
somes [35]. The function of LRRK2 in endolysosomal pathways is further strength-
ened by a study on novel ethyl methanesulfonate (EMS)-induced nonsense alleles 
in dLRRK, which cause striking defects in the endolysosomal and autophagy path-
ways [36]. Second, a study in Drosophila shows that LRRK2 functions on SV endo-
cytosis at the neuromuscular junctions by phosphorylating endophilin A (EndoA) at 
S75 and mediating EndoA-dependent membrane tubulation and membrane associa-
tion [37]. In addition, dLRRK has been demonstrated to regulate Golgi outpost 
(GOP) dynamics in dendrites through the golgin Lava lamp [38]. Moreover, genetic 
interactions between VPS35, Rab7L1, ArfGAP1, and LRRK2 in Drosophila high-
light LRRK2’s role in retromer and ER-Golgi trafficking [20, 39, 40]. All data taken 
together strongly support that LRRK2 plays a crucial role in vesicular trafficking 
pathway, which may provide potential mechanisms for accumulation of α-synuclein 
in LRRK2-associated PD.

LRRK2 Function in Dendritic Degeneration and Synaptic Morphology

Expression of LRRK2 G2019S in Drosophila dendritic arborization neurons 
induces mislocalization of the axonal protein tau in dendrites and causes dendrite 
degeneration. This may act through a mechanism in which LRRK2 G2019S pro-
motes tau phosphorylation by the glycogen synthase kinase 3β (GSK3β) [28]. In 
addition, LRRK2 regulates synaptic morphology through interacting with 4E-BP at 
the postsynaptic site and phosphorylating Futsch at the presynaptic compartments 
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of the Drosophila neuromuscular junctions [41]. These studies point out a possible 
role for LRRK2 in dendrite degeneration and synaptic dysfunction.

LRRK2 Genetic Interaction with Other PD Genes

As the number of genetic alterations linked to PD pathogenesis increases, establish-
ing functional pathways and whether these genes or risk factors interact with each 
other will be crucial. Drosophila as a classical genetic model provides powerful 
tools to study genetic interactions between different genes. Using LRRK2 
Drosophila models, genetic dissection revealed that LRRK2 interacts with other PD 
genes or risk factors such as VPS35, RAB7L, parkin, DJ-1, and PINK1 [27, 39, 40] 
and implicates several potential LRRK2 functions. Genetic interaction between 
LRRK2, VPS35, and Rab7L implicates LRRK2 function in retromer and lysosomal 
pathways that contribute to PD [39, 40]. Coexpression of human parkin in LRRK2 
G2019S-expressing flies provides significant protection against DA neurodegenera-
tion that occurs with age or in response to rotenone, suggesting a potential link 
between LRRK2, parkin, and mitochondria in the pathogenesis of LRRK2-related 
parkinsonism [27]. Genetic interaction between LRRK2 and parkin, DJ-1 or PINK1 
also suggests that dominant PD genes may act via common pathways with the 
recessive PD genes.

 Using LRRK2 Drosophila Models to Identify Potentially Therapeutic 
Compounds

The genetic LRRK2 Drosophila model represents a promising platform for inhibitor 
identification and validation. Studies have shown that GW5074, curcumin, or 
sorafenib significantly suppressed LRRK2 PD-like phenotypes in Drosophila [42, 
43]. Although candidate compounds have been used in these studies, they open the 
possibility of performing compound screens, which may be useful for finding new 
drugs for treatment of LRRK2-associated PD.

 LRRK2 C. elegans Models

The nematode Caenorhabditis elegans has a well-defined and genetically tractable 
nervous system that offers an effective model to explore basic mechanistic path-
ways that might underpin complex human neurological diseases. C. elegans con-
tains only one lrk-1 gene encoding a LRRK-like protein. Lrk-1 is localized in the 
Golgi apparatus and is required for polarized localization of SV proteins. The loss 
of lrk-1 causes SV protein mislocalization to both presynaptic and dendritic endings 
in neurons, which are dependent on the AP-1 clathrin adaptor UNC-101 [44]. The 
results raise the possibility that the LRK-1 functions on the trans-Golgi network 
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(TGN) to exclude SV proteins from the dendrite-specific transport mechanisms 
mediated by the AP-1 clathrin adaptor complex. This study suggests that LRRK2 
might function in the Golgi network. Recent identification of ArfGAP1, a Golgi 
protein that reciprocally regulates LRRK2-induced toxicity both in vitro and in vivo, 
might provide a new insight into LRRK2 function in ER to Golgi trafficking [20]. 
Other loss-of-function studies in C. elegans revealed that LRRK2 acts to protect C. 
elegans DA neurons from the toxicity of 6-hydroxydopamine and/or human 
α-synuclein, possibly through the p38 pathway, by supporting upregulation of 
GRP78 [45]. The loss of lrk-1 renders animals hypersensitive to the endoplasmic 
reticulum stressor tunicamycin, which is rescued by PINK1 [46]. These studies sug-
gest a functional link between LRRK2 and ER stress [45, 46].

While loss of the LRRK2 homolog in C. elegans provided information of the 
biological function of LRRK2, overexpression of human LRRK2  in C. elegans 
established a model that recapitulates key features of PD. Overexpression of human 
LRRK2 WT, R1441C, or G2019S in DA neurons in C. elegans causes age- dependent 
DA neurodegeneration, behavioral deficits, and locomotor dysfunction that is 
accompanied by a reduction of dopamine levels in vivo [47, 48]. Several studies 
suggested that these phenotypes could be caused by mitochondrial dysfunction, 
autophagy inhibition, and ER stress. Expressing human LRRK2 WT increased 
nematode survival by protecting against mitochondrial stress, but mutant forms of 
LRRK2 (G2019S or R1441C) enhanced vulnerability to mitochondrial dysfunction 
and inhibition of autophagy [47, 49]. Although LRRK2 G2019S consistently inhib-
its autophagy in multiple studies, the effects of LRRK2 WT appear to vary between 
studies even from the same group [47, 49]. The explanation for this variation appears 
to depend on whether or not α-synuclein is present [50]. Coexpressing LRRK2 WT 
with α-synuclein produces a modest age-dependent inhibition of autophagy [50]. 
Since C. elegans, like Drosophila, does not express endogenous α-synuclein, cau-
tion needs to be taken in interpreting studies using C. elegans models.

The observations from LRRK2 C. elegans models support a role for LRRK2 
kinase and GTPase activity as critical mediators of neurotoxicity induced by mutant 
LRRK2. Overexpression of the GTP-binding defective mutant, K1347A, prevents 
the LRRK2-induced neurodegeneration and behavioral abnormalities [48]. LRRK2 
kinase inhibitors TTT-3002 and LRRK2-IN1 protect against LRRK2 R1441C- or 
LRRK2 G2019S-induced neurodegeneration [42, 48]. These studies suggested that 
both LRRK2 GTPase and kinase activity play crucial roles in LRRK2-induced neu-
rodegeneration in C. elegans.

 LRRK2 Zebrafish Models

Although zebrafish has been established as an excellent vertebrate model for the 
study of human disease, zebrafish LRRK2 (zLRRK2) models are not well devel-
oped. There is one human LRRK2 homolog in zebrafish, zLRRK2, which has a high 
degree conservation of amino acid sequences with human LRRK2 (hLRRK2) 
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proteins and the highest conservation within the kinase domain. Two groups reported 
the generation of loss-of-function zLRRK2 models, but with conflicting results. 
Sheng et al. first reported that the deletion of the WD40 domain of zLRRK2 by 
morpholino-targeted splicing caused parkinsonism-like phenotypes, including loss 
of DA neurons in the diencephalon and locomotion defects [51]. These neurodegen-
erative and locomotion defects could be rescued by overexpressing zLRRK2 or 
hLRRK2 mRNA. The administration of L-Dopa could also rescue the locomotion 
defects, but not the neurodegeneration [51]. However, a later study reported by Ren 
et al. demonstrated that the deletion of the WD40 domain of zLRRK2 using the 
same methods does not cause the loss of DA neurons [52]. Given the opposite 
results from two similar studies, the loss-of-function zLRRK2 models need further 
evaluation. Transient co-overexpression of human WT or GS LRRK2 with GFP- 
tagged ubiquitin in WT zebrafish embryos causes impaired clearance of transiently 
expressed ubiquitin, suggesting of ubiquitin proteasome system disruption [53]. 
The characterization on DA system was not performed [53]. Taken together, LRRK2 
zebrafish models are underdeveloped and need more evaluation and 
characterization.

 LRRK2 Mouse Models

Whereas all the models are important and can be used in a variety of research direc-
tions, generally more effort is placed on developing mouse models to study human 
genetic disorders because mice possess similar neuronal networks and basal ganglia 
circuitry with high conservation of homologs with the human disease-causing 
genes. Then, what are the criteria for the effective modeling of human diseases in 
mice? A good model should recapitulate the genetic and pathological features of the 
disease in human patients while avoiding spurious phenotypes that are not involved 
in human diseases [54–56]. For PD, mouse models that faithfully recapitulate the 
characteristic neurodegeneration and motor deficits as well as other hallmarks of 
PD such as α-synuclein aggregation are necessary. They would provide in vivo plat-
forms to validate pathogenic molecular pathways and therapeutic strategies in more 
controlled physiological systems [55].

 LRRK2 Knockout Mouse Models

A question frequently raised is whether LRRK2 pathology could be the result of a 
loss of function. To address this question, several groups generated and analyzed 
LRRK2 knockout mice. Consistent among the knockouts is that observation that 
there is no DA neurodegeneration although some abnormalities are observed out-
side the nervous system (Table 9.2) [57–63]. Andres-Mateo et al. reported the first 
LRRK2 knockout mouse model showing an intact nigrostriatal DA pathway up to 2 
years of age and no altered sensitivity to MPTP-induced neurotoxicity [57]. Tong 
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et al. demonstrated that LRRK2 knockouts develop striking kidney pathology and 
impaired autophagy-lysosomal function [62, 63]. The kidney phenotype was 
observed in two other LRRK2 knockouts, although the defects in autophagy changes 
were not observed [58, 59]. A recent study using LRRK2 knockouts suggests that 
LRRK2 influences neurogenesis and particularly neuronal morphogenesis [61].

Since the majority of LRRK2 PD patients exhibit α-synuclein deposition, the 
role of LRRK2 in α-synuclein pathology has been explored. Lin et al. showed that 
knockout of LRRK2-rescued A53T α-synuclein overexpression induced Golgi frag-
mentation, α-synuclein accumulation and aggregation, microglial activation, and 
forebrain neuronal degeneration [60]. On the other hand, Tong et al. demonstrated 
that LRRK2 knockout mice develop striking accumulation and aggregation of 
α-synuclein and Daher et al. showed that deletion of LRRK2 had no influence on 
the lethal neurodegenerative phenotype of the A53T α-synuclein transgenic mice 
[63, 64]. The different findings between these studies could be due to the different 
levels of α-synuclein expression and or technical concerns. Whether inhibition of 
LRRK2 could be employed as a therapeutic strategy to attenuate α-synuclein- 
mediated neuronal damage relevant to PD needs further investigation.

All the observations from the LRRK2 knockout mice suggest that LRRK2 plays 
little if any role in the development and survival of DA neurons is under physiologic 
conditions. Thus, PD caused by LRRK2 mutations are likely not due to a loss of 
LRRK2 function.

 LRRK2 Transgenic Mouse Models

Many groups have generated LRRK2-related PD mouse models expressing LRRK2 
WT or PD-associated mutant LRRK2 G2019S or R1441C/G (Table 9.2) [58, 60, 
65–75]. Several transgenic techniques for LRRK2-related PD modeling in mice 
have been utilized, including conventional [65, 69, 70, 73], BAC transgenic [66–
68], tet-inducible transgenic [60, 71], and mutant LRRK2 knock-in techniques [58, 
72, 74, 75]. However, to date only two of the LRRK2 models exhibit age-dependent 
SNpc DA neurodegeneration [65, 69]. Most LRRK2 transgenic animals manifest 
deficits in DA transmission and DA-responsive behavior. Between the two studies 
with SNpc DA neurodegeneration, both used conventional transgenic techniques 
utilizing the PDGF-β promoter to generate LRRK2 mutant G2019S mouse lines. 
Ramonet et al. show that LRRK2 G2019S mice developed about 20% SNpc DA 
neurodegeneration at 20 months of age [69], while Chen et al. demonstrated more 
robust degeneration in the SNpc starting from 12 months of age with about 50% 
degeneration at 16 months of age without a phenotype in LRRK2 WT transgenic 
mice [65]. The different degrees of the degeneration may be due to the different 
overexpression levels of the transgenes.

Why don’t most LRRK2 transgenic models exhibit SNpc DA degeneration? One 
potential explanation could be a lack of robust transgene overexpression in SNpc 
DA neurons. The BAC and knock-in models express mutant LRRK2 during devel-
opment, and thus there may be compensatory mechanisms in the mouse that prevent 
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loss of DA neurons. Thus, conditional and selective expression of LRRK2 in SNpc 
DA neurons may overcome this problem. A recent study reported an LRRK2 
G2019S conditional transgenic mouse model using the tet-off system and a PitX3- 
tTA driver line to drive transgene expression in DA neurons. However, no SNpc DA 
degeneration was observed in this model [71]. The reason is unclear but may be 
related to not aging the mice to 24 months of age, or perhaps expression of LRRK2 
only in DA neurons is not sufficient for DA degeneration to occur given that the 
endogenous LRRK2 expression levels are comparatively low in SNpc DA neurons 
and LRRK2 is also expressed in other neurons. Thus, overexpression of LRRK2 in 
other neurons at the same time as in DA neurons or other genetic and/or environ-
mental factors may be required for degeneration of DA neurons.

 LRRK2 Rat Models

For the last several decades, investigators have chosen to use mouse models because 
of the technologies that were available. Now the same technologies are available in 
the rat. As a model of human disease, the rat offers many advantages over the mouse 
and other organisms. Physiology is easier to monitor in the rat. Moreover, in many 
cases, the physiology is more like the corresponding human condition. The rat is 
more intelligent than the mouse and is capable of learning a wider variety of tasks 
that are important in mimicking human behavioral symptoms. Recently, both 
LRRK2 knockout and transgenic rat models have been generated and 
characterized.

 LRRK2 Knockout Rat Models

Like other LRRK2 animal models, LRRK2 knockout rats have no significant loss of 
SNpc neurons. Similar to LRRK2 knockout mice, the loss of LRRK2 in rats leads 
to abnormal phenotypes in peripheral organs. Two studies have observed abnormal 
kidneys [76, 77]. Besides the kidney phenotype, Ness et al. observed significant 
weight gain in the LRRK2 knockout rats accompanied by significant increases in 
insulin and insulin-like growth factors [77]. They also found significant alterations 
in the cellular composition of the spleen in L RRK2 knockout animals, which 
Baptista et al. did not observe [76, 77]. Instead, they found LRRK2 knockout rats 
displayed an abnormal lung and liver phenotype. Using LRRK2 knockout rats, the 
West group demonstrated resistance to DA neurodegeneration elicited by intracra-
nial administration of LPS and protection from α-synuclein-induced DA neurode-
generation and rhabdomyolysis-induced kidney injury [78, 79]. The abnormal 
peripheral phenotype of the LRRK2 knockout rat is suggestive of a complex LRRK2 
biology influencing metabolism, immune function, and kidney homeostasis. The 
phenotype of LRRK2 knockout rat is consistent with LRRK2 knockout in other 
organisms such as Drosophila, C. elegans, and mouse, supporting the concept that 
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LRRK2 plays little role in the development and survival of DA neurons under phys-
iologic conditions.

 LRRK2 Transgenic Rat Models

The first LRRK2 transgenic rat model was developed by Zhou et al. using an induc-
ible system [80]. Temporal expression of human LRRK2 G2019S in rats did not 
lead to DA neurodegeneration, but enhanced locomotor activity with age accompa-
nied with impaired dopamine reuptake by the dopamine transporter (DAT) was 
observed. As a result of compromised DAT activity, amphetamine-evoked dopa-
mine release and amphetamine-elicited locomotor activity were reduced in LRRK2 
G2019S transgenic rats [80]. Since only two copies of LRRK2 transgene were 
expressed in this model, there may have been insufficient protein to produce DA 
neurodegeneration. Human BAC-LRRK2 G2019S or R1441G rats were developed, 
and mutant LRRK2 expression was approximately 5 ~ 8 times higher than endog-
enous rat LRRK2. However, both BAC-LRRK2 R1441G and G2019S transgenic 
rats do not show signs of neurodegeneration and do not develop significant motor or 
cognitive deficits with age [81–83]. Instead, LRRK2 G2019S induced oxidative 
stress in the striatum and substantia nigra and increased inducible nitric oxide syn-
thase expression in SNpc DA neurons and abnormal morphology of SNpc DA neu-
rons [81, 83]. Although this model does not reproduce the key features of end-stage 
PD, it may be useful in studying gene-environment interactions. However, a recent 
study indicates that BAC-LRRK2 R1441G transgenic rats did not show increased 
vulnerability to sub-toxic doses of paraquat [82]. Since these studies lacked a wild- 
type human LRRK2 transgenic rat as a control, it is not possible to conclude that the 
phenotype induced by mutant LRRK2 is due to the LRRK2 PD mutation or overex-
pression of the LRRK2 protein. All results from different LRRK2 transgenic rats 
suggest that rats compensate and accommodate LRRK2’s toxic effects.

 Viral-Mediated Animal Models of LRRK2

While the genetic LRRK2 models shed light on LRRK2 cellular functions and 
pathogenic pathways, development of recombinant viral vectors for in vivo delivery 
of transgenes has opened up a new possibility to model diseases in the CNS. The 
viral-mediated gene transfer approach in adulthood bypasses the development of 
compensatory effects. This approach also allows researchers to target specific neu-
ronal populations, such as SNpc DA neurons. Another advantage of the viral- 
mediated gene transfer approach is that it allows researchers to control transgene 
dosage by modulating copy number of the transgene. While viral models allow us 
to recapitulate some of the neurodegeneration processes observed in PD patients 
that have so far been difficult to show in other models, there are caveats of non-
physiological doses of transgenes and potential alterations in RNA translation.
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Due to large size of LRRK2 gene and the limited packaging capacity of different 
viral vectors, so far only two LRRK2 viral models have been developed and 
characterized.

 Herpes Simplex Virus (HSV)-LRRK2 Viral Model

The first LRRK2 viral model was developed by Lee et al. by carrying LRRK2 into 
HSV amplicons expressing a CMV-driven GFP reporter [84]. One advantage of 
HSV is that it is injected in the striatum and retrogradely transported into SNpc DA 
neurons, which avoids nonspecific inflammatory damage to the substantia nigra. In 
this model, after 3 weeks injection, the HSV-WT-LRRK2 induced modest SNpc DA 
neurodegeneration of about 10–20%, whereas the HSV-LRRK2 G2019S induced 
up to 50% neuronal loss in SNpc DA neurons. Interestingly, the kinase-dead LRRK2 
does not induce neuronal loss, which strongly suggested that kinase activity of 
LRRK2 mediates LRRK2-induced DA neurodegeneration. This notion is further 
supported by the protective effects of pharmacological inhibition of LRRK2 kinase 
activity in this HSV model [84].

 Adenoviruses (rAd)-LRRK2 Viral Model

Second-generation E1, E3, and E2a-deleted recombinant human serotype 5 adeno-
viruses (rAd) carrying LRRK2 WT and G2019S were generated by Dusonchet et al. 
[85]. Similar to HSV, adenoviral particles can be efficiently retrogradely transported 
to DA neurons within the SNpc following intrastriatal injections. Injection of rAd- 
LRRK2 G2019S into rat striatum causes a progressive loss of TH-positive DA neu-
rons in the SNpc, reaching about 21% at 42 days postinjection, but no cell loss is 
detected in the rAd-GFP- or rAd-LRRK2 WT injected groups. Abnormal transient 
hyperphosphorylation of tau in dystrophic SNpc neuritic processes was observed 
upon LRRK2 overexpression at 10 days [85]. Tsika et al. further characterized the 
striatal pathology in this model [86]. Expression of LRRK2 G2019S selectively 
induces the accumulation of neuronal ubiquitin-positive inclusions accompanied by 
neurite degeneration and the altered distribution of axonal phosphorylated neuro-
filaments in the striatum. The pathological phenotype is dependent on LRRK2 
kinase activity as a kinase-inactive mutation (LRRK2 G2019S/D1994N) completely 
ameliorates the pathological effects of LRRK2 G2019S [86].

Another LRRK2 viral model has been briefly mentioned in another study. The 
authors delivered lentiviral vectors carrying enhanced green fluorescent protein 
(eGFP)-tagged LRRK2 G2019S in adult mouse striatum and observed LRRK2 
function in TGN turnover [87]. However, there was no characterization of this 
model in terms of pathology in the nigrostriatal pathways.
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 Concluding Remarks

Modeling of LRRK2-associated PD in various animal models has provided unprec-
edented insights into the potential mechanisms of LRRK2-mediated neurodegen-
eration such as regulation of protein translation, vesicle trafficking, neurite 
outgrowth, autophagy, and cytoskeletal dynamics. However, none of the current 
LRRK2 animal models fulfills all the key features of PD. Different LRRK2 animal 
models recapitulate different clinical and neuropathological features of LRRK2- 
associated PD, including the degeneration of nigrostriatal DA neurons, neuropa-
thology, α-synuclein accumulation, abnormal striatal DA neurotransmission, and 
behavioral deficits.

Why are the animal models “imperfect” for modeling LRRK2-associated PD? 
First, for the simple animal models such as Drosophila and C. elegans, they do not 
have α-synuclein homolog and a true human LRRK2 homolog. PD patients harbor-
ing LRRK2 mutations frequently exhibit α-synuclein neuropathology in the form of 
Lewy bodies. A question about whether α-synuclein is required for LRRK2 pathol-
ogy or vice visa has been raised. The challenge remains to validate the mechanisms 
identified in these model systems in human PD. Second, for LRRK2 rodent models, 
perhaps rodent DA neurons are particularly resistant to LRRK2 toxicity. In addition, 
there may be compensatory mechanisms in the rodents that prevent loss of DA neu-
ron. Third, the fact is that LRRK2 mutations in humans are partially penetrant, 
implicating that there may be additional factors such as genetic and/or environmen-
tal stressors that are required for degeneration of DA neurons. Indeed, in both 
LRRK2 Drosophila and C. elegans models, treatments with mitochondrial function 
inhibitors exacerbate neurodegeneration. Fourth, the HSV- or adenovirus-mediated 
LRRK2 rodent models induce robust DA neurodegeneration, supporting the notion 
that both non-cell-autonomous and cell-autonomous processes contribute to the 
degeneration of DA neurons. The transgene can be virally expressed in both neurons 
and glia to activate the inflammatory pathway in glial cells and elicit neurodegen-
eration in DA neurons, which is largely absent in the genetic LRRK2 models. 
Therefore, non-cell-autonomous effects may provide a promising mechanism for 
LRRK2-induced PD in humans. All these possibilities need to be taken into consid-
eration in developing future LRRK2 animal models.
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Chapter 10
LRRK2 and the “LRRKtosome” 
at the Crossroads of Programmed Cell Death: 
Clues from RIP Kinase Relatives

Hardy J. Rideout and Diane B. Re

Abstract Since its cloning and identification in 2004, considerable gains have been 
made in the understanding of the basic functionality of leucine-rich repeat kinase 2 
(LRRK2), including its kinase and GTPase activities, its protein interactors and 
subcellular localization, and its expression in the CNS and peripheral tissues. 
However, the mechanism(s) by which expression of mutant forms of LRRK2 lead 
to the death of dopaminergic neurons of the ventral midbrain remains largely 
uncharacterized. Because of its complex domain structure, LRRK2 exhibits simi-
larities with multiple protein families including ROCO proteins, as well as the RIP 
kinases. Cellular models in which mutant LRRK2 is overexpressed in neuronal-like 
cell lines or in primary neurons have found evidence of apoptotic cell death involv-
ing components of the extrinsic as well as intrinsic death pathways. However, since 
the expression of LRRK2 is comparatively quite low in ventral midbrain dopami-
nergic neurons, the possibility exists that non-cell autonomous signaling also con-
tributes to the loss of these neurons. In this chapter, we will discuss the different 
neuronal death pathways that may be activated by mutant forms of LRRK2, guided 
in part by the behavior of other members of the RIP kinase protein family.
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 Introduction

The symptomology of Parkinson’s disease (PD) that ultimately brings people to the 
Neurologist’s office is typically the motor dysfunctions that are the consequence of 
death of dopamine-producing neurons in the substantia nigra pars compacta (SNpc). 
Of course the pathogenesis of the disease is considerably more complex and, as it’s 
generally accepted, has begun years prior to the emergence of the overt motor 
symptoms and in regions distant from the ventral midbrain.

In the case of PD caused by expression of mutant forms of a protein called 
leucine- rich repeat kinase 2 (LRRK2), the same question remains: what is the 
mechanism by which widespread expression of altered forms of this protein prefer-
entially leads to the death of SNpc dopaminergic neurons? LRRK2 is a large protein 
with a complex domain architecture and has a broad range of cellular functions in a 
wide variety of cell types and tissues (some of which are discussed in detail in other 
chapters of this volume). While the mutations most strongly associated with devel-
oping PD span multiple domains, particularly the enzymatic core of the protein, 
they possess the single uniform phenotype of causing the death of this specific neu-
ronal population. It is widely expressed, yet at very low levels in ventral midbrain 
dopaminergic neurons, raising at least the possibility of a non-cell autonomous con-
tribution to the neurodegenerative phenotype.

This chapter will focus on the induction of neuronal death signaling pathways by 
mutant LRRK2, keeping in mind the broader context of a considerably more com-
plex disease pathogenesis. Potential clues to the mechanism of neuronal death 
induced by mutant forms of LRRK2 can be seen in other members of one protein 
family to which it belongs, the receptor-interacting protein (RIP) kinases.

 Evidence of Cell/Neuronal Death Induced by Mutant LRRK2

Very soon after the first mutations in LRRK2 were identified in families with genetic 
forms of PD, it was reported that the same disease-linked mutations in LRRK2 were 
neurotoxic in different cellular models [1, 2]. The degree of cell death in both neu-
roblastoma cell lines and primary neurons was robust, reaching close to 50 % after 
just 48 h of expression. The initial method of assessment of neuronal “death” was 
based on the apparent health of neurites, rather than a classical cell viability mea-
sure. This was complemented however by the demonstration of TUNEL-positive 
nuclei, indicating that the mode of neuronal death induced by mutant LRRK2 was a 
form of programmed cell death, likely an apoptotic one. The neuronal death induced 
in these models required intact kinase activity of LRRK2, as multiple kinase- 
inactivating mutations reversed the phenotype [1, 3]. The apoptotic mode of cell 
death was confirmed soon after, in a report by Iaccarino and colleagues in 2007. 
Here, also using the SH-SY5Y neuroblastoma cell line, a robust induction of apop-
totic death (defined solely by nuclear morphology) was observed following 
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expression of three different mutant forms of LRRK2 [4]. The involvement of cas-
pase signaling in the death induced by mutant LRRK2 was confirmed in this study 
by the appearance of cleaved/activated caspase-3 in cells with abnormal condensed 
nuclei and the reduction of such staining upon treatment with broad-spectrum cas-
pase inhibitors. Subsequent studies continued to report apoptotic neuronal death in 
primary cultured neurons transiently overexpressing mutant forms of LRRK2, 
albeit at lower levels than those initially reported [5, 6]. Differences in expression 
levels, which are difficult to assess and compare in such transient overexpression 
studies, likely contribute to the variance in the induction of neuronal death. In 
another study, here employing automated image analysis, the longitudinal survival 
(plotted as the cumulative risk of death) in primary cultured neurons expressing 
mutant LRRK2 was assessed [7]. The authors elegantly demonstrated that LRRK2 
kinase activity, as well as α-synuclein, modulated the death of neurons via changes 
in expression of LRRK2 itself.

Evidence of the mechanism of neuronal death in in vivo models of LRRK2 
neurodegeneration is lacking, largely owing to the relative paucity of such models 
that exhibit neuronal loss, as well as the more protracted time course involved in an 
in vivo setting (weeks or months compared to 2–3 days in most cellular models). In 
fact, where a neurodegenerative phenotype is observed, only the loss of SNpc dopa-
minergic neurons is reported [8–11]. Confirmation of the mechanism(s) of neuronal 
loss that are observed in an isolated cell culture system (i.e., devoid of other poten-
tially contributing cell types), in an in vivo setting is urgently needed. Combining 
conditional transgenic mouse models with viral vectors employing cell-specific pro-
moters could potentially be a powerful tool to address this question. This is espe-
cially true in light of evidence that stimulated microglia from transgenic mice 
expressing mutant (R1441C) LRRK2 release greater levels of pro-inflammatory 
cytokines and induce neuronal death, in comparison to their wild-type counterparts 
[12]. It’s likely that in the greater complexity of an organism, as opposed to purified 
embryonic neuronal cultures, the dynamics of dopamine neuron survival are signifi-
cantly modulated by multiple intracellular pathways as well as communication with 
other cell types.

 RIP Kinase Signaling in Neurodegeneration and Parallels 
to LRRK2 in Parkinson’s Disease

Based on a number of criteria, including domain architecture, common protein 
interactors, and signaling pathways, many authors have included LRRK2 (as well as 
the related LRRK1) in the receptor-interacting protein (RIP) kinase family ([13]; 
Chap. 7 in this volume by N.  Dzamko; and see Fig.  10.1). We have previously 
shown that LRRK2 can interact with RIP1 [5], although whether this interaction 
lead to potential reciprocal changes in phosphorylation status was not determined at 
the time.
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Until 2005, when the term “necroptosis” was first applied [14], the modes of cell 
death were more broadly classified as either apoptotic, a regulated form of cellular 
demise, or necrotic, a passive uncontrolled type of cell death. With necroptosis, a 
type of cell death lacking the classical features of apoptosis, such as maintenance of 
plasma membrane integrity, but appearing to require the coordinated action of mul-
tiple signaling cascades, was beginning to be recognized. Among the effectors regu-
lating the induction of necroptosis are RIP1, RIP3, and MLKL [15]; poly-ADP-ribose 
polymerase (PARP; [16]); the ubiquitination system [17]; as well as mitochondria 
and lysosomes [18, 19]. In addition to the TNF-α superfamily of plasma membrane 
death receptors typically associated with extrinsic apoptotic signaling [20, 21], 
necroptosis can also be induced by pathogen recognition receptors (e.g., Toll- like 
receptors (TLR)) expressed by cells of the innate immune system. For example, in 
bone marrow-derived dendritic cells, RIP1 and RIP3 are activated in response to 
treatment with the bacterial endotoxin LPS [22]. An important regulator of RIP- and 
RIP3-dependent necroptosis is caspase activity. Both of these kinases are cleavage 
substrates of caspase-8 [23, 24], leading to the inhibition of necroptosis and a shift 
to apoptotic cell death. It is worth noting here that selective activation of caspase-8 
in brains of PD patients positive for mutations in LRRK2 has been demonstrated 
[5]. Additionally, RIP3 dimerization, which seeds further oligomer formation, is a 
requisite for necroptotic cell death and was dependent upon RIP1 kinase activity 
[25]. Multiple groups have shown that many of the pathogenic mutations in LRRK2 
can re-localize within the cell into filamentous structures (e.g., [6, 26, 27]) resem-
bling oligomeric death-effector filaments described by Siegel and colleagues [28]. 
At this point, however, it is unclear if such oligomerization of LRRK2 is necessary 
for its induction of neuronal death. Moreover, whether necroptotic death signaling, 
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or a combined activation of apoptosis and necroptosis, plays any role in the loss of 
dopaminergic neurons in PD remains to be elucidated; in fact, only a single study 
thus far has implicated RIP1-dependent necroptotic death in a cell model of PD 
[29]. One potential scenario could be that an aborted apoptotic signaling cascade 
within a population of neurons reverts to a secondary necroptotic pathway in order 
to facilitate the death of the cell.

Stronger evidence exists, however, pointing to the involvement of RIP kinase 
signaling in other neurodegenerative diseases. The lysosomal storage disease, 
Gaucher’s disease (GD), is a genetic metabolic disorder caused by mutations in the 
GBA gene, encoding lysosomal glucocerebrosidase. Among the many manifesta-
tions of this disease are often severe neurological symptoms, including PD. In fact, 
mutations in GBA are the most common genetic risk factor for PD [30]. A trans-
genic mouse model of GD, in which the endogenous mouse Gba is selectively 
deleted in neuronal cells (floxed Gba crossed with nestin-Cre mice), displays pro-
gressive cortical neuronal loss, without evidence of apoptotic cell death [31]. In the 
brains of these mice, the mRNA levels of both RIP1 and RIP3 were markedly ele-
vated in comparison to control animals, suggesting that the neuronal loss was medi-
ated by necroptosis. Remarkably, the life-span of mice lacking RIP3 (chosen 
because RIP1-null mice show embryonic lethality) treated with conduritol B epox-
ide (CBE; an inhibitor of GCase activity) was extended by almost threefold [31] and 
was accompanied by an abrogation of neuronal loss. This is salient for LRRK2-PD 
for a number of reasons. First, the link between lysosomal function, via GCase 
activity, and necroptotic signaling suggests another potential mechanism for neuro-
nal loss in nigral dopamine neurons in PD, since lysosomal dysfunction is suspected 
as contributing at least in part to the pathology. Secondly, LRRK2 is closely related 
to RIP1 and RIP3 and is linked at multiple points to the regulation of autophagic/
lysosomal degradation (the reader is referred to the chapter by Manzoni and Lewis 
in this volume for a more detailed discussion of LRRK2 and autophagy). Mice 
expressing a kinase dead form of LRRK2 from the endogenous locus have reduced 
levels of mTor in the kidney, coupled with increased levels of Akt [32]. Akt appears 
to be a phospho-substrate of RIP1 in neurons undergoing necroptosis, as is mTor 
[33]; and both proteins are required for the necroptotic death of neurons, down-
stream of formation of the RIP1/RIP3 “necrosome” complex. Moreover, caspase-8 
mediates the cleavage of p62 in an RIP1-/RIP3-dependent manner [34] and is itself 
a substrate of lysosomal protein degradation [35], signaling the complex cross talk 
between different modes of cell death, controlled in part by the autophagic protein 
homeostasis machinery.

The motor neuron disease amyotrophic lateral sclerosis (ALS) is a devastating 
and fatal neurodegenerative disorder manifested by the loss of upper and lower 
motor neurons. Like PD, it is predominantly a sporadic disease; however about 10 
% of the cases are familial (fALS), caused by mutations in several genes including 
superoxide dismutase 1 (SOD1), transactive response DNA-binding protein 43 
(TDP-43), or chromosome 9 open reading frame 72 (C9ORF72). We and others 
have shown that in multiple cellular models of fALS, motor neuron death can be 
triggered by factors released by astrocytes [36–39]. Recently, however, in a 
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 “humanized” cellular model of ALS, we have demonstrated that primary astrocytes 
directly produced from patients with sporadic ALS (sALS) induced the death of 
human embryonic stem (ES) cell-derived motor neurons [40]. In this cell model of 
human ALS, and in the SOD1-linked murine cell model of fALS, the mechanism of 
motor neuron death was determined to be necroptotic, as the RIP1 inhibitor necro-
statin-1 completely blocked the loss of motor neurons, as did downregulation of 
RIP1 by shRNA [40]. In these cells, caspase activity was detected early, yet inhibi-
tion with broad-spectrum inhibitors failed to protect motor neurons from astrocyte-
dependent cell death, while Bax signaling, presumably at the level of the 
mitochondria, was a prerequisite. The fact that caspase inhibition is neuroprotective 
in cellular models of mutant LRRK2 neuronal death [4] does not entirely eliminate 
the possibility that necroptotic signaling also contributes to the loss of neuronal 
survival since caspase activity, particularly that of caspase-8, can shift the balance 
between apoptotic and necroptotic cell death depending on the setting and potential 
non-cell autonomous components. The majority of studies examining cell death 
induced by mutant LRRK2 have been in isolated cellular models (i.e., neuronal-like 
cell lines or highly enriched primary neuronal cultures) where the contributions of 
other cell types are removed. For example, in mixed primary cerebellar cultures, 
treatment with LPS induces neuronal death that is prevented by caspase inhibition-
induced necroptosis of activated microglia [41]. When necrostatin-1 is added, 
microglia are protected, and neuronal death is then restored. While not a perfect 
correlate of models of mutant LRRK2-induced neurotoxicity, it is a good example 
of the complex signaling underlying necroptotic death and raises the possibility that 
the “picture” of neuronal death triggered by mutant LRRK2 may look completely 
different in a mixed culture setting. Moreover, in light of the reported interaction 
between RIP1 and LRRK2, two outstanding questions are immediately raised: (1) 
do RIP1 and LRRK2 phosphorylate each other, at baseline or in the context of a 
dying neuron? and (2) does necrostatin-1 protect against neuronal death induced by 
expression of mutant forms of LRRK2? .

In addition to GD and ALS, necroptosis linked to activation of a RIP kinase has 
also been recently described in a cellular model of Huntington’s disease (HD). Zhu 
et al., using the ST14A striatal neuronal cell line expressing a fragment of Htt con-
taining an expanded polyglutamine repeat, observed a marked increase in cell death 
upon treatment with pan-caspase- or caspase-8-specific inhibitors and that this 
death was blocked by the RIP1 kinase inhibitor necrostatin-1 [42]. Importantly, ICV 
delivered necrostatin-1 via an osmotic pump delayed the onset of motor dysfunction 
in the R6/2 mouse model of HD, improved performance on the rotarod test, delayed 
the decline in body weight, and provided a modest extension in survival. The authors 
concluded that the partial benefit provided by necrostatin-1 was attributable to the 
multiple modes of neuronal cell death, including apoptosis, observed in models of 
HD as well as in postmortem tissue of patients with late-stage HD [42]. This is a 
noteworthy example of a pathological condition with multiple forms of neuronal 
death coexisting and underlying the progression of the disease.

Perhaps the most intriguing link between RIP kinases and necroptotic signaling 
and LRRK2-mediated neuronal death comes from the phosphorylation of these 
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kinases themselves. In cells treated with TNF-α, IKK-α/β can phosphorylate RIP1 
and, in doing so, prevent it from being incorporated into the cytosolic necroptotic- 
inducing complex IIb [43]. Although the consequences are unclear at this point, 
LRRK2 is also phosphorylated by IKK-α/β, at the N-terminal cluster of Ser resi-
dues, particularly Ser910 and Ser935, but also potentially Ser955 [44]. It should be 
pointed out that multiple kinases, such as CK1α, have also been reported to phos-
phorylate LRRK2 at these sites [45], so the cell type, cellular environment, and 
genotype of LRRK2 may all potentially contribute to this regulation. Importantly, 
multiple pathogenic mutations in LRRK2 show a reduction in phosphorylation at 
these sites, at least in cellular overexpression studies [46–48]. However, whether 
this is linked to the capacity of mutant LRRK2 to induce neuronal death remains to 
be determined, especially since these studies were conducted in cells not suscepti-
ble to the death-inducing properties of LRRK2. In the case of RIP1, its phosphory-
lation by IKKα/IKKβ prevents its association with the death adaptor protein FADD 
[43]. It will thus be important to determine if the interaction of mutant LRRK2 with 
FADD [5] is modulated by its phosphorylation status. As WT LRRK2 also binds to 
FADD at baseline, perhaps an alteration in phosphorylation at one of the N-terminal 
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Fig. 10.2 LRRK2 in apoptotic and necroptotic signaling complexes. In response to a multitude of 
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remains to be determined
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Ser residues of LRRK2 triggers the activation of FADD and the downstream death 
cascade. One possibility, shared with RIP1, is that baseline phosphorylation restricts 
LRRK2 in a pro-survival “mode,” in which case the mutations associated with PD 
pathogenesis are, from this perspective, loss-of-function mutations.

 Extrinsic Death Pathway Signaling and FADD

In part based on its similarity to other RIP kinases, we investigated the association 
of LRRK2 with members of the broader extrinsic death pathway. We found, in 
overexpression as well as at endogenous levels in mouse brain, that the death adap-
tor protein FADD interacted with WT LRRK2 [5]. This was also the case for 
another death domain containing protein TRADD, but only the interaction with 
FADD was altered significantly by pathogenic mutations in LRRK2. This led us to 
speculate whether FADD-dependent extrinsic death signaling played a role in the 
death of primary neurons expressing mutant forms of LRRK2. Indeed, overexpres-
sion of a dominant negative form of FADD, comprised of an enforced dimer of the 
FADD death domain, was protective in this cellular system. We found that this 
dominant negative, which lacks the death-effector domain required to recruit cas-
pase-8, bound very strongly to LRRK2, whereas the isolated death-effector domain 
did not bind at all [5]. Downstream activation of caspase-8 was suspected in this 
model based on its participation in canonical FADD-dependent cell death; and in 
fact, downregulation of caspase-8 in primary neurons blocked the induction of neu-
ronal death by mutant LRRK2.

Since LRRK2 itself is unable to bind a number of different plasma membrane 
death receptors (at least when co-expressed with the cytoplasmic domain of 
these receptors), the mechanism of activation of these components of the extrinsic 
pathway (i.e., FADD and caspase-8) diverges somewhat from the classical model 
involving an extracellular ligand. Here, occupation of the plasma membrane death 
receptor by ligand induces clustering of the receptor and recruitment of adaptor 
proteins such as FADD (see [49] for recent review). In many cellular models of 
overexpressed LRRK2, a redistribution of some pathogenic mutants into (presum-
ably) oligomeric filamentous structures has been reported (e.g., [6, 26, 27]). A sim-
plified model emerges then that mutant LRRK2 acts as a soluble death receptor, 
with the clustering at the plasma membrane mimicked by enhanced cytoplasmic 
oligomerization. Interestingly, RIP1 and RIP3 interaction and oligomerization in 
similar filamentous structures resembling β-amyloids have been described and dem-
onstrated to be dependent on the RHIM domains of the two proteins [50]. 
Furthermore, mutations in the core RHIM residues of RIP1 and RIP3 have been 
shown to not only impair the formation of these β-amyloid-like filaments but also to 
prevent RIP kinase activation and necroptotic cell death to occur. LRRK2 does not 
possess similar RHIM domains but can also oligomerize (the reader is directed to 
Chapter X by E. Greggio and colleagues for a discussion on LRRK2 oligomeriza-
tion), and with greater frequency with most pathogenic PD mutations.
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It remains to be determined whether such structures are formed at endogenous 
levels in human brain. However, their presence in cellular models, particularly when 
also considering the formation of similar filamentous pools of LRRK2 dephosphor-
ylated by pharmacological kinase inhibitors, and their shared dependence on bind-
ing of 14-3-3 to Ser910/935 can nevertheless still be informative for certain aspects 
of LRRK2 function.

The phosphorylation of FADD has multiple consequences, depending on the cell 
type, the kinase involved, and the residue modified. For example, phosphorylation at 
S194 by CK1a modulates cell cycle transition [51, 52], whereas phosphorylation at 
this residue by Plk1 in combination with phosphorylation at S203 by Aur-A leads to 
recruitment of caspase-8 and cell death signaling [53]. In our previous work [5], we 
did not determine whether the association between mutant LRRK2 and FADD led to 
alterations in the phosphorylation of FADD or whether this was required to induce 
neuronal death; however, an alteration in the phosphorylation levels of FADD, or 
specific residue, may be another explanation for the activation of FADD- dependent 
neuronal death despite a strong interaction with wild-type LRRK2. The two phos-
phorylation sites in FADD, S194 and S203, are located within the death domain of 
the protein, which we have previously shown to be the region of FADD that binds 
LRRK2 [5], suggesting that phosphorylation of FADD by LRRK2 is possible.

 Intrinsic Death Pathway and Mitochondrial Signaling

The evidence that mutant LRRK2 activates components of the extrinsic death path-
way such as FADD and caspase-8 does not necessarily imply that neuronal death 
induced by mutant LRRK2 exclusively relies on this pathway. In fact, there is much 
evidence to support that intrinsic, mitochondrial-dependent, cell death components 
also play a role. It is possible that the well-described cross talk between the extrin-
sic and intrinsic death pathways, involving the caspase-8-mediated cleavage and 
activation of the BH3-only domain protein Bid, is involved. RIP1-dependent 
necroptotic signaling can also recruit intrinsic pathway components, such as Bax, as 
in the astrocyte-mediated death of motor neurons described above [37, 40]. 
Moreover, there could also be regional or neuronal subtype-specific variations in 
the ways in which neurons respond to expression of mutant forms of LRRK2. 
Certainly, dopaminergic neurons of the SNpc are considerably more vulnerable to 
myriad insults in comparison to other neuronal populations and may also respond 
in different ways to changes in the local environment (e.g., altered signaling from 
infiltrating myeloid cells).

In terms of direct links between LRRK2 and classical intrinsic pathway proteins, 
two recent reports describe potential phospho-substrates of LRRK2. First, in 2015, 
Su et al. [54] reported that LRRK2 phosphorylates Bcl-2 at Thr56 and that this was 
required for the depolarization of mitochondria induced by G2019S-LRRK2, lead-
ing to the mitophagic removal of depolarized mitochondria. Previous work has 
shown that phosphorylation of Bcl-2 at Thr56, as well as Ser87, by p38 MAP kinase 
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suppresses its antiapoptotic properties [55], raising the possibility that loss of 
neuronal survival could also be mediated at least in part by LRRK2-dependent 
phosphorylation of Bcl-2 at this residue. That Bcl-2 is indeed a true phospho-substrate 
of LRRK2 that awaits further validation; however, the fact that this residue seems to 
be important for the pro-survival, as well as the autophagic-suppressive, roles of 
Bcl-2 is in line with the known cellular functions of LRRK2.

The second proposed direct link between LRRK2 and a protein predominantly 
associated with cell death is the reported phosphorylation of p53 by LRRK2. In 
2015, the group led by Seol and colleagues [56] identified Thr304/377 as candidate 
p53 phosphorylation sites modified by LRRK2. There has long been evidence that 
p53 may participate in neuronal death in PD, both from models as well as studies on 
postmortem PD brain tissue [57–59]; and other work has indeed shown that phos-
phorylation of p53 enhances its localization to the nucleus and activation of down-
stream death pathways [60]. Phosphorylation of recombinant p53 by purified 
LRRK2 (ΔN-LRRK2) was increased in the presence of the G2019S mutation and 
absent when D1994A kinase dead LRRK2 was present [56]. Additionally, while not 
indicative of a direct phosphorylation of p53 by LRRK2, elevated levels of phos-
phorylated p53 were observed in human neurons differentiated from iPS cells 
derived from G2019S-LRRK2-positive fibroblasts and in ventral midbrain tissue 
from transgenic mice overexpressing G2019S-LRRK2. In the differentiated human 
neurons, treatment with the LRRK2-IN1 inhibitor only partially reduced levels of 
phosphorylated p53, raising the possibility, as the authors rightly pointed out, that 
other kinases could also phosphorylate p53 at these sites. In cells and primary neu-
rons overexpressing mutant G2019S-LRRK2, phosphorylated p53 was associated 
with an increase in p21, but not MDM2, expression, a finding recapitulated by over-
expression of p53 with phosphomimetic substitutions at these sites. Taken together, 
these results are suggestive of phosphorylation of p53 by LRRK2. Whether this is a 
direct phosphorylation by LRRK2 in vivo awaits determination and, more specifically, 
whether p53-null mice are resistant to mutant LRRK2-induced neurodegeneration 
would be a strong confirmation of the importance of this posttranslational modifica-
tion. Intriguingly, one transcriptional target of p53 is the recently identified p53-
induced protein with a death domain (PIDD; [61]), which when in a complex with 
RIP1 activates NF-kB, but under conditions of cellular stress triggers cell death via 
a complex formed with caspase-2.

Other recent work has postulated a direct modulation of a critical mitochondrial 
membrane complex that controls the release of proapoptotic proteins such as AIF, 
cytochrome c, and SMAC/Diablo. Cui et al. [62] showed that LRRK2 interacts 
with the adenine nucleotide transporter (ANT), the voltage-dependent anion chan-
nel (VDAC), and the mitochondrial creatine kinase (mtCK), which together form 
the mitochondrial permeability transition pore complex. The localization of 
LRRK2 in this complex prevented the insertion of mtCK and increased the likeli-
hood of opening of this pore by facilitating the direct interaction between ANT and 
VDAC, providing a vital clue to potential late-stage apoptotic signaling in mutant 
LRRK2-expressing neurons.
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 Is it Strictly a Cell Autonomous Mechanism?

Despite the fact that, according to multiple reports, expression of mutant LRRK2 in 
cultured primary neurons and neuroblastoma cells leads to cell death, this does not 
necessarily indicate that the same mechanism underlies the neurodegeneration in 
PD. The reader is directed to Chapter X for a more in-depth discussion of LRRK2 
and the immune system. For example, LRRK2 is highly expressed in peripheral 
blood monocytes  as well as cells of the myeloid cell lineage (macrophages and 
microglia; e.g., [63]), and there is compelling evidence to suggest a role for these 
cell types in the pathogenesis of PD. Primary microglia cells derived from trans-
genic mice expressing R1441C-LRRK2 release more IL-1β, IL-6, and TNF-α upon 
stimulation with LPS compared to non-transgenic control microglia and less IL-10 
[12]. Importantly, conditioned medium from R1441C-LRRK2 microglia induced 
significantly greater toxicity when applied to primary cortical neurons [12], demon-
strating in a cellular model at least, that non-cell autonomous mechanisms can also 
influence neuronal survival in the context of mutant LRRK2. In 2012, the West 
group nicely showed that LRRK2 levels and function increased in TLR4-stimulated 
microglia and, importantly, that cytokine release from stimulated microglia was 
attenuated in response to LRRK2 kinase inhibition [64].

TLR4 receptor stimulation can also recruit and activate RIP1 (see Ofengeim 
and Yuan for a recent review; [65]), leading under certain circumstances to the acti-
vation of NF-κB signaling. And inflammatory cytokine signaling by microglia in 
general is regulated by necroptotic processes within microglia themselves, under 
the control of RIP1 activity [66]. It is not known whether under baseline or activated 
conditions, there is an interaction between RIP1 and LRRK2 within microglia. 
Recall that these two kinases are known to interact [5], at least when co-expressed; 
therefore, it is tempting to speculate that their activity may jointly play a role in 
inflammatory signaling by microglia under pathological conditions.

 Conclusions and Future Directions

While there still remains a considerable knowledge gap concerning the mechanism(s) 
by which expression of certain mutant forms of LRRK2 induces death of dopami-
nergic neurons of the SNpc in PD patients, there are several important findings in 
hand that can inform future studies. First, while the issues of expression level of 
mutant LRRK2 need to be addressed, from the cellular studies reported thus far, 
overexpression of pathogenic mutant forms of LRRK2 are sufficient to induce an 
apoptotic-like cell death in primary neurons. This death is caspase dependent and 
involves mitochondrial dysfunction, as well as upstream activation of extrinsic 
death pathway components. If these pathways are confirmed in animal models of 
LRRK2 neurodegeneration, several potential therapeutic targets then become avail-
able independently of approaches directed against LRRK2 kinase activity. Secondly, 
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some of the known protein interactors of LRRK2, as well as several closely related 
protein kinases (of the RIP kinase family), participate in multiple well- characterized 
cell death pathways, including apoptosis, but also necroptosis. Studies moving for-
ward can capitalize on the well-described components of necroptotic signaling 
complexes to determine (a) if LRRK2 is a constituent member of such complexes 
and (b) if manipulating these complexes, or the activity of other proteins contained 
therein, such as RIP1 or RIP3, can alter the course of mutant LRRK2-induced neu-
ronal death, particularly in an in vivo setting. LRRK2 shares many common binding 
partners, such as the adaptor proteins, FADD and TRADD, and RIP1 itself; and 
certain features of death-inducing mutant forms of LRRK2 are common to RIP1 
and RIP3 protein kinases, such as a propensity to form dimers and oligomers. Thus, 
LRRK2 may actively participate in RIP1/RIP3 death signaling pathways in general; 
and conversely, RIP1 and RIP3 necroptotic signaling may participate in the patho-
genesis of LRRK2-PD.

The death-effector-like/skein-like filamentous structures formed by mutant 
LRRK2, and dephosphorylated wild-type LRRK2 for that matter, may be analogous 
to the amyloid filaments/oligomers formed by RIP1 and RIP3, which are required 
for RIP1-/RIP3-dependent necroptotic cell death under certain circumstances. 
Whether they are similarly required for LRRK2-dependent neuronal death remains 
to be determined. Likewise, whether there is any interaction with MLKL, as there is 
for RIP1 and RIP3, should also be investigated.

It also remains a distinct possibility that at the organism level, there is no cell- 
autonomous death in dopamine neurons expressing mutant LRRK2. In other words, 
does mutant LRRK2 have a direct consequence on the health of SNpc dopaminergic 
neurons? In rodents, LRRK2 expression in this region is low in comparison to stria-
tum [67]; however, in primates higher expression levels have been reported in this 
region [68]. Another point to consider is that LRRK2 is also present in exosomes in 
human urine and CSF [69], and although the cell source of these exosomes is not yet 
known, they could certainly contribute to potential non-cell autonomous aspects of 
neuronal death. As more in vivo models where neurodegeneration is present become 
available, answers to these questions are now within reach and strengthen the foun-
dation from which novel therapeutic targets are identified.
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Chapter 11
Interaction of LRRK2 and α-Synuclein 
in Parkinson’s Disease

João Paulo Lima Daher

Abstract Parkinson’s disease (PD) is a progressively debilitating neurodegenerative 
syndrome. It is best described as a movement disorder characterized by motor dys-
functions, progressive degeneration of dopaminergic neurons of the substantia nigra 
pars compacta, and abnormal intraneuronal protein aggregates, named Lewy bodies 
and Lewy neurites. Nevertheless, knowledge of the molecular events leading to this 
pathophysiology is incomplete. To date, only mutations in the α-synuclein and 
LRRK2-encoding genes have been associated with typical findings of clinical and 
pathologic PD. LRRK2 appears to have a central role in the pathogenesis of PD as 
it is associated with α-synuclein pathology and other proteins implicated in neu-
rodegeneration. Thus, LRRK2 dysfunction may influence the accumulation of 
α-synuclein and its pathology through diverse pathomechanisms altering cellular 
functions and signaling pathways, including immune system, autophagy, vesicle 
trafficking, and retromer complex modulation. Consequently, development of novel 
LRRK2 inhibitors can be justified to treat the neurodegeneration associated with 
abnormal α-synuclein accumulation.

Keywords Leucine-rich repeat kinase 2 • Alpha-synuclein (α-synuclein) • Neuro-
de generation • Parkinson’s disease

 Introduction

Parkinson’s disease (PD) is the most common neurodegenerative movement disor-
der, and resulting parkinsonism is characterized clinically by motor dysfunctions 
that manifest as resting tremor, bradykinesia, muscular rigidity, and often postural 
instability[1, 2]. Underlying motor symptoms are the progressive degeneration of 
dopaminergic neurons of the substantia nigra pars compacta (SNpc) and their 
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axonal projections to the caudate and putamen [1, 2]. Dopamine replacement 
 therapy improves motor symptoms and is taken as supportive evidence for the clini-
cal diagnosis. The hallmark neuropathology of PD is characterized by the formation 
of abnormal intraneuronal protein aggregates, named Lewy bodies (LBs) and Lewy 
neurites (LNs), of which α-synuclein is the major component [3]. The pathogenesis 
of PD requires further investigation, but it seems to constitute a multifactorial disor-
der driven by a combination of genes and environmental factors. The majority of PD 
cases are sporadic, but less than 10 % are due to inherited mutations found in a small 
number of families [4]. Interestingly, only mutations in the α-synuclein (PARK 1/4) 
and LRRK2 (PARK 8) genes have been associated with typical findings of clinical 
and pathologic PD [5]. Consequently, understanding the pathophysiological func-
tions of α-synuclein and LRRK2 may reveal critical information and insight into the 
pathogenesis of PD and development of effective therapies that slow or halt the 
progression of this devastating disease (Fig. 11.1).

 Genetic Role of α-Synuclein and LRRK2 to Parkinson’s 
Disease

The SNCA gene encoding the presynaptic protein α-synuclein, located in the long 
arm of human chromosome 4, was the first gene associated to familial PD [3, 6]. 
The physiological function of α-synuclein remains undefined. Three missense 
autosomal- dominant point mutations (A53T, A30P, E46K) and multiplications 
(triplications and duplications) in SNCA have been linked to an early-onset familial 
parkinsonism that presents similar to the sporadic form of PD [6–10]. The discovery 
of familial SNCA mutations provided important insights into the pathobiology of 
the sporadic form of PD. Moreover, the increased severity of PD and earlier age  
of onset have been reported to correlate with increased α-synuclein dosage [11]. 
Autosomal-dominant mutations in the leucine-rich repeat kinase 2 (LRRK2) gene, 
located in the short and long arms of human chromosome 12, are the most common 
familial cause of PD and have been linked to a late-onset parkinsonism with  clinical, 
neurochemical, and some neuropathological phenotypes that are largely indistin-
guishable from idiopathic PD [12–14].

Several missense mutations have been identified in LRRK2-linked families of 
various ethnic groups, including the R1441C/G/H, Y1699C, G2019S, and I2020T 
variants that are associated with increased PD pathogenesis [14, 15]. Of these, 
G2019S mutation is the most common variant that uniquely contributes to both 
familial and sporadic PD [14]. Interestingly, only familial cases with dominant 
genetic mutations in SNCA and LRRK2 can potentially develop typical neuropatho-
logical features of PD, including SNpc doparminergic neuronal loss, and LB and 
LN formation [5].
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 Pathological Link of α-Synuclein and LRRK2

LRRK2 appears to have a central role in the pathogenesis of several neurodegenera-
tive disorders associated with parkinsonism, such as PD with LBs, diffuse Lewy 
body disease, nigral degeneration without distinctive histopathology, progressive 
supranuclear palsy-like pathology, and parkinsonism with dementia and/or amyot-
rophy, with their associated pathologies [13]. Several neuropathological studies 
have revealed that the LRRK2-associated neuropathology is fairly heterogeneous, 
showing variable degrees of α-synuclein and tau pathologies [13, 16–23]. Although 
it is mainly characterized by the loss of dopaminergic neurons and cumulative 
α-synuclein pathology in LBs and LNs, these are not present in all postmortem spe-
cimens, and the same mutation can cause quite diverse neuropathology [13, 16–23]. 
For instance, the most common LRRK2 variant, G2019S, is often associated with 
Lewy body pathology and neuronal loss restricted to the SNpc, tau pathology with-
out LBs or LNs, and pure neuronal loss restricted to the SN, indicating that LRRK2 
mutation does not always manifest as α-synucleinopathy or LB disease [18]. The 
fact that LRRK2 mutations are associated with diverse pathologies raises the pos-
sibility of LRRK2 acting upstream of α-synuclein and other proteins implicated in 
neurodegeneration. In conclusion, LRRK2-associated pathology, although mainly 
characterized by pure nigral neurodegeneration, is strikingly heterogeneous and can 
additionally present with α-synuclein-positive pathological inclusions [17].

 Pathomechanisms of α-Synuclein

Although the physiological function(s) of α-synuclein remains unknown, its local-
ization at presynaptic terminals, its association with the synaptic vesicles traffick-
ing/recycling pool, and deficiencies in vesicle exocytosis/neurotransmitter release 
observed in response to knockdown or overexpression of α-synuclein together sug-
gest that α-synuclein has a role in the regulation of synaptic function, neurotrans-
mission, and plasticity [24–34].

Abnormal fibrillar α-synuclein aggregates are the major components of LBs and 
LNs found in the brains of idiopathic and some familial cases of PD, as well as other 
LB-related neurodegenerative disorders—hence, they are often referred to as synu-
cleinopathies [3]. The molecular mechanism(s) through which α-synuclein abnor-
mally accumulates and contributes to neurodegeneration in these disorders remains 
unknown. Many studies support the hypothesis that the processes of α-synuclein 
oligomerization and fibrillization—both fundamental to the formation of abnormal 
fibrillar α-synuclein aggregates—have central roles in the pathogenesis of PD and 
other synucleinopathies [35–39]. Of note, both in vitro and animal model studies 
indicate that PD-linked α-synuclein mutations (A53T, E46K, and A30P) greatly 
accelerate α-synuclein oligomerization in comparison to the wild-type (WT) 
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 protein, but only two of these (A53T and E46K) enhance fibrillization in vitro and 
in vivo in comparison to the wild-type (WT) protein [35, 40, 41]. Consequently, 
these studies suggest that fibrillar aggregation is necessary for the mechanism by 
which α-synuclein exerts its pathogenic actions.

According to the hypothesis of Braak et al., these pathological aggregates spread 
throughout the central nervous systems following a topographical sequence of six 
stages, which therefore may explain the symptomatic progression of the disease [42]. 
Stages in the evolution of PD-related pathology include:

Stage 1 in the medulla oblongata, with lesions in the dorsal IX/X motor nucleus and/
or intermediate reticular zone.

Stage 2 in the medulla oblongata and pontine tegmentum, with pathology of stage 1 
plus lesions in caudal raphe nuclei, gigantocellular reticular nucleus, and 
coeruleus- subcoeruleus complex.

Stage 3 in the midbrain, with pathology of stage 2 plus midbrain lesions, in particu-
lar, in the pars compacta of the substantia nigra.

Stage4 in the basal prosencephalon and mesocortex, with pathology of stage 3 plus 
prosencephalic lesions. Cortical involvement is confined to the temporal meso-
cortex (transentorhinal region) and allocortex (CA2-plexus), and the neocortex is 
unaffected.

Stage 5 in the neocortex, with pathology of stage 4 plus lesions in high-order sen-
sory association areas of the neocortex and prefrontal neocortex.

Stage 6 in the neocortex, with pathology of stage 5 plus lesions in first-order sensory 
association areas of the neocortex and premotor areas and occasionally mild 
changes in primary sensory areas and the primary motor field [42].

In summary, fibrillary α-synuclein aggregation undergoes an ascending and 
highly predictable pattern of progression, spreading from the lower brainstem and 
olfactory bulb into the midbrain and, eventually, to the neocortex, suggesting a 
mechanism involving pathological propagation similar to the one observed in prion 
diseases.

The idea of pathological propagation has gained much attention after two studies 
reported the emergence of α-synuclein-positive Lewy-like pathology in long-term 
mesencephalic transplants in PD [43, 44]. Despite this, the underlying mechanism 
of the initiation and propagation of α-synuclein pathology remains unknown, but 
there is an increasing body of in  vitro and in  vivo studies that suggest a direct 
neuron- to-neuron transmission of α-synuclein aggregates as the underlying mecha-
nism for spreading of Lewy pathology [27, 33, 34, 45, 46]. These studies suggested 
that α-synuclein fibrillar aggregates are released from neurons through exocytosis 
and transferred to neighboring neurons through endocytosis [27, 33, 34, 45–47]. 
Consequently, the mechanism underlying the propagation of α-synuclein fibrillar 
aggregates has become a critical question in understanding the mode of disease 
progression and may provide novel therapeutic approaches that may stop or halt this 
spreading process (Fig. 11.2).
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 Pathomechanisms of LRRK2

LRRK2 is a large, 2527 amino acid protein containing multiple functional domains, 
including a kinase and GTPase domains [48–50]. Most PD-linked mutations are 
located within these two enzymatic domains. The most prevalent mutations, G2019S 
(kinase domain) and R1441C (GTPase domain), enhanced kinase activity of the 
protein in vitro and in vivo [49–57]. These findings suggested that increased kinase 
activity may underlie the pathogenic properties of LRRK2 mutations, most likely 
through a toxic gain-of-function mechanism.

Previous studies suggested that GTPase activity, that is GTP binding and GTP 
hydrolysis, is essential to regulate the protein kinase activity of LRRK2 [49, 50, 55, 
58–62]. Importantly, two studies concluded that pathogenic kinase activity of 
LRRK2 and its associated cytotoxicity are dependent more upon GTP-binding 
capacity rather than GTP hydrolysis [61, 62]. Consequently, the development of 
strategies aimed at interfering with GTP-binding activity may provide an attractive 
therapeutic mechanism for inhibiting the pathogenic LRRK2 kinase activity and its 
associated neurodegeneration.

LRRK2 expression has been shown to regulate neuronal morphology in vitro, 
where familial LRRK2 mutants, G2019S and I2020T, induce progressive reduction 
of neuritic length and branching in primary neuronal cultures and intact rodent  
brains [63]. In contrast, LRRK2 deficiency leads to increased neuritic length and 
branching [63]. Autophagy may mediate neurite shortening induced by G2019S 
LRRK2 expression since inhibition of autophagy reversed, and its activation potenti-
ated, the effects of G2019S LRRK2 on neurites [64]. These observations suggest  
a potential role for autophagy in mediating the pathogenic actions of LRRK2 
mutations.

Recently, LRRK2 expression has been observed to be notably high in toll-like 
receptor 4 (TLR4)-activated microglia, macrophages, and monocytes, with age- 
dependent decreased expression in B lymphocytes and no expression in T cells, 
which suggests that LRRK2 might play a predominant modifying role to the innate 
immune system and inflammation in PD [65–67]. This also reflects an involvement 
of both peripheral and brain immune cells in the disease course of PD. The fact that 
LRRK2 is expressed in TLR4-activated microglia and that LRRK2 kinase activity 
modulates pro-inflammatory responses in these cells suggests that LRRK2 is an 
upstream-responsive kinase to TLR4 activation and that LRRK2 inhibition may pre-
vent a full inflammatory response required for PD progression [65].

While previous studies have focused on how loss of LRRK2 expression or activ-
ity influences cells of innate immunity, only a few studies have evaluated the effects 
of pathogenic missense LRRK2 mutations. Through a combination of in vitro and 
in  vivo models, Moehle and colleagues found that G2019S LRRK2 expression 
enhances mobilization of myeloid cells in response to a number of pro- inflammatory 
stimuli [68]. These findings revealed that in activated myeloid cells, the G2019S 
mutation robustly increases the association of LRRK2 with the actin regulatory 
network in a kinase-dependent manner [68]. As a result, the actin regulatory  network 
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that interacts with LRRK2 mediates chemotactic responses in myeloid cells that 
may lead to neurodegeneration [68]. Alternatively, Choi and colleagues found that 
LRRK2 G2019S mutation attenuates microglial motility by inhibiting focal adhe-
sion kinase, thereby preventing these cells from an efficient response to brain dam-
age and contributing to the development of PD [69].

A number of models in vivo have been developed to investigate the pathophy-
siology of LRRK2 and its familial mutations. Genetic disruption of LRRK2 or its 
paralogs in Caenorhabditis elegans, Drosophila melanogaster, mice, and rats sug-
gests that LRRK2 is not essential for the survival of dopaminergic neurons [70–73]. 
However, transgenic expression of human LRRK2 bearing the G2019S mutation in 
Drosophila causes adult onset, selective degeneration of dopaminergic neurons, 
L-DOPA-responsive locomotor impairment, and early mortality [74, 75]. Several 
LRRK2 transgenic rodent models have been developed to model LRRK2-linked 
PD.  BAC transgenic mice expressing R1441G mutant LRRK2 exhibit reduced 
 striatal dopamine release, L-DOPA-sensitive motor deficits, dopaminergic neuritic 
atrophy/dystrophy, and increased tau phosphorylation [76]. Additional rodent 
 models expressing G2019S or R1441C LRRK2 mutations display impairments or 
nigrostriatal dopaminergic neurotransmission and tau processing [77–79]. Moreover, 
CMVE-PDGFβ mice expressing G2019S LRRK2 display a progressive degenera-
tion of nigrostriatal neurons, autophagic and mitochondrial abnormalities in the 
mouse brain, and reduced dopaminergic neurite complexity in primary cultures [80]. 
This study is in agreement with the results published by Dusonchet et al., in which 
adenoviral vectors were developed to induce expression of mutant G2019S human 
LRRK2 in the nigrostriatal system of adult rats. While wild-type LRRK2 did not 
induce any significant neuronal loss, the G2019S mutant LRRK2, under the same 
conditions and levels of expression, caused a progressive degeneration of nigral 
dopaminergic neurons [81]. Moreover, adenoviral-mediated expression of G2019S 
LRRK2 induced striatal pathology, with neuronal ubiquitin accumulation, neurite 
degeneration, and neurofilament reorganization, in a kinase-dependent manner in 
rats, supporting the development of kinase inhibitors as a potential therapeutical 
approach for treating LRRK2-associated PD [82]. Recently, transgenic rats express-
ing mutant LRRK2 have also been developed, with most models exhibiting loco-
motor dysfunction and/or changes in striatal dopamine release in the absence  
of progressive SNpc neurodegeneration or molecular neuropathology [83–85]. 
Consequently, these rodent models have provided important insight into the patho-
genic effects of familial LRRK2 mutations in vivo related to the pathogenesis of PD 
and further supported a gain-of-function mechanism for these mutations.

 Interaction Between LRRK2 and α-Synuclein

Mutations in SCNA and LRRK2 have been linked to autosomal-dominant forms of 
PD. However, the pathological interplay between LRRK2 and α-synuclein at the 
protein level is poorly understood, and whether they function in a common pathway, 
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in parallel pathways, or independently to mediate neurodegeneration in PD remains 
unclear. In favor of a common pathway is the observation that the majority of brains 
of PD cases with LRRK2 mutations exhibit α-synuclein-positive Lewy body pathol-
ogy, suggesting that LRRK2 might function upstream of α-synuclein to modulate its 
aggregation and toxicity [13].

In order to investigate whether α-synuclein and LRRK2 act synergistically in the 
pathogenesis of PD, Lin and colleagues characterized a series of double-mutant 
mice overexpressing PD-related A53T α-synuclein mutation in the forebrain with 
various forms of LRRK2. Although deletion or overexpression of LRRK2 alone 
failed to cause any overt gross neurodegenerative abnormalities in mutant mice, co- 
expression of WT or G2019S LRRK2 with PD-related A53T α-synuclein caused 
synergistic toxicity to neurons that accelerated the progression of α-synuclein- 
mediated neuropathology in the cortex and striatum [86]. The fact that mice lacking 
or overexpressing LRRK2 alone did not display neuropathological changes sug-
gests that LRRK2 may function as a disease modifier rather than a direct cause  
of the disease progression [86]. Overexpression of WT LRRK2 in the forebrain of 
A53T transgenic mice resulted in neuropathological changes that include neurode-
generation, abnormal aggregation and somatic α-synuclein accumulation, astroglio-
sis, and microglial activation, compared to the A53T single transgenic mice [86]. 
Importantly, overexpression of PD-linked G2019S LRRK2 mutation produced a 
more severe neuropathology than that observed for WT LRRK2 in the A53T mice [86]. 
At the cellular level, overexpression of LRRK2 perturbed the dynamics of microtu-
bule assembly, led to severe fragmentation of Golgi complex in neurons, impaired 
ubiquitin-proteasome system, and exacerbated mitochondrial structural and func-
tional abnormalities in neurons of A53T transgenic mice [86]. It is likely that 
LRRK2 might have exacerbated A53T α-synuclein-induced cytotoxicity via pro-
moting the abnormal somatic accumulation of α-synuclein [86]. In contrast, neuro-
pathological changes produced by transgenic expression of A53T α-synuclein were 
significantly reduced in LRRK2 knockout mice. Genetic ablation of LRRK2 main-
tained the normal organization of Golgi complex, reduced the aggregation and 
somatic accumulation of A53T α-synuclein, and thereby significantly delayed  
the progression of A53T α-synuclein-induced neuropathology [86]. In conclusion, 
these findings clearly demonstrated that LRRK2 enhances α-synuclein-mediated 
cytotoxicity and suggest inhibition of LRRK2 expression as a potential therapeutic 
option for ameliorating α-synuclein-induced neurodegeneration. Moreover, these 
findings also suggest that LRKK2 may regulate A53T α-synuclein-mediated neuro-
pathology though modulating the intracellular trafficking and accumulation of 
α-synuclein.

The role of LRRK2 in α-synuclein-induced neuropathology has been challenged 
by another study that modulated LRRK2 overexpression predominantly in the hind-
brain of a well-established human A53T α-synuclein transgenic mouse model [87]. 
The overexpression of human G2019S LRRK2 or LRRK2 deletion failed to influ-
ence the premature lethality of A53T-α-synuclein transgenic mice, whereas LRRK2 
deletion had no impact on presymptomatic behavioral deficits in these mice [87]. 
LRRK2 deletion modestly reduced human α-synuclein pathology in a number of 
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brainstem nuclei, but not within the SNpc, of A53T-α-synuclein mice, whereas 
expression of G2019S-LRRK2 subtly enhances brainstem α-synuclein pathology in 
matched brainstem regions [87]. Furthermore, altering LRRK2 expression had no 
significant influence on glial pathology in the brainstem and SNpc of A53T 
α-synuclein mice [87]. Finally, human A53T α-synuclein and endogenous or human 
LRRK2 had no synergistic effect on the number of nigrostriatal dopaminergic neu-
rons [87]. This study however failed to provide support for co-expression of LRRK2 
and α-synuclein in similar neuronal populations. Herzig et  al. approached this 
caveat by generating double transgenic mice co-expressing high levels of α-synuclein 
and LRRK2 variants in a large population of both forebrain and brainstem neurons [88]. 
High levels of these LRRK2 variants left endogenous α-synuclein and tau levels 
unaltered and did not exacerbate or otherwise modify α-synucleinopathy in mice 
that co-expressed high levels of LRRK2 and α-synuclein in brain regions [88]. On 
the contrary, in some lines, high LRRK2 levels improved motor skills in the pres-
ence and absence of α-synuclein transgene-induced disease [88]. Noteworthy, these 
α-synuclein and LRRK2 transgenic mice do not show loss of dopaminergic neurons 
in the SNpc.

The role of LRRK2 and α-synuclein in the SNpc is well described in two recent 
studies [73, 89]. The first study demonstrated that rats deficient in LRRK2 expres-
sion are protected from dopaminergic neurodegeneration caused by overexpression 
of human α-synuclein [73]. Additionally, G2019S-LRRK2 rats have exacerbated 
dopaminergic neurodegeneration in response to the overexpression of α-synuclein, 
in comparison to wild-type rats [89]. Taken together, these studies indicate that 
LRRK2-mediated exacerbation of α-synuclein neuropathology might be highly cell 
type and brain region dependent [73, 86–89].

 Interaction of LRRK2 and α-Synuclein in the Immune System

Recently, Daher et al. reported LRRK2 knockout rats as resistant to dopaminergic 
neurodegeneration elicited by intracranial administration of lipopolysaccharide 
(LPS), a potent neuroinflammatory model. Such resistance to dopaminergic neuro-
degeneration correlated with reduced pro-inflammatory CD68-positive myeloid 
cells recruited in the brain [73]. Additionally, adeno-associated virus-mediated trans-
duction of human α-synuclein also resulted in dopaminergic neurodegeneration in 
wild-type rats [73]. In contrast, LRRK2 knockout transduced animals had no 
 significant loss of neurons and presented with reduced numbers of activated pro- 
inflammatory CD68-positive myeloid cells in the substantia nigra [73]. This study 
suggested that knocking down LRRK2 might protect from overt cell loss by inhibit-
ing the recruitment of chronically activated pro-inflammatory myeloid cells. 
Although LRRK2 expression in the wild-type rat midbrain remained undetected 
under physiological conditions, LRRK2 became highly expressed in inducible 
nitric oxide synthase (iNOS)-positive myeloid cells in the substantia nigra in 
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response to α-synuclein overexpression or LPS exposures [73]. This study extends 
observations made in mouse models in several ways:

Neuroprotective effects seen in the forebrain of LRRK2 KO mice are also observed 
in rat midbrain dopaminergic neurons.

LRRK2 expression in myeloid cells is correlated to pro-inflammatory responses 
induced by α-synuclein overexpression in the SNpc.

LRRK2 KO rats are protected from dopaminergic neurodegeneration induced by a 
potent myeloid cell agonist, LPS.

Neuroprotection in the LRRK2 KO was found in the rat midbrain where LRRK2 
expression is normally low or nonexistent in both neurons and microglia.

Noteworthy, Russo and colleagues demonstrated that LRRK2 kinase activity 
modulated the induction of pro-inflammatory mediators (i.e., IL-1β cytokine, pro-
tein kinase A, NF-κB p50) in primary microglia cultures treated with LPS or 
α-synuclein fibrils [90]. In conclusion, these studies suggested that inhibition of 
LRRK2 might be an exciting therapeutic approach against neuroinflammation and 
a potential neuroprotective strategy in PD.

 Selective LRRK2 Inhibition Blocks α-Synucleinopathy

Although therapeutic approaches to slow or block the progression of Parkinson’s 
disease do not exist, LRRK2 kinase activity inhibition has been considered as a 
promising pharmacological approach in PD. To better understand the therapeutic 
potential of LRRK2 kinase inhibition in PD, Daher et al. evaluated the tolerability 
and efficacy of a LRRK2 kinase inhibitor, PF-06447475, in preventing α-synuclein- 
induced neurodegeneration in both wild-type and transgenic G2019S-LRRK2 rats [89]. 
This study demonstrated that G2019S-LRRK2 expression exacerbates neuroinflam-
mation and dopaminergic neurodegeneration caused by α-synuclein overexpression 
and that these effects can be abated by the chronic administration of a potent LRRK2 
kinase inhibitor [89]. The LRRK2 kinase inhibitor PF-06447475 was also effective 
at attenuating α-synuclein-induced dopaminergic neurodegeneration in wild-type 
rats [89]. Noteworthy, PF-06447475 treatment did not result in any of the expected 
adverse effects observed in LRRK2 KO rats or nonhuman primates treated with 
LRRK2 kinase inhibitors [89, 91, 92]. These results demonstrate that pharmaco-
logical inhibition of LRRK2 is well tolerated in rats and can counteract dopaminer-
gic neurodegeneration caused by acute α-synuclein overexpression. One mechanism 
whereby LRRK2 kinase inhibitors could block α-synuclein-induced dopaminergic 
neurotoxicity could be reduction of inflammatory responses known to cause neuro-
degeneration of dopaminergic cells. The observation of reduced microgliosis and 
recruitment of CD68 cells to the midbrain in G2019S-LRRK2 rats treated with 
PF-06447475 are consistent with this mechanism of action [89]. Because LRRK2 is 
expressed in both neurons and activated myeloid cells in the rats utilized in  
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this study, the interaction between G2019S-LRRK2 and α-synuclein- induced 
 dopaminergic neurodegeneration awaits further clarification in models that condi-
tionally restrict LRRK2 expression and/or inhibition. In summary, considering that 
α-synuclein-induced dopaminergic neurodegeneration is sensitive to microglia 
activation, LRRK2 inhibition may modify synucleinopathy by altering the inflam-
matory microenvironment surrounding neurons.

 Interaction of LRRK2 and α-Synuclein in Autophagy

Several studies have reported the critical role of LRRK2  in regulating autophagy 
[64, 93–101]. However, the molecular mechanism through which LRRK2 orches-
trates autophagy remains unclear. Perhaps the most informative report of the 
involvement of LRRK2 in autophagy was provided by the study of Orenstein et al. [98]. 
This study showed that LRRK2 is normally degraded in lysosomes by chaperone- 
mediated autophagy (CMA), whereas overexpression of G2019S or WT-LRRK2 
reduced the functioning of this pathway [98]. In another study, deletion of LRRK2 
gene resulted in reduced autophagy and age-dependent accumulation of α-synuclein 
and ubiquinated proteins in the kidneys of LRRK2 knockout mice [94]. In addition, 
evidences from an age-dependent analysis of these LRRK2 knockout kidneys indi-
cated that LRRK2 mutations may cause PD and cell death by impairing protein 
degradation pathways which suggests that LRRK2 is required for normal regulation 
of the autophagy-lysosomal pathway [95]. However, evidence for such regulation by 
LRRK2 in the brain is lacking. Taken together, these studies suggest that the inhibi-
tory effect of abnormal forms of LRRK2 mutations on CMA and/or lysosome func-
tion could underlie toxicity in Parkinson’s disease by compromising the degradation 
of α-synuclein, which is a PD-related protein degraded by this pathway. Hence, 
LRRK2 mutations may cause defects in protein degradation system, leading to 
accumulation and aggregation of α-synuclein. Despite these findings, it should be 
noted that none of the currently reported cellular and animal models expressing 
either G2019S or WT LRRK2 show evidence of α-synuclein accumulation that is 
predicted in the study of Orenstein et al. [73, 84, 85, 89, 96, 97, 100, 101]. Therefore, 
the regulatory role of LRRK2 in autophagy requires further investigation, particu-
larly in the critical pathways required for α-synuclein degradation.

 Interaction of LRRK2 and α-Synuclein in Vesicle Dynamics 
and Retromer

Several studies suggested a role of LRRK2 in modifying pre- and postsynaptic phe-
notypes and vesicle trafficking [56, 57, 63, 102–106]. The interesting in vitro study 
of Kondo et  al. reported that LRRK2 cotransfection with α-synuclein enhances  
the aggregate formation, phosphorylation, release, and cell-to-cell transmission of 
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α-synuclein, resulting in the propagation of α-synuclein to neighboring cells  
and reduction of cell viability [104]. Furthermore, the cell-to-cell transmission of 
α-synuclein and the cell toxicity were more pronounced in G2019S mutant rather 
than in wild-type LRRK2, whereas the cell viability was not decreased in cells 
transfected with α-synuclein alone [104]. In human PD brains, Guerreiro et  al.  
show co-localization of LRRK2 and α-synuclein as well as S129 phosphorylated 
α-synuclein in Lewy bodies localized in Lewy body-producing regions [106]. These 
results were replicated in established cell models for α-synuclein inclusion forma-
tion, suggesting that the interaction between LRRK2 and α-synuclein or S129 phos-
phorylated α-synuclein is enhanced prior to and during the formation of α-synuclein 
aggregation and fibrilization [106]. In addition, knocking down LRRK2 expression 
reduced α-synuclein aggregation in these cell models [106]. Collectively, these 
studies suggest a role of LRRK2  in the processing and/or cellular trafficking of 
α-synuclein.

We hypothesize that LRRK2 may control α-synuclein processing and/or traffick-
ing by modulating the autophagy pathway. After the transfer to the recipient cells, 
α-synuclein is transported through the endolysosomal pathway, where LRRK2 may 
control the rate of degradation of transferred α-synuclein by modulating the traffick-
ing pathways. By either promoting or inhibiting the encounter of the exogenous and 
endogenous α-synuclein proteins within the endosomal system, LRRK2 may also 
regulate seeded aggregation of α-synuclein. Subsequent secretion of the seeded 
aggregates may be another site of control by LRRK2. Moreover, two interesting 
studies showed a genetic interaction between LRRK2 and Rab7L1 (PARK16), a 
known genetic risk factor for sporadic PD [107, 108]. Rab7L deficiency resulted in 
neurodegeneration similar to the phenotype of LRRK2 mutant expression, whereas 
LRRK2-induced neurodegeneration was rescued by expression of Rab7L1 [107]. 
This study also showed defects of endolysosomal and Golgi-associated sorting  
and VPS35 defects in retromer complex by PD-associated defects in LRRK2 and 
Rab7L1. These defects were rescued by expression of WT VPS35. Therefore, 
LRRK2 collaborates with Rab7L1 and VPS35 in the endolysosomal pathway and 
the trafficking pathway that utilizes retromer complex, and defects in this system 
may increase accumulation of α-synuclein in neurons and, as a result, PD risk. At 
the moment we can only confidently state that all these studies suggest that LRRK2 
may be associated with a complex array of cellular functions involving vesicle 
dynamics, trans-Golgi networks, and autophagy/lysosomal homeostasis. The 
intriguing hypothesis is that the synergism of all these membrane dynamics may be 
controlled by LRRK2 and may be at the molecular base of PD neurodegeneration.

 Conclusion and Future Perspective

More than 190 years ago, James Parkinson first described the disorder that bears his 
name, and 40 years ago levodopa, still the most effective therapy, was introduced in 
the market. The etiology of late-onset PD is still unknown, but it seems to involve 
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abnormal expression of both LRRK2 and α-synuclein genes. PD cases with LRRK2 
mutations that show typical α-synuclein-positive Lewy body pathology may greatly 
benefit from LRRK2 inhibition. Should LRRK2 dysfunction be critical in the patho-
biology of PD, LRRK2 inhibition may provide benefit to PD cases without LRRK2 
mutations. Furthermore, inhibition of LRRK2 may also provide protection in other 
diseases in which neuroinflammation contributes to neurodegeneration. Some of the 
challenges for LRRK2 kinase inhibitors include the definition of efficacy and fur-
ther refinement of the mechanism of action in the models described in this review as 
well as other rodent models of PD, such as the preformed fibril mode of α-synuclein 
neurotoxicity [109]. The tolerability and safety of LRRK2 kinase inhibitors need 
further evaluation, particularly in nonhuman primates, and the means and outcomes 
to assess on-target LRRK2 inhibition and desired clinical effect in humans need to 
be identified.
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Chapter 12
Mechanisms of Mutant LRRK2 
Neurodegeneration

Mark R. Cookson

Abstract LRRK2 mutations are associated with the loss of neurons, that is to say 
toxicity, in patients and in experimental model systems. However, the mechanisms 
by which mutations can be linked to neurodegeneration are not fully defined. Here 
I will argue that mechanism in this context encompasses a variety of levels of infor-
mation. Mutations or alterations in gene expression at a genetic level are one set of 
mechanisms that are reflected at the biochemical level likely in enhanced or persis-
tent function of LRRK2. By impacting cellular pathways, prominently including 
changes in autophagy but also microtubule function, mitochondria and protein syn-
thesis, in neurons and immune cells, the LRRK2 brain is primed for neurodegenera-
tion in an age-dependent manner. These concepts have implications for not only 
modeling LRRK2 disease but also perhaps for Parkinson’s disease more generally, 
including the development of therapeutic modalities.
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 Introduction

The initial reports of mutations in leucine-rich repeat kinase 2 (LRRK2) associated 
with Parkinson’s disease (PD) [1, 2] were rapidly followed by the identification of 
the G2019S variant that accounts for an appreciable percentage of all PD cases, 
depending on population [3, 4]. Additionally, association of amino acid-changing 
variants in LRRK2 with PD was noted [5–7]. Finally, genome-wide association 
studies (GWAS) have reliably nominated the locus that contains LRRK2 on chromo-
some 12 as contributing to risk of PD [8]. Therefore, the genomic region encom-
passing LRRK2 is an example of a pleomorphic risk locus, containing several 
different types of genetic risk factors [9].

Importantly for the data to be discussed here, the clinical phenotype related to 
LRRK2 variants in all these situations is similar to sporadic PD.  Pathologically, 
there is a consistent loss of pigmented dopamine neurons that arise in the substantia 
nigra and project to the striatum. Other aspects of pathology, particularly the pres-
ence of α-synuclein-positive Lewy bodies or tau-positive structures, are variable 
[10]. It is therefore reasonable to infer that mutations and other variation in LRRK2 
are associated with toxic effects on neurons.

Here, I will discuss some of the proposed mechanisms by which LRRK2 can 
have toxic effects on neurons. As the first part of this discussion, I will discuss 
potential mechanisms that arise from the central dogma of molecular biology, 
namely, that while risk of PD is partially encoding in DNA, the mechanisms of 
neurodegeneration are largely evoked at the level of the proteins, at least for an 
enzyme like LRRK2.

 Genetic Variants and Their Effects on Biochemical Function

As briefly outlined above, the LRRK2 locus contains at least three types of variation 
that can be associated with disease. First, amino acid variants that segregate with PD 
in a Mendelian manner (albeit with reduced age-dependent penetrance) are likely to 
have strongest effect on phenotypes. Second, variants that do not clearly segregate 
with familial disease but show association at the population level are, by definition, 
likely to have smaller effects on disease risk. Third, the variants nominated by 
GWAS are associated with very modest effects on risk of disease but to date are not 
shown to affect amino acid composition of the encoded protein. Because the mecha-
nisms by which an amino acid-changing variant and noncoding variants that are 
likely to act are different, they will be discussed separately.
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 Amino Acid-Changing Mutations

As has been discussed elsewhere, there are two clearly agreed-upon effects of muta-
tions in the enzymatic domains of LRRK2. Mutations in the Ras of complex pro-
teins (ROC) and C-terminal of ROC (COR) domains, particularly R1441C/G and 
Y1699C, diminish the normally modest GTPase activity of LRRK2 [11–15]. In the 
kinase domain, G2019S clearly increases kinase activity when measured against 
any number of substrates [16], while I2020T has a more modest effect but likely 
works in a similar manner [17].

I have argued previously [18] that these observations are consistent with the con-
cept that all mutations increase signaling from LRRK2, predicated on two assump-
tions that are important to clearly label. Lower GTPase activity is predicted to 
extend the period of time that LRRK2 exists in its GTP-bound state. If GTP-bound 
LRRK2 is the predominantly active signaling molecule, then lower GTPase activity 
would therefore be associated with the persistence of signaling. Equally, the kinase 
hyperactive mutations would be predicted to also have higher net signaling, making 
the assumption that kinase and GTPase activities are not antagonistic in some way. 
These arguments incidentally suggest that distinctions such as “loss” or “gain” of 
function are unhelpful for a complex molecule.

A test of the prediction that mutations enhance a normal function of LRRK2, 
then blocking that function, would limit any detrimental effects. We tested that idea 
several years ago by making kinase-dead versions of LRRK2 that contained muta-
tions in the ROC or COR domains and transfecting these into primary neurons in 
culture [19]. We found that inactivating the kinase domain limited the amount of 
cell death in these relatively simple experiments. Similar results were reported by 
other groups [20], confirmed with more sophisticated longitudinal approaches in 
culture [21], and extended to animal models in various species [22–24]. These 
results strongly suggest that kinase activity of LRRK2 is critical for the neurotoxic 
effects of mutations in the gene and have lead to the concept that kinase inhibition 
might be therapeutically useful [25].

Despite the consistent results regarding LRRK2 kinase inhibition and neuronal 
toxicity, there are some important caveats that may limit interpretation. In some of 
the early experiments, cells were counted as not viable if their neurites were 
retracted. Subsequently, it was shown that LRRK2 has an effect on neurite length 
that is largely independent of cell viability [26]. The consequent concern that the 
toxic effects might be confounded by loss of neurites has, however, being partially 
mitigated by following cells over time and monitoring loss of membrane integrity in 
live cells [21]. However, even with these improvements to the measurement of “via-
bility,” these are still relatively acute events compared to the decade-long develop-
ment of disease in PD patients. Therefore, to what extent normal function relates to 
toxicity in the disease itself is difficult to evaluate, and this question may remain 
unresolved until inhibitors are in clinical usage.
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One difficulty with the available data on normal function is that it does not 
explain the association of disease with all variants. For example, it was noted that 
modifications at the C-terminus of LRRK2 including the risk variant G2385R have 
lower kinase activity than the wild-type protein [27, 28]. We were able to confirm 
these results and show that the effect of G2385R is sufficient to overcome the acti-
vating effects of G2019S when the two mutations are present in the same molecule 
[29]. Reconciling these results with the more general observation that enhanced 
function underpins pathogenesis is difficult. One possibility is that both higher and 
lower LRRK2 activity can result in PD, which has implications for potential treat-
ments [30]. Alternatively, G2385R may alter some pathogenic function of LRRK2 
to a greater extent than the diminishment of kinase activity. In this case, the observa-
tion that G2385R is a risk factor and not a penetrant variant might relate to having 
more than one effect on protein function.

A final problem is that some of the manipulations used in these experiments can 
alter LRRK2 protein levels, but this will be discussed separately below as it is help-
ful in the interpretation of expression results.

 Expression

In the work discussed above where hypothesis-testing mutations were used to probe 
protein function, it was generally assumed that those mutations did not change pro-
tein properties other than to be tested. However, subsequent studies have shown that 
there are effects on LRRK2 other than simply changing enzyme activity and that a 
major effect occurs at the level of protein stability.

As an example of this problem, some mutations that remove the ability of LRRK2 
to bind guanosine nucleotides strongly destabilize the protein. Two very commonly 
used hypothesis-testing mutations, K1357A and T1358N, are highly unstable when 
expressed in cells [31]. Therefore, a lack of toxicity from constructs containing 
these mutations [20] could be due to lower expression levels rather than enzyme 
activity per se. Along the same lines, careful examination of kinase-dead mutations 
suggested that lower steady-state levels explain the diminished toxicity associated 
with inactivation of kinase [21]. Conversely, manipulations that lower LRRK2 pro-
tein levels can limit toxicity in cells [32]. These events are not driven purely by 
artificial situations such as transfection of tagged constructs, as they may also occur 
in vivo [33].

Although this discussion might appear to relate to artifacts in the experimental 
systems used for assessing mutations, it illustrates a potentially important point 
about LRRK2. Toxicity, at least in these situations, depends on expression levels, 
and lower expression levels result in lower toxicity. If the extrapolation from cells is 
valid, then the implication is that expression levels of mutations may contribute to 
risk of disease in humans. This might explain why some variants that tend to be 
unstable are risk factors rather than penetrant mutations.

M.R. Cookson

elisa.greggio@unipd.it



231

More generally, this thinking provides a testable hypothesis as to why LRRK2 
variants that do not change amino acids are identified in GWAS for PD. If the nor-
mal function of LRRK2 is important in toxicity, and if expression levels influence 
that toxicity, then altered expression of wild-type LRRK2 without mutations might 
act as a subtle risk factor for PD. Thus, variants around the gene such as promoter 
elements might be associated with altered expression, and hence disease risk, with-
out changing the amino acid sequence. This is a testable hypothesis, as LRRK2 
expression levels could be measured in people carrying the risk allele identified by 
GWAS.  It might even be possible to perform such experiments under conditions 
where LRRK2 expression is induced rather than at basal levels.

These considerations suggest that LRRK2 toxicity relates to normal function and 
that persistent signaling and/or altered protein levels are causative for disease. In the 
next two sections, I will discuss how LRRK2 might act at a cellular level.

 Cellular Mechanisms: Neuronal Events

LRRK2 is widely expressed in most brain regions with a pattern that is consistent 
with broad expression in neurons [34]. Expression is particularly high in the stria-
tum, likely in medium spiny neurons in the striosome [35], but not particularly high 
in the substantia nigra [36, 37]. There are some interesting differences between spe-
cies, with a potential primate-specific promoter sequence that may enhance expres-
sion in nigral neurons [38]. Given that LRRK2 is therefore a neuronal protein, it is 
reasonable to look at how expression of mutations in neurons affects viability.

As discussed above, transfection of LRRK2 directly into neurons in culture pro-
duces acute toxicity that is enhanced by mutations [19, 20, 39]. Although these 
models are limited in that they measure acute events in a context that lacks the nor-
mally extensive cellular interactions of the adult brain, they can be useful in discern-
ing mechanistic aspects of cell-autonomous toxicity. For example, early results 
suggested that the mode of cell death induced by LRRK2 mutations was via apop-
tosis [40].

Several transgenic models have been reported using different promoters that 
direct expression in various neuronal types. Some of these can induce neuronal 
damage and associated behavioral phenotypes. A transgenic mouse line expressing 
the R1441G mutation from a bacterial artificial chromosome (BAC) was reported to 
show akinesia [41] but not cell death [42]. The behavioral phenotype is not fully 
penetrant and appears to be related to protein expression levels [42]. While the lack 
of consistency for an important phenotype is frustrating, these reports further sup-
port the idea that higher levels of LRRK2 expression are more toxic.

Other mouse models have shown some neuronal toxicity, including extensive 
loss of striatal neurons, but not nigral cells, using a calcium/calmodulin protein 
kinase II promoter [43], but other mouse models generally have only modest levels 
of neuronal cell death [44–46]. Similarly, BAC-transgenic rats do not show overt 
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degeneration [47]. Stronger toxicity is seen with acute viral expression of LRRK2 in 
dopamine neurons [48, 49].

Despite the relatively modest effects on cell death, there are some effects in these 
animals that might be considered neurotoxic. For example, there are axonal 
 abnormalities in projection neurons from the substantia nigra in one R1441G BAC 
mouse [41, 42]. LRRK2 mutations can also induce alterations in neurotransmitter 
systems, particularly in the turnover of dopamine in the striatum [50, 51] although 
these results have not been confirmed in all studies [52]. These results suggest that 
mutations in LRRK2 can cause damage to neuronal-specific systems.

There are several candidates for subcellular mechanisms that could mediate 
LRRK2 toxicity in neurons. Particular attention has been focused on alterations in 
vesicular trafficking systems such as autophagy [44, 53–55], mitochondrial damage 
[51, 56–59], protein translation [60, 61], or abnormalities of the nuclear envelope 
[62, 63]. The causal relationships between these different observations are difficult 
to disentangle; these cellular processes tend to be interrelated. For example, a gen-
eralized defect in autophagy could easily result in changed turnover of organelles 
such as the mitochondria with attendant effects on protein synthesis. In some cases, 
there have been claims of direct substrates of LRRK2 that might lead directly to cell 
death [61], although these need to be confirmed independently. Nonetheless, col-
lectively, these results suggest a model whereby kinase activity of LRRK2 leads to 
altered regulation of one or more substrates, then to alterations in key cellular path-
ways, and finally to neuronal cell death.

 Non-cell-Autonomous Mechanisms

The focus on neurons in the above discussion is reasonable given that dopamine cell 
loss is a prominent feature of LRRK2-associated PD and that some of the systems 
that are affected by LRRK2 mutations, particularly synapses, are neuronal specific. 
However, there are reasons to think that cells other than neurons might also contrib-
ute to neurodegeneration.

LRRK2 is highly expressed in immune cells, particularly in macrophages and 
microglia [64]. Microglia expressing mutant LRRK2 have enhanced cytokine 
expression [65] and altered motility [66]. Conversely, inhibition or knockout of 
LRRK2 limits microglial responses both in  vitro and in  vivo [64, 67, 68]. 
Mechanistically, these observations are probably related to some of the cellular pro-
cesses discussed above. Specifically, LRRK2 regulates autophagy in microglia as it 
does in neurons [69].

The importance of altered microglia activation by LRRK2 is that enhanced neu-
roinflammation is likely to provoke excessive neurodegeneration. Therefore, one 
model is that LRRK2 mutations alter fundamental cellular pathways, for example, 
trafficking of lipid vesicles, that change the way in which neurons and non-neuronal 
cells communicate. As neuroinflammatory processes change during aging [70], this 
may explain why mutations in LRRK2 show age-dependent penetrance. Again, a 
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likely mechanism involved is via some of the cellular processes that LRRK2 regu-
lates such as autophagy [71].

A practical implication of this idea is that models where LRRK2 is restricted to 
neurons, such as neuron-specific promoters or highly purified cell cultures, are 
likely not to have access to non-neuronal mechanisms of toxicity. Furthermore, it 
might be appropriate to stimulate neuroimmune cells using stimulants such as the 
bacterial lipopolysaccharide or extracellular proteins such as α-synuclein [72]. This 
argument leads to a final important consideration about LRRK2 toxicity, which is 
whether LRRK2 acts alone or has important relationships to other proteins impli-
cated in PD.

 Relationships to Other Proteins and Genes Associated with PD

There are several reasons to expect the mechanisms by which LRRK2 evokes neu-
rodegeneration will be related to other genes and proteins. For example, the acute 
toxic effects of LRRK2 in culture appear to require full-length protein that includes 
the nonenzymatically active C-terminus [73]. Several binding partners of LRRK2 
are also reported to be important in mediating toxicity, including MKK6 [74], 
ArfGAP1 [75, 76], PAK6 [77], or 14-3-3 proteins [78]. The long list of candidate 
modifiers of LRRK2 toxicity is impressive, but it might be important to focus on a 
smaller number that relate more specifically to PD. Of these, those that have proven 
genetic links to PD might be especially important.

The most prominently examined relationship for toxicity is between LRRK2 and 
α-synuclein. Like LRRK2, mutations in α-synuclein or altered expression of the 
wild-type protein are associated with neuronal toxicity in various systems [79]. 
Therefore, several laboratories have examined whether there are relationships 
between LRRK2 and α-synuclein. The neurodegenerative actions of α-synuclein 
have been shown to be attenuated by LRRK2 knockout in mice [43] or rats [80], and 
LRRK2 kinase inhibitors may have a similar effect [81]. This is not seen in all mod-
els [82, 83], suggesting that the mechanism(s) involved is restricted to some forms 
of neurodegeneration that remain to be defined. Why LRRK2 and a-synuclein are 
interrelated is also unclear, although changes in vesicular trafficking are currently 
being examined in many contexts [84].

Another important gene for neurodegeneration in general is MAPT, mutated in 
some forms of frontotemporal dementia, which encodes the protein tau that is 
deposited in Alzheimer’s disease and other tauopathies [85]. Perhaps surprisingly, 
variation around the MAPT locus has been nominated as contributing to PD risk in 
several GWAS [8]. The main function of tau is to bind and stabilize microtubules, 
which is thought to be important in the maintenance of long axons. LRRK2 also has 
roles in the cytoskeletal system in general and in the regulation of microtubules in 
particular [86]. Therefore, several labs have examined the relationship between 
LRRK2 and tau, with particularly compelling suggestions that LRRK2 might regu-
late tau via scaffolding of glycogen synthase kinase 3β [87, 88]. What is particularly 
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important about tau is that, at least in the CNS, expression is restricted to neurons, 
reinforcing the point that a least some aspects of LRRK2 neurodegeneration are 
neuron autonomous.

If LRRK2 has relationships with a risk factor gene like MAPT, it might be rea-
sonable to look more globally at other genes nominated by GWAS. In two indepen-
dent approaches, we and others have examined physical and genetic interactions of 
LRRK2 [89, 90]. One candidate that was identified by both approaches was Rab7L1, 
a small GTPase that is resident at the endoplasmic reticulum. Expression levels of 
Rab7L1 were proposed to explain the GWAS-linked risk [8, 89] and thereby modu-
late LRRK2-mediated effects in cells.

 Conclusions

From the above discussion, we can see that the mechanisms by which LRRK2 pro-
vokes neurodegeneration act a number of levels. These vary from the most proximal 
effects of mutations or expression on biochemical activities, which converge on 
cellular activities in both neurons and non-neuronal cells. In particular, changes in 
microtubule-dependent cytoskeletal functions and on secretory vesicles in neurons 
are combined with changes in neuroinflammatory cells that interact with aging to 
produce loss of neurons in specific brain areas.

Although this might appear to be a conceptually complete explanation for PD, in 
practice, there are several aspects that remain to be clarified. For example, because 
LRRK2 kinase inhibition has been proposed to be helpful in limiting neurodegen-
eration, there must be an immediately downstream target of kinase activity that is an 
important key mediator of neurotoxic events. Related to this, it remains difficult to 
explain why if the processes in which LRRK2 is involved are general to many cells 
and certainly most neurons then why do only some neurons degenerate in this dis-
ease. Finally, while there is an argument as to why aging acts as a strong modifier of 
LRRK2 phenotypes, it is a difficult concept to test experimentally, and how this 
impacts incomplete penetrance is also unclear.

Overall, there have been great strides in the understanding of the mechanisms 
related to LRRK2 neurodegeneration, and these are leading to testable hypotheses 
that might support clinical development of new approaches to limit cell death in 
PD. Future studies will be very important in filling those gaps that we have at the 
moment and hopefully further improving our models.
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 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease in 
the world. It affects over one million Americans and more than 60,000 patients are 
newly diagnosed each year [1, 2]. Recent genetic studies have revealed an underly-
ing genetic cause in at least 10% of all PD cases [3], which provides new opportuni-
ties for the discovery of molecularly targeted therapeutics that may ameliorate 
neurodegeneration. Among the genes associated with PD, leucine-rich repeat kinase 
2 (LRRK2) is unique because a missense mutation, G2019S, is frequently found in 
both familial and sporadic Parkinson’s disease cases [4, 5]. The G2019S mutation 
increases kinase activity which may result in activation of the neuronal death signal 
pathway, suggesting that small-molecule LRRK2 kinase inhibitors may be able to 
serve as a new class of therapeutics for the treatment of Parkinson’s disease [6, 7]. 
Transgenic G2019S LRRK2 mice aged 12–16 months display progressive degen-
eration of the substantia nigra pars compacta (SNpc) dopaminergic neurons and 
Parkinson’s phenotypes of motor dysfunction suggesting that this mutation may be 
functionally relevant to the disease [8]. Recent work indicates that LRRK2 directly 
phosphorylates a subset of the Rab GTPases on an evolutionary conserved residue 
within the effector interacting-switch II domain [9]. Pathogenic LRRK2 including 
G2019S mutation increases phosphorylation of endogenous Rabs, and this strongly 
decreases their affinity to regulatory proteins that bind to the switch II domain 
including Rab GDP dissociation inhibitors [9]. Given the dearth of potential targets 
for the treatment of PD and the popularity of kinases as therapeutic targets, it is 
perhaps not surprising that there has been a very substantial effort to develop potent 
and selective LRRK2 inhibitors. This chapter presents a historical overview of the 
development of small-molecule LRRK2 inhibitors from a chemist’s perspective.

The first reported LRRK2 inhibitors in 2009 were several ROCK (Rho kinase) 
inhibitors such as Y-27632 and H-1152, which suppressed LRRK2 with similar 
potency to which they inhibited ROCK2 as well as sunitinib, a structurally unrelated 
multikinase inhibitor that suppresses LRRK2, but not ROCK [10]. This study also 
described for the first time the mutant LRRK2[A2016T] that was normally active 
but resistant to H-1152, Y-27632, and sunitinib [10]. Prior to the recent identifica-
tion of Rab GTPase substrates, the effectiveness of inhibitors was assessed by moni-
toring the dephosphorylation of two phosphorylation sites (Ser910 and Ser935) that 
mediate binding to 14-3-3 as the phosphorylation of these residues is indirectly 
controlled by LRRK2 kinase activity through a mechanism that is still not under-
stood [11] (Table 13.1).

Subsequent screening of libraries resulted in compounds that were quite promis-
cuous kinase inhibitors [12]. A significant advance in the field of small-molecule 
LRRK2 inhibitors came in 2011 when more selective inhibitors LRRK2-IN-1 (1) 
[13] and CZC-25146 (2) [14] were developed through screening of historical kinase 
inhibitor libraries. LRRK2-IN-1 inhibited both truncated wild-type LRRK2 and 
LRRK2-G2019S with IC50 values of 13 and 6 nM, respectively, but LRRK2- 
A2016T and LRRK2-A2016T + G2019S mutants were found to be ~400-fold more 
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resistant to LRRK2-IN-1. The reason for this resistance was explained using a 
molecular docking study of LRRK2-IN-1 bound to a homology model of LRRK2- 
A2016T, which revealed an unfavorable interaction between the anthranilic acid 
moiety and the A2016T residue. The large degree of resistance conferred by the 
A2016T mutation provides a convenient method for assessing the degree to which 
LRRK2-IN-1 observed pharmacology is “on target” to LRRK2 through rescue 
experiments. LRRK2-IN-1 was moderately selective inhibiting 12 of 440 kinases 
with <10% activity of control using KINOMEscan profiling. LRRK2-IN-1 induced 
dose-dependent Ser910 and Ser935 dephosphorylation and loss of 14-3-3 binding to 
endogenous LRRK2 in human-derived neuroblastoma SHSY5Y cells and Swiss3T3 
mouse cells. PK studies of LRRK2-IN-1 showed a half-life of 4.5 h and a bioavail-
ability of 49.4% in mice. However, insufficient blood–brain barrier penetration was 
found based on evaluation of Ser910 and S935 phosphorylation status in the kidney 
versus the brain. Subsequent characterization of LRRK2-IN-1 has revealed signifi-
cant off-target activity on ERK5 [15], DCLK1 [16], and Brd4 (unpublished obser-
vations). The activity of LRRK2-IN-1 on Brd4, a general transcriptional coactivator 
protein [17], confounds the use of LRRK2-IN-1 as a selective LRRK2 inhibitor, and 
newer compounds described below represent superior pharmacological probes. 
CZC-25146 inhibited the activity of recombinant human wild-type LRRK2 with an 
IC50 ranging from 1 to 5 nM. The LRRK2-G2019S mutant was inhibited with an 
IC50 ranging from 2 to 7 nM in a TF-FRET assay. CZC-21546 was screened against 
a kinase panel of 184 kinases and only inhibited 4 other kinases with high potency. 
Additionally, it protects against mutant LRRK2-induced injury of cultured human 
and rodent neurons with nanomolar potency  [14]. Unfortunately, this compound 
also suffered from poor brain penetration of only 4% [14]. TAE684 (3) [18], which 
was initially reported as an ALK inhibitor [19], was also found to inhibit LRRK2. It 
possesses similar structural features as LRRK2-IN-1 and CZC-25146 and displayed 
similar biochemical potency against LRRK2. TAE684 also inhibits in vivo phos-
phorylation of mouse Ser910 and Ser935  in the kidney and spleen in a dose- 
dependent manner following oral administration. Unfortunately, this compound is 
highly promiscuous inhibitor which binds tightly to 27 of 440 kinases with <10% 
activity of control.

 Diaminopyrimidines

The major drawback of compounds 1–3 is their inability to probe the effects of 
LRRK2 inhibition in the CNS. As a result, simplified hybrid structures of 1, 2, and 
3 were created leading to a variety of lower molecular weight diaminopyrimidines. 
Compound 4 was reported independently by Gray et al. [20] and Genentech [21] 
and was found to maintain the ability to potently inhibit the biochemical activity of 
both wild-type and G2019S mutant LRRK2. Compound 4 exhibited biochemical 
IC50 values of 20.3 and 3.2 nM against LRRK2-wt and LRRK2-G2019S, respec-
tively. Compound 4 also maintains inhibition of the A2016T mutant due to the 
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removal of the 4-anilino moiety. Compound 4 was profiled against a panel of 451 
kinases using KINOMEscan technology at a concentration of 0.1 μM, which 
revealed no other interactions except for a mutant form of c-Kit (L576P). The mouse 
pharmacokinetic profile showed good oral bioavailability (%F = 67), a short half- 
life (0.13 h), and a low plasma exposure [502 h*ng/mL, area under the concentra-
tion–time curve (AUC)last]. The short half-life was attributed to rapid first-pass 
metabolism because incubation with mouse liver microsomes revealed a half-life of 
13 min. In vivo testing of compound 4 showed LRRK2 inhibition of ~40% at 30 
mg/kg and ~70% at 50 and 100 mg/kg in the mouse brain following intraperitoneal 
administration. An independent medicinal chemical effort by researchers at 
Genentech resulted in the identification of compound 5 [22]. Compound 5 also fea-
tured a high degree of kinase selectivity with no other interactions found in a panel 
of 178 kinases with >50% inhibition. Compound 5 showed a threefold improvement 
in the pS1292 cellular assay and an improved in vivo rat PK profile. Compound 5 
was used as an in vivo tool to demonstrate the inhibition of in vivo kinase activity in 
G2019S transgenic mouse brains (pS1292) and the reversal of cellular effects of 
LRRK2 PD mutations in cultured primary hippocampal neurons. The in  vivo 
unbound brain concentration required to effectively reduce pS1292 autophosphory-
lation (IC50 = 12 nM) was similar to compound 4. Additionally, a statistically sig-
nificant reversal of the neurite outgrowth defects associated with the LRRK2-G2019S 
mutant [23] was observed upon treatment of LRRK2-G2019S mouse embryonic 
hippocampal neurons with compound 5 at 100 nM.  Compound 5 was screened 
against a targeted subset of kinases that share a similar ATP-binding site sequence 
to LRRK2 and showed strong inhibition of TTK. Genentech used the JAK2-based 
homology model and the TTK cocrystal structures to determine that substitution on 
the phenyl ring para to the methoxy group would produce steric clash with Asp608 
of TTK to increase the selectivity for LRRK2 over TTK. Thus, a few minor struc-
tural modifications, including fluorine substitution para to the methoxy group on the 
phenyl ring position, resulted in the discovery of compound 6 [22]. Compound 6 
possessed a nearly identical activity and DMPK profile as compound 5 but with an 
improved TTK selectivity index (53-fold) and good kinome selectivity at a concen-
tration (0.1 μM) [2/449 kinases with <30% activity of control]. The excellent selec-
tivity profile of optimized inhibitor 6 at 0.1 μM was further established in an 
Invitrogen kinase selectivity panel [1/197 kinases with >50% inhibition (TTK)].

In an effort to increase the structural diversity and selectivity of the brain- 
penetrant diaminopyrimidine compounds, Genentech explored aniline bioiso-
steres, which led to the identification of aminopyrazoles GNE-0877 (7) [24] and 
GNE- 9605 (8) [24] (Table 13.2) as highly potent and specific LRRK2 inhibitors. 
Compound 7 was tested in a panel of 188 kinases and showed >50% inhibition of 
4 other kinases (Aurora B, RSK2, RSK3, RSK4). Compound 8 inhibited no other 
kinases to greater than >70% inhibition when tested at a concentration of 1 
μM. Compound 8 was tested in a panel of 178 kinases and inhibited one other 
kinase with >50% inhibition (TAK1-TAB1). Compound 8 inhibited no other 
kinases with >50% inhibition. Compounds 7 and 8 also showed excellent DMPK 
profiles (Table 13.3).
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In vivo nonhuman primate (NHP) PK profiles of compounds 6, 7, and 8 are 
summarized in Table 13.4. All three compounds demonstrated good in vitro–in vivo 
correlation, moderate plasma clearance rates, and good i.v. half-lives. Additionally, 
CSF/P ratios extracted from low-dose PK studies suggested that all three com-
pounds possessed approximately equal free brain to free plasma distribution [25]. 
Desirable B ratios were later confirmed for compounds 7 and 8 during NHP safety 
assessments (vide infra).

In the absence of a LRRK2-dependent PD efficacy model, in vivo PD knock-
down for compounds 6–8 was assessed through the use of LRRK2 BAC transgenic 
mice expressing human LRRK2 protein with the G2019S mutation [23]. Inhibitors 
were evaluated for their ability to inhibit LRRK2 S1292 autophosphorylation 
in vivo. Tissue samples were harvested and examined from the hippocampus and 

Table 13.3 In vivo and in vitro rat DMPK profiles of diaminopyrimidine LRRK2 inhibitors

Compd
hep Clhep(mL min−1 
kg−1)b h/rc

% rat 
PPB

Cl (Clu) (mL 
min−1 kg−1)d iv t1/2 (h) %F

MDR1e P-gp ERf 
(B:A/A:B)g

4 4.9/24 92 51 (616) 0.5 67 2.8
5 1.8/7.6 86 24 (156) 1.2 80 1.2
6 3.2/14 97 8.3 (244) 3.1 40 0.9
7 3/25 79 44 (210) 1.3 90 0.8
8 1/21 79 26 (261) 1.5 90 0.8

aCompounds 4–8 were dosed p.o. (1 mg kg−1) as an aqueous suspension with 1% methylcellulose, 
i.v. (0.5 mg kg−1) as a 60% PEG solution or 20–60% NMP solution for systemic PK, and i.v. 
(0.5 mg kg−1) as a 60% NMP solution for brain PK [21–24]
bIn vitro stability in cryopreserved hepatocytes
ch/r = human/rat
dClu = unbound clearance = total clearance/fup, where fup is the unbound plasma free fraction
eMDCK-MDR1 human P-gp transfected cell line
fEfflux ratio
gBasolateral to apical/apical to basolateral

Table 13.4 In vivo NHP PK profiles of Genentech aminopyrimidine LRRK2 inhibitors

Compd

hep Clhep 
(mL min−1 
kg−1)b NHP

% NHP 
PPB

Cl (Clu) 
(mL min−1 
kg−1)c

iv t1/2 
(h) %F

MDR1d 
P-gp ERe 
(BA/A:B)f Bu/Pu

g CSF/Pu
h

6 14 95 11 (200) 7.7 17 0.9 0.6 1.1
7 19 80 20 (100) 2.2 35 0.8 0.7 1.2
8 13 82 8 (43) 4.0 74 0.8 n/a 1.1

aCompounds 6–8 were dosed p.o. (1 mg kg−1) as an aqueous suspension with 1% methylcellulose 
and i.v. (0.5 mg kg−1) as a 20–60% NMP solution [22–24]
bIn vitro stability in cryopreserved hepatocytes
cClu = unbound clearance = total clearance/fup, where fup is the unbound plasma free fraction
dMDCK-MDR1 human P-gp transfected cell line
eEfflux ratio
fBasolateral to apical/apical to basolateral
gUnbound brain/unbound plasma AUC ratio
hCSF/unbound plasma AUC ratio
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spleen [22]. Dose-dependent inhibition of S1292 phosphorylation was observed 
for all inhibitors tested in both the brain and peripheral tissues. In vivo unbound 
brain IC50 values of 7, 3, and 20 nM were calculated for 6, 7, and 8, respectively.

 Toxicities Observed with Aminopyrimidine LRRK2 Inhibitors

In 2011, Novartis published a report indicating that lung and kidney abnormalities 
existed in LRRK2 genetic knockout mice [26]. In order to assess these potential 
liabilities, Genentech advanced their aminopyrimidine compounds into safety stud-
ies. Due to low anti-pS1292 antibody sensitivity, in vivo PD target engagement in 
all of the studies was assessed using pS935. Male C57BL/6 mice were dosed p.o. 
with compound 6 (200 and 300 mg kg−1 b.i.d.) and compound 7 (30 and 65 mg kg−1 
b.i.d.) for 15 days. Toxicokinetic analysis showed dose-dependent increases in 
plasma and brain levels with average free drug exposures of 5- and 36-fold above 
pS1292 cellular IC50 values for the higher doses. While evidence of lung, kidney, 
and brain PD knockdown was observed with both inhibitors, no microscopic effects 
were observed in the lung or kidney, and both compounds were well tolerated. 
Similar 7-day repeat-dosing studies were conducted in male and female Sprague–
Dawley rats. Once daily p.o. administration of compound 6 (10, 50, and 100 mg kg−1) 
and compound 7 (30, 75, and 200  mg kg−1) showed dose-dependent exposure 
increases. The highest tolerated doses for compounds 6 (100 mg kg−1) and 7 (30 mg 
kg−1) translated to maximum free drug exposures of 22- and 195-fold over the cel-
lular IC50 of compound 6 and 7, respectively. No macroscopic or microscopic 
effects were seen in the lung or kidney with either compound. Finally, NHPs were 
dosed orally with compound 6 (10, 25, and 65 mg kg−1 q.d.) for 7 days. Toxicokinetic 
analysis showed a dose-dependent increase in plasma exposures with average free 
drug levels correlating to 4-, 14-, and 35-fold above the cellular IC50s. Terminal Bu/
Pu and CSF/PuAUC ratios of 0.6 and 0.8 were achieved, respectively, showing a high 
degree of brain penetration. Statistically significant PD inhibition of pS935 was 
observed at all doses tested. Transient and reversible clinical observations included 
tremors (=10 mg kg−1) and hypoactivity and decreased reactivity to stimulus (25 and 
65 mg kg−1). The only anatomic pathology observation linked to compound 6 was 
limited to the lung and characterized by abnormal cytoplasmic accumulation of 
secretory lysosome-related organelles known as lamellar bodies in type II pneumo-
cytes of all animals administered 25 and 65 mg kg−1 in both sexes. Comparison of 
these findings with the published LRRK2 knockout mouse data showed that the 
lung phenotypes were essentially identical. With the goal of examining potential 
on-target- versus off-target-related effects, structurally distinct aminopyrazole 7 (6 
and 20  mg kg−1 b.i.d.) and anilinoaminopyrimidine 6 (30  mg kg−1 b.i.d.) were 
administered to NHPs in a 29-day repeat-dose study. Significant free drug coverage 
above cellular IC50 values and excellent brain penetration were achieved in both 
tests. PK/PD knockdown of pS935 in the brain, kidney, and lung was confirmed at 
all doses. Upon microscopic evaluation of the lung, abnormalities identical to those 
observed in LRRK2 knockout mice were observed at all doses with both inhibitors. 
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These findings are consistent with an on-target effect of reduction of LRRK2 kinase 
activity that leads to lamellar body accumulation in type II pneumocytes in the lung 
of certain species. Interestingly, the morphologic abnormality described for the 
LRRK2 knockout mouse kidney was absent in both NHP studies.

 Arylbenzamides

Researchers at GSK developed a series of arylbenzamides exemplified by 
GSK2578215A which were reported on in 2012 [27] (9, Table 13.5). Compound 9 is 
a structurally distinct, potent, and highly selective LRRK2 kinase inhibitor that 
shows inhibition of only 2 other kinases with <10% activity of control (ALK and 
FLT3) in a panel of 449 kinases. Compound 9 demonstrates moderate mouse plasma 
clearance (30 mL min−1 kg−1), low oral bioavailability (12% at 10 mg/kg), and a total 
B/P ratio of 1.4 (Table 13.5). In addition, Gray and coworkers were able to demon-
strate dose-dependent inhibition of pS910 and pS935 in stably transfected HEK293 
cells (wild-type and G2019S LRRK2), with endogenous LRRK2 from lymphoblas-
toid cells (G2019S PD patient sample) and in mouse Swiss 3T3 cells at approxi-
mately 0.3–1.0 μM. In vivo PK/PD analysis of normal mice revealed strong inhibition 
of pS910 and pS935 in peripheral tissues (spleen and kidney lysates); however, no 
significant inhibition was detected in the mouse brain despite a total brain to plasma 
ratio of 1.4. One possible explanation for the lack of brain target engagement could 
be insufficient free drug levels in the brain relative to the cellular potency. Compound 
9 has recently been used to probe the relationship between kinase activity and syn-
aptic vesicle release [28]. Additionally, a patented N-methylpiperazine inhibitor 
BMPBB-32 [29, 30] (10, Table 13.5) closely related to 2-fluoropyridine 9 was pro-
filed. It was reported that piperazine 10 could improve contrast sensitivity in 
Drosophila that overexpress the human LRRK2[G2019S] transgene. Additionally, it 
was found that N-methylpiperazine benzamide 10 lacks the off-target effects seen 
with the less selective inhibitor 1 in Drosophila in vivo models.

 Quinolines and Cinnolines

Elan Pharmaceuticals published their findings on a series of cinnoline [31] and 
quinoline [32] LRRK2 small-molecule inhibitors, which were identified from a 
kinase-focused HTS of an in-house library. The screen used a homogeneous time- 
resolved fluorescence (HTRF) assay measuring the inhibition of phosphorylation of 
LRRKtide. Hits from this scaffold were known P-gp substrates and inhibitors of 
PDE4 and CSF1R. Using a MLK1-based homology model, Garofalo and coworkers 
employed structure-based drug design to develop potent and modestly LRRK2- 
selective quinolines represented by compound 11 and cinnolines represented by 
compound 12 (Table 13.6). Quinoline 11 had a biochemical IC50 = 3 nM against 
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LRRK2-G2019S and a cellular pS935 EC50 = 140 nM using HEK293 cells stably 
transfected with LRRK2-G2019S. Quinoline 11 was screened against a panel of 39 
kinases and showed inhibition of 11 kinases with >50% inhibition. Guided by the 
hypothesis that an amide functionality in the original HTS hit was linked to the 
P-gp-mediated efflux, suitable replacements were discovered, leading to the 3-cyano 
substitution in 11, which removed this liability. This also led to a total mouse B/P 
ratio of 1.2 for quinoline 11 and statistically significant reduction of pS935 in the 
brains of G2019S LRRK2 transgenic mice at 3 h following oral doses of 30 and 100 
mg/kg [31]. Cinnoline 12 had a biochemical IC50 = 5 nM against LRRK2-G2019S 
and a cellular pS935 EC50 = 62 nM using HEK293 cells stably transfected with 
LRRK2-G2019S. Cinnoline 12 was found to have a total mouse B/P ratio of 1.5; 
however, when cinnoline 12 was screened against a panel of 40 kinases, it was 
found to be highly promiscuous [32].

 Triazolopyridazine and Indazole

Elan Pharmaceuticals discovered a series of triazolopyridazines based on a kinase- 
focused HTS of an in-house library [33]. The screen used a homogeneous time- 
resolved fluorescence (HTRF) assay measuring the inhibition of phosphorylation of 
LRRKtide. Based on a homology model built using MLK1, they found that the tri-
azolopyridazines made a single hydrogen bond contact between the triazolo ring 
and A1950. These compounds displayed a moderate level of selectivity for LRRK2- 
G2019S over LRRK2-wt with the lead compound 13 having a biochemical IC50 = 
76 nM for LRRK2-wt and a biochemical IC50 = 10 nM for LRRK2- 
G2019S. However, these compounds suffered from oxidative metabolism due to the 
sulfur linker as well as poor permeability. Pfizer later reported a series of related 
triazolopyridazines exemplified by compound 14 [34]. This compound was also 
developed by optimizing a hit from an HTS library screen. Using TYK2 cocrystal 
structures, they found a single point contact between the kinase hinge (N-H of 
Val981) and a nitrogen atom of the triazole ring. The absence of hydrogen bond 
donors in compound 14 is notable, since hydrogen bond donors increase the prob-
ability of P-gp recognition and reduce CNS penetration [35]. Through the applica-
tion of CNS physicochemical property constraints and by use of TYK2 cocrystal 
structures to facilitate structure-based drug design, compound 14 (Table 13.7) was 
developed. Triazolopyridazine 14 has a LRRK2-wt IC50 of 64 nM. Compound 14 
was screened against a panel of 391 kinases and was found to be highly selective 
inhibiting only 2 other kinases with <30% of control (TYK2 and JAK3). The in vivo 
tolerability profile of 14 was assessed in a repeat-dose 14-day PK/PD study in mice 
at 30 and 300  mg kg−1 (n = 5 males/dose). No test article-related findings were 
reported from the examined tissues, which included microscopic examinations of 
the lung and kidney. This compound did not show inhibition of pS935 or pS1292 in 
mouse brains at any dose levels [34].
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Researchers at Merck recently disclosed the indazole MLi-2 (15) [44], a structur-
ally novel, highly potent, and selective LRRK2 kinase inhibitor with central nervous 
system activity. MLi-2 exhibits exceptional potency in a purified LRRK2 kinase 
assay in vitro (IC50 = 0.76 nM), a cellular assay monitoring dephosphorylation of 
LRRK2 pSer935 LRRK2 (IC50 = 1.4 nM), and a radioligand competition binding 
assay (IC50 53.4 nM). MLi-2 showed inhibition of only 1 other kinase with <20% 
activity of control in a panel of 144 kinases at a concentration of 10 μM. MLi-2 sup-
presses LRRK2 Ser935 phosphorylation as well as Rab10 Thr73 phosphorylation at 
1–10 nM in mouse embryonic fibroblasts (MEFs) [9]. In mice, a dose of 3 mg/kg of 
MLi-2 reduces Ser395 phosphorylation as well as Rab8 (Thr72) and Rab12 (Ser105) 
phosphorylation in the brain to undetectable levels. Treatment of mice with MLi-2 
was found to be well tolerated, with no adverse effects of MLi-2 on body weight, 
food intake, or behavioral activity observed at brain and plasma exposures 100 x the 
in vivo IC50 for CNS LRRK2 kinase inhibition. Morphologic changes in the lung, 
consistent with enlarged type II pneumocytes, were observed in MLi-2-treated 
MitoPark mice. Moreover, the A2016T mutation renders LRRK2 nearly tenfold 
resistant to MLI-2. Consistent with this, 10 nM MLi-2 induces dephosphorylation 
of Ser935 and Rab10 (Thr73) in mouse embryonic fibroblasts of wild type but not 
in LRRK2[A2016T] knockin cells [44]. Furthermore, MLi-2 at 3 mg/kg injected 
into mice induces complete dephosphorylation of Ser935 in the brain, kidney, lung, 
and spleen of wild-type mice but not of littermate LRRK2[A2016T] knockin ani-
mals (unpublished data).

 Indolinones

Sunitinib (16) was originally identified as a potent inhibitor of LRRK2; however, 
high kinase promiscuity precluded the use of this compound for reliable model 
studies of LRRK2 function. Recently, scientists at Novartis reported the optimiza-
tion of sunitinib to indolinones 17 [36] and 18 [36] (Table 13.8) with single-digit 
nanomolar LRRK2 biochemical activity and modest in vivo pharmacokinetic prop-
erties. By using an IRAK4-based homology model, the 5-position of the indolinone 
core was targeted for improving kinase selectivity. This strategy led to the introduc-
tion of 5-alkoxy substituents in 16 and 17 that demonstrated improved selectivity 
profiles over other indolinone-based inhibitors against a small panel of off-target 
kinases (ALK, KDR, LCK, PDGFRa, and RET). When administered to mice, com-
pound 17 reduced LRRK2 protein levels in the kidney and in the brain. Inhibitor 17, 
along with the less selective LRRK2 kinase inhibitor H-1152, was subsequently 
used by Longo et al. to ameliorate the observed age-dependent hyperkinetic pheno-
type of LRRK2-G2019S knockin mice [37]. These results suggest that the enhanced 
kinase activity of the LRRK2[G2019S] protein is responsible for the observed lack 
of age-related decline in stepping activity and immobility time that was demon-
strated by wild type.
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 Pyrrolopyrimidines

The Gray lab reported the discovery of a highly potent and selective brain-penetrant 
pyrrolopyrimidine LRRK2 inhibitor JH-II-127 (19) [38]. This compound was 
designed based on an intramolecular hydrogen bond between a fluorine of the –CF3 
group and the –NHMe group on the pyrimidine of GNE-7915 (6) forming a pseu-
dobicycle. Researchers in the Gray lab constructed the ring-closed version to give 
the pyrrolopyrimidine 19. They proposed that a fused bicyclic analogue would 
increase the binding affinity due to the additional third hydrogen bond donor at the 
7 position, which is predicted to hydrogen bond with M1949. In addition, they rea-
soned that a fused bicyclic compound should be able to better fill the hydrophobic 
area around the hinge region, thus leading to an increase in binding affinity. Their 
molecular docking study based on the crystal structure of Roco kinase also pre-
dicted a sulfur–halogen interaction between the chlorine of the pyrrole ring and the 
Met1947 residue. Compound 19 had a biochemical IC50 of 6.6 nM against 
LRRK2-wt and 2.2 nM against LRRK2-G2019S. Compound 19 induced a dose- 
dependent inhibition of Ser910 and Ser935 phosphorylation in both wild-type 
LRRK2 and LRRK2-G2019S stably transfected into HEK293 cells. Substantial 
dephosphorylation of Ser910 and Ser935 was observed at approximately 0.3 μM 
concentrations of 19 for wild-type LRRK2 and LRRK2-G2019S, which is a similar 
potency to that observed for LRRK2-IN-1 (1). Consistent with the biochemical 
results, 19 also induced dephosphorylation of Ser910 and Ser935 at a concentration 
of 0.3─1 μM in the drug-resistant LRRK2[A2016T + G2019S] and LRRK2[A2016T] 
mutants, revealing that the A2016T mutation does not induce resistance to 19. 
Compound 19 was tested on endogenously expressed LRRK2 in human lympho-
blastoid cells derived from a control and Parkinson’s patient homozygous for the 
LRRK2-G2019S mutation. Increasing doses of 19 led to similar dephosphorylation 
of endogenous LRRK2 at Ser910 and Ser935, as was observed in HEK293 cells 
stably expressing wild-type LRRK2 or LRRK2-G2019S.  Moreover, endogenous 
LRRK2 was also more sensitive to 19 than LRRK2-IN-1 (1), which is consistent 
with the trend observed in HEK293 cells. It was also found that 19 induced similar 
dose-dependent Ser935 dephosphorylation of endogenous LRRK2 in mouse Swiss 
3T3 cells. The mouse pharmacokinetic profile of 19 demonstrated good oral bio-
availability (116 %F), a half-life of 0.66 h, and a plasma exposure of 3094 (hr * ng/
mL, AUClast) following 10 mg/kg p.o. dosing (Table 13.9). Additionally, following 
2 mg/kg i.v. dosing, 19 showed a plasma exposure of 533 (hr * ng/mL, AUClast) and 
a brain exposure of 239 (hr * ng/mL, AUClast), which equates to a brain/plasma 
concentration ratio of 0.45. They compared the pharmacodynamic properties of 19 
with GNE-7915 (6) by monitoring inhibition of LRRK2 Ser910/Ser935 phosphory-
lation in the kidney, spleen, and brain following intraperitoneal delivery of each 
compound at 100 mg/kg. They observed near-complete dephosphorylation of 
Ser935 of LRRK2 in all tissues including the brain at this dose for both compounds. 
They repeated the study at lower doses of 50, 30, and 10 mg/kg of 19 and 6. With 
19, they observed near-complete inhibition in all tissues at 30 mg/kg but only partial 
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inhibition in the brain at the 10 mg/kg dose. However, with 6, complete inhibition 
in the brain was only observed at the 100 mg/kg. These results indicate that 19 is a 
promising chemo-type for achieving dephosphorylation of Ser935  in the brain. 
KINOMEscan analysis against a near comprehensive panel of 451 kinases at a con-
centration of 1 μM resulted in no interactions with kinases other than 
LRRK2[G2019S] with the exception of TTK and RPS6KA4 [38].

Pfizer reported the identification of a pyrrolopyrimidine scaffold that provided a 
highly efficient starting point with favorable CNS properties for lead optimization. 
Using MST3 as a crystallographic surrogate for LRRK2 (reported MST3-LRRK2 ATP-
binding site residue similarity of 73%), they improved the off-target liabilities of early 
HTS leads. This led to the discovery of PF-06447475 (20, Table 13.9) [39] with in vitro 
LRRK2-wt and LRRK2-G2019S biochemical IC50 values of 3 and 11 nM, respec-
tively, and a pS935 cellular IC50 of 25 nM. KINOMEscan profiling of 449 kinases at 
1 μM showed inhibition of 3 kinases with <30% activity of control. Selectivity profiling 
of pyrrolopyrimidine 20 in a cellular context was performed using the ActivX KiNativ 
technology demonstrating good selectivity in human peripheral blood mononuclear 
cells at 1 μM and an ActivX LRRK2 cellular IC of 15 nM. Compound 20 is not a P-gp 
substrate and has moderate and high turnover in human and rat liver microsomes, 
respectively. The oral in vivo PK profile for 20 in rat, dog, and NHP was also deter-
mined. While low oral exposure in higher species precluded further clinical advance-
ment, sufficient oral bioavailability in rodents was achieved, which enabled in  vivo 
mouse PK/PD studies. Additionally, inhibitor 20 exhibited approximate equal distribu-
tion of free drug between the rat brain, plasma, and kidney tissues. Dose-dependent 
reduction in phosphorylation in the brain and kidney was observed in wild-type and 
G2019S BAC transgenic mice [39]. From these experiments, in vivo unbound brain EC 
values of 8 nM LRRK2-wt and 103 nM LRRK2-G2019S were calculated using the 
pS935 biomarker, and 21 nM (G2019S) was calculated for pS1292. On the basis of a 
clean in vitro safety profile (Ames, MNT, THLE cell viability), pyrrolopyrimidine 20 
was evaluated in a 14-day repeat-dose rat toxicity study (3, 10, and 30 mg kg−1 b.i.d.). 
No major test article- related findings were observed with day 11 maximum free drug 
exposures 6-, 25-, and 70-fold over the cellular EC (15 nM), respectively. Similar to the 
rat toxicity studies carried out with Genentech aminopyrimidines, no changes were 
noted upon close examination of the kidney and lung tissue.

 Docking Studies

Molecular docking studies were recently conducted by our lab on representative 
classes of LRRK2 inhibitors, including HG-10-102-01  (4), JH-II-127  (19), 
GSK2578215A (9), and compound 13 (Elan), based on a crystal structure of Roco 
kinase (PDB accession code: 4F1T). These studies predicted two hydrogen bonds 
between the hinge region A1950 and the aminopyrimidine motif of HG-2-102- 01 (4) 
as well as a sulfur–halogen interaction between the 5-chloro substituent on the 
pyrimidine ring and M1947 (Fig. 13.1a). The docking model of JH-II-127 (19) pre-
dicted the same two hydrogen bonds between the hinge region A1950 and the 
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Fig. 13.1 Molecular model of HG-10-102-01 (a), JH-II-127 (b), GSK2578215A (c), and com-
pound 13 from Elan (d)

aminopyrrolopyrimidine motif and the sulfur–halogen interaction between the 
5-chloro substituent on the pyrrolopyrimidine ring and M1947; however, the dock-
ing study also predicted an additional hydrogen bond between the –NH of the pyr-
rolopyrimidine ring and the carbonyl group of L1949 (Fig. 13.1b). Surprisingly, the 
docking study for both GSK2578215A (9) and compound 13 (Elan) predicted only 
a single hydrogen bond between the hinge region A1950 and the carbonyl group of 
GSK2578215A (Fig. 13.1c) and the –N- of the triazolopyridazine of compound 13 
(Elan) (Fig. 13.1d).

 LRRK2 GTP-Binding Inhibitors

Li et al. recently discovered a series of novel LRRK2 GTP-binding inhibitors 20 and 
21 (Fig. 13.2) [40] through virtual screening using an LRRK2 GTPase ROC domain 
crystal structure (PDB code 2zej) [41]. Both compounds demonstrate in vitro LRRK2 
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GTP-binding and kinase inhibitory activities in the nanomolar range. Inhibitors 21 
and 22 also inhibited LRRK2-induced neuronal degeneration in SH-SY5Y cells and 
mouse primary cortical neurons at nanomolar concentrations. Compound 21 was 
selected for in vivo studies using G2019S BAC transgenic mice due to a better solu-
bility profile. At 1 h after i.p. injection of 20 mg/kg, reduction of LRRK2 GTP-binding 
activity and LRRK2 phosphorylation in mouse brains was observed, indicating CNS 
penetration. Based on a recent study that found increases in LRRK2 expression and 
kinase activity following lipopolysaccharide (LPS) stimulation [42, 43], they exam-
ined the effects of compound 21 in G2019S BAC transgenic mice following LPS 
injection. Reduction in LPS-induced microglia activation, LRRK2 expression, and 
LRRK2 phosphorylation in activated microglia cells was observed. These studies 
support a potentially promising and orthogonal approach, compared to ATP kinase 
inhibitors for the use of LRRK2 GTP inhibitors in LRRK2- associated PD.

 Conclusions

LRRK2 was found to be linked to PD in several studies and by the examination of 
families with high incidence of disease. Over the past decade, researchers have been 
working to advance our understanding of LRRK2 protein and its function. Several 
structurally diverse inhibitors of LRRK2 function have been discovered, which can 
be used to monitor LRRK2 in vivo. Given the significant expense and complexity of 
clinical studies assessing inhibitors of neurodegeneration, a more complete under-
standing of the cellular function of LRRK2 will most likely be required before stud-
ies can be performed to assess the clinical utility of LRRK2 inhibitors.

Although initially it seemed that LRRK2-focused genetic manipulation of 
rodents would cause accumulation of deficits that resemble PD with age, these ani-
mals have exhibited fairly subtle and variable phenotypes. Only recently has a 
selective LRRK2 kinase inhibitor been reported to modulate some of these deficits. 
More importantly, LRRK2 knockout rodents and the LRRK2 kinase-dead knockin 
mice display unusual lung and/or kidney pathology. While several LRRK2 kinase 
inhibitors have been well tolerated in rats, two molecules have been found to be 
associated with lung toxicities in NHPs that are histopathologically identical to the 
LRRK2 knockout rodent phenotype, suggesting an LRRK2-related effect. There is 
some uncertainty surrounding the clinical consequences of this type II pneumocyte 
lamellar body accumulation in the lungs of patients, and pulmonary toxicities are 
challenging to monitor in the clinic. These findings indicate the need for mutant- 
selective LRRK2 inhibitors, which may not cause the accumulation of lamellar bodies. 

Fig. 13.2 LRRK2 
GTP-binding inhibitors
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Further examination of the toxicities associated with structurally diverse LRRK2 
inhibitors in higher species will permit a more complete assessment of the risks of 
inhibiting LRRK2 kinase activity in man; however, a large degree of uncertainty 
regarding the therapeutic index of LRRK2 inhibitors is likely to remain due to the 
absence of direct biomarkers of LRRK2 function and the lack of suitable efficacy 
models.

To study the impact of inhibiting LRRK2, we would strongly recommend the use 
of MLi-2 inhibitor which is the most selective or potent in conjunction with one of 
the other highly characterized structurally diverse LRRK2 inhibitors such as 19 and 
20. In addition we would strongly advocate where possible to combine the power or 
pharmacological and genetic approaches by exploiting inhibitor-resistant 
LRRK2[A2016T] knockin cells or mice model. As the A2016T mutation renders 
LRRK2 ~10-fold resistant to MLi-2 [44], genuine effects that are mediated through 
inhibition of LRRK2 would be suppressed at a ~10-fold lower dose in wild-type 
compared to LRRK2[A2016T] mice or cells.

From a kinase inhibitor pharmacology perspective, LRRK2 is amenable to inhi-
bition by a surprisingly diverse array of structurally distinct ATP-competitive inhib-
itors. In addition, these LRRK2 inhibitors are among the most selective and 
“drug-like” inhibitors reported for any kinase. To date no LRRK2 kinase structures 
have been solved, but eventually acquisition of such structures will provide a means 
to rationalize the remarkable kinase selectivity achieved by some of these 
inhibitors.
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